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ABSTRACT 
 
The shear wave velocity (Vs) of geomaterials is an important material property. Seismic surface wave methods, such as 
the multichannel analysis of surface waves (MASW) method, have become popular non-invasive methods for assessing 
the in situ Vs of soils and rocks. Developing a Vs profile from surface wave methods requires solving an ill-posed inverse 
problem. Because surface wave methods do not include physical sampling or penetration into the material, constraining 
the parametrization of the inversion can prove difficult. Thus, to reduce uncertainty and improve the reliability of MASW 
results, it is critical that all available a priori information be utilized. In this paper, a data fusion methodology for vision data 
and seismic surface wave data is implemented. A 2D MASW survey was performed over the outcropping rock of a highway 
road cut located on the island of Hawaii. An unconstrained inversion was performed of the MASW data to produce a 2D 
Vs profile. Digital imagery was also collected via handheld camera of the outcropping rock and used to generate a 3D point 
cloud using structure-from-motion photogrammetry. The 2D imagery and 3D point cloud were used to assess the rock 
structure and interpret stratigraphy. The Vs model was then constrained based on the visible layering in the vision-based 
data and the inversion was repeated. The Vs model with constraints is a more likely result when compared to the imagery 
relative to the initial, unconstrained Vs model. Augmenting the MASW inversion with simple vision-based data increased 
confidence in the results for the outcropping rock and therefore for the rock at greater depths as well. 
 
 
1 INTRODUCTION 
 
The shear wave velocity (Vs) of a material is an important 
material property. Vs has been used for a variety of 
purposes including liquefaction susceptibility assessment 
(Andrus and Stokoe 2000), seismic site response analysis 
(Kramer, 1994), foundation settlement estimation 
(Sheehan et al. 2010), spatial variability of stiffness 
assessment (Greenwood et al. 2015) and nondestructive 
testing of soils (Stokoe and Woods 1972; Stokoe and 
Santamarina 2000) among others. Vs is related to the 
small-strain shear modulus (Gmax) and mass density (ρ) of 
a material through Equation 1. 
 
 
Gmax = ρVs

2       [1] 
 
 
The Vs of a geomaterial can be evaluated from a variety of 
methods both in the field and in the laboratory. Many of the 
methods used to measure the in situ Vs of a material are 

described by Stokoe and Santamarina (2000). Among the 
in situ methods for determining Vs, surface wave methods 
(SWM) have become popular. They have gained popularity 
as a lower-cost, non-invasive alternative. The derivation of 
subsurface Vs uses the dispersive characteristics of 
surface waves. Solving to the subsurface Vs requires 
finding a solution for an ill-posed inverse problem. Deriving 
an optimal solution to the inverse problem can often prove 
difficult, particularly when a priori information is limited. In 
this paper, a data fusion method which leverages the 
stratigraphy interpreted from exposed rock structures is 
implemented at a site on the island of Hawaii. 2D imagery 
and 3D models of rock structure are used to interpret 
stratigraphy. The interpreted stratigraphy is then used to 

constrain a 2D Vs profile of the rock and produce a more 
reliable result. 
 
2 SURFACE WAVE METHODS 
 
SWM have become prevalent methods for measuring the 
in situ subsurface Vs since the introduction of the spectral 
analysis of surface waves (SASW) method (Stokoe et al. 
1994). Multistation methods, such as multichannel analysis 
of surface waves (MASW), subsequently became popular 
expansions of SASW (Park et al. 1999). All SWM use the 
dispersive characteristics of surface waves to interpret 
subsurface Vs. Rayleigh surface waves induce particle 
motion at different depths in the subsurface as a function 
of their wavelength (Stokoe and Santamarina 2000). For a 
material with properties changing as a function of depth, 
such as stratified rock or soil, different frequency Rayleigh 
waves travel at different velocities (known as phase 
velocities); this is called dispersion. Surface waves are 
generally generated using a harmonic or impulse point 
source and are measured by a linear array of vertical 
surface geophones. 
 
2.1 Rayleigh Wave Dispersion 
 
Several methods have been introduced for developing the 
dispersion relationship from collected data (e.g. Park et al. 
1998). Dispersion properties, i.e., Rayleigh wave phase 
velocity as a function of frequency (or wavelength), are 
extracted from field recordings and represented as 
dispersion curves. It has been shown that there is very little 
difference between the final extracted dispersion 
relationships found using different methods (Cox et al. 
2014; Garofalo et al. 2016). In general, the selection of a 
given method is primarily based on user preference. 



 

 

 
2.2 Rayleigh Wave Inversion 
 
There is no unique shear wave velocity profile associated 
with the recorded dispersion curves. Solving for a 
subsurface Vs model must be treated as an inverse 
problem. The generalized forward modeling approach for 
the inverse problem is to define an initial guess of the 
subsurface Vs, then calculate the dispersion curve of the 
theoretical Vs and compare it to the recorded dispersion. 
The theoretical Vs model is then updated and the 
procedure is repeated until a desirable match between the 
dispersion curves is achieved. The generalized procedure 
is summarized in Figure 1. The inverse problem presented 
by surface wave inversion is ill posed and a unique solution 
is not possible. The lack of a unique solution to the problem 
means that arriving at the true subsurface Vs is extremely 
difficult. 
     Inversion methods attempt to achieve the best, or most-
likely solution. Many different approaches to surface wave 
inversion have been implemented (e.g. Lai et al. 2002; Xia 
et al. 2003; Wathelet 2004; Maraschini and Foti 2010; Piatti 
et al. 2013). Inversion methods are proposed with the goal 
of improving the reliability and confidence in the result. 
Recently, great emphasis has been placed on managing 
and quantifying the uncertainty involved in surface wave 
inversion (Foti et al. 2009; Cox et al. 2014; Garafalo et al. 
2016; Griffiths et al. 2016). 

 
 

 
 
Figure 1. Generalized Workflow for Forward Modeling of a 
Surface Wave Inversion Problem 
 
 
2.3 Inversion with A Priori Information 
 
The inverse problem can be constrained by including a 
priori information such as stratigraphy. For example, 
stratigraphy interpreted from a borehole log can be used to 
define the layering of a Vs model. However, such 
information, is not always available, as previously 
mentioned. Significant effort has been placed on 
determining the optimal Vs profile from SWM without a 
priori information (Cox and Teague 2016). When reliable a 
priori information is available, it is critical that it is included 
in the inversion procedure. The information is used to 
constrain the initial layered earth model which is otherwise 
defined by largely arbitrary parametrization. The definition 
of the initial model strongly influences the inversion result 
and if poorly defined, may contribute to unreliable results 
(Socco et al. 2010a). Whenever a priori information is 
available, it should be leveraged to improve confidence in 
the final subsurface Vs model. The most common sources 

of information to be used for constraining surface wave 
inversions are borehole logs. However, other field methods 
such as electrical resistivity surveys have also been used 
(Degnan and Brayton 2010). In this study, digital imagery 
and structure-from-motion (SfM) photogrammetry are used 
to assess the geometry of the rock mass structure. The 
geometry is then used to provide constraints for layering 
during surface wave inversion. 

 
3 SITE DESCRIPTION 
 
The test site is located on the western side of the Kohala 
Peninsula along Highway Route 270 on the island of 
Hawaii. The site was selected at one of several road cuts 
along the route. The exposed rock is 4.2 m high and is set 
back about 2 m from the road edge. A sample photo of the 
rock face is shown in Figure 2. In general, the exposed 
material can be visually categorized as either highly 
weathered basalt with residual soil or slightly weathered 
basalt with wide fracture spacing. The centerline of the 
MASW array is approximately aligned with the center of 
Figure 2. This site was also investigated in Goodfellow et 
al. (2014). A photo of the test site above the outcrop is 
shown in Figure 3. 
 

 
 
Figure 2. Sample Photo of Road Cut at Test Site 
 
 

 
 
Figure 3. Test Site Above Outcropping Rock 



 

 

4 METHODOLOGIES 
 
4.1 Field Deployment 
 
MASW was performed at the test site using an array of 16 
sensors. The sensors were vertical-component, 4.5 Hz 
geophones mounted on tripod bases. The tripod bases are 
used to achieve adequate ground contact for the sensor in 
gravelly soils or rocky terrain. A 3.6 kg sledge hammer was 
used as an impulsive seismic source by striking a 30 cm 
square plastic striking plate. Geophones were spaced at 1 
m intervals in the linear array. The source was offset from 
the array by 3-4 m to avoid near-field effects on the 
recorded data. Hammer strikes were stacked 8-10 times to 
improve the signal-to-noise ratio. For conducting the 2D 
MASW survey, the geophone array was shifted by 1 m (one 
sensor spacing) in the direction of wave propagation. Each 
time the array was shifted, the data recording was 
repeated. The array was repeatedly shifted until the 
desired length for the 2D Vs profile was achieved. Figure 4 
is a conceptual sketch of the geophone locations during 
array shifting. 

 
 

 
 
Figure 4. Sketch of Geophone Locations during Shifting 
(Alignments are shifted for illustration purposes only. Array 
moves along the same alignment). 
 
4.2 MASW Data Processing 
 

2D MASW data was processed using the common-
midpoint cross-correlation (CMPCC) method (Hayashi and 
Suzuki 2004). 2D MASW surveys have been used for 
subsurface site characterization at geotechnical sites for 
several years (Ivanov et al. 2006; Socco et al. 2010b; Duffy 
et al. 2014) The CMPCC method uses the cross-correlation 
of sensor groups with common midpoints when extracting 
dispersion information. Data collection is performed using 
the same techniques as other 2D MASW surveying 
methods (e.g. Xia et al. 2000). The purpose of the method 
is to improve spatial resolution of 2D Vs profile, particularly 
at the extents of the array (Hayashi and Suzuki 2004). 
Dispersion curves were extracted for each of the common 
midpoints using the Park et al. 1998 dispersion algorithm. 
The measured dispersion curves for each CMPCC point 
are shown in Figure 5. Individual Vs profiles were estimated 
for each dispersion curve using the Xia et al 1999 inversion 
method with consideration for higher mode Rayleigh waves 
(Xia et al 2000). The presence of higher mode Rayleigh 
waves in the dispersion image can indicate subsurface 
velocity inversions (Stokoe et al 1994). The individual Vs 
profiles were then combined into a final contoured 2D Vs 

profile. The unconstrained 2D Vs profile is shown in Figure 
6. 

 
 
Figure 5. Recorded 2D MASW Dispersion Curves for 
CMPCC Array Locations 
 
4.3 Imaging Methods 
 
Images of the outcropping rock structure below the MASW 
array were collected using a handheld Nikon D810 camera. 
Sequential images were collected with at least 60% 
overlap. The images were used in SfM photogrammetry to 
generate a dense 3D point cloud (Westoby et al 2012). SfM 
is a 3D imaging technique made popular in computer vision 
fields. In recent years, SfM has gained popularity in the 
geosciences and engineering due to the continuous 
progression of digital camera technology and the power of 
computational systems making SfM more attractive for 
practical application. SfM uses overlapping photographs 
taken from many different angles of a target area or object. 
Information on the 3D position of image features are 
extracted and used to develop a representative model 
consisting of a set of points in 3D space. The data derived 
from SfM is most easily compared to LiDAR point clouds. 
3D point clouds produced using photogrammetry have 
been used extensively within the past decade to image and 
make qualitative and quantitative observations on rock 
masses (Sturzenegger and Stead 2009; Westoby et al. 
2012; Romo and Keaton 2013; Riquelme et al. 2015; 
Greenwood et al. 2016 among others). 
     The 3D point cloud and mesh were produced using the 
commercial software Pix4D. The mean ground sampling 
distance of the collected imagery was 0.17 cm/pixel. The 
densified point cloud had a mean density of about 244,000 
points/m3. The 3D model was scaled using georeferenced 
images and was verified based on physical measurements 
performed in the field. A portion of the 3D point cloud is 
shown in Figure 7 alongside a photograph for comparison. 
 
4.4 Digital Image-Based Constraints to MASW 

Inversion 
 
Both 2D imagery and the scaled 3D point cloud were used 
to aid the visual identification of stratigraphy. Changes in 



 

 

material were identified below each of the CMPCC points 
within the exposed rock structure. Fracture patterns, 
discontinuity roughness, and material structure are 
described based on observations made in the 2D imagery. 
Relevant measurements such as layer thickness and 
fracture spacing are then made in the 3D point cloud. The 
point cloud also provides perspective and information not 
available in the 2D imagery. For example, debris resting on 
a protruding rock can be readily identified. Without the 3D 
information, the loose debris can easily be misidentified as 
a particularly broken-up area of the rock mass. 
 

 
 
Figure 6. Unconstrained 2D Vs Profile 

 
 

 
 
Figure 7. Comparison Between 3D Point Cloud (top) and 
Photograph (bottom) 
  
     The Geological Strength Index (GSI) is a parameter 
used for geoemechanical characterization of rock masses. 
The GSI is estimated based on visual observations of the 
rock structure and weathering state of discontinuities. In 
this study, the information required to assign GSI values to 
the rock mass were taken from 2D and 3D imagery as 
previously described. GSI values were estimated and 
assigned as defined by Marinos et al. (2005). A similar 
implementation for a landslide site was performed by 

Greenwood et al. (2016). Based on visual observations, the 
rock mass was manually segmented and assigned GSI 
parameter values. 
     The newly identified layers were then used to update 
the layering in the MASW earth model. Layering which 
could not be updated (i.e. below the 4.2 m of exposed 
rock), was not constrained. After updating the layering, the 
inversion was repeated using the same methodology until 
an acceptable match was achieved. In this case, the 
previously developed, unconstrained Vs profile was used 
as the initial model for the updated inversion (Figure 1). 
The final, constrained, 2D MASW model is shown in Figure 
8. 
 
5 DATA FUSION RESULTS 
 
The 2D MASW Vs profile produced by the initial, 
unconstrained inversion was shown previously in Figure 6. 
Interpreted stratigraphy for the 4.2 m of outcropping rock 
below the geophone array was then used to update the 
layered earth model used in the surface wave inversion. 
The constrained 2D MASW profile produced by the 
inversion with updated layering is shown in Figure 8. It is 
observed by comparing Figures 6 and 8 that most of the 
changes between the 2D Vs profiles occurred near the 
ground surface. This is expected due to the changes made 
to the layered earth model in that region. However, with 
these added constraints in the top 4.2 m, the profile below 
the outcropping rock is also modified, although the results 
cannot be optically constrained. 
 
 

 
 
Figure 8. Constrained 2D Vs Profile 
 
     In Figure 9, the top 4.2 m of the unconstrained and 
constrained Vs models are compared to the visible rock 
structure. Figure 9a shows the rock outcrop for the full 
extents of the 2D MASW array. Figure 9b shows a 
segmented rock mass image with assigned GSI values. 
Figure 9c shows the unconstrained Vs model over the 
image from Figure 9a. Figure 9d shows the constrained Vs 
model over the image from Figure 9a. Figure 9e shows a 
percentage difference contour map comparing the 
unconstrained and constrained Vs models also over the 
image from Figure 9a. It is observed that the constrained 
Vs model results in a more constrained visual match with 



 

 

exposed rock structure compared to the unconstrained Vs 
model. The rock between coordinates 12 m and 8 m in 
Figure 9 has experienced a low degree of weathering and 
more is intact relative to the surrounding structure. The Vs 
of the rock between 12 m and 8 m (horizontal) is more likely 
to manifest as a high-velocity region in a 2D Vs model. The 
rock in this section of the outcrop is more clearly defined as 
a higher-velocity material in the constrained model. 
Significant differences, that can be greater than 20%, are 
observed in the Vs value at specific locations, as shown in 
Figure 9e. 

6 CONCLUSIONS 
 
A 2D MASW survey was performed at a highway road cut 
on the island of Hawaii. The rock outcrop extends 4.2 m 
above the ground surface and shows variations in rock 
structure, and degree of weathering. A 2D MASW profile 
was produced using a common inversion technique and 
compared to imagery of the outcrop. 2D images and a 3D 
point cloud were used to aid in manual characterization of 
the rock mass. Stratigraphy interpreted from the rock 
structure was used as input for the surface wave inversion 

Figure 9. Comparison of Imagery of (a.) Outcrop with (b.) Geomechanical Characterization, (c.) Unconstrained Vs 
Model, (d.) Constrained Vs Model, and (e.) Percent Difference Between Vs models. 



 

 

layered earth model. The inversion was repeated with the 
new layering constraints and an updated Vs model was 
produced. 
     Constraining the surface wave inversion with vision-
based data, resulted in differences in the interpreted 2D Vs 
model. While the dispersion curve matching of the 
unconstrained model was already adequate based on 
visual inspection (and RMSE < 20 m/s), there is still 
significant uncertainty about the solution. Constraining the 
model with interpreted stratigraphy from the vision-based 
data produced a result that is more likely to be 
representative of the true Vs of the rock structure. The 
layering of the earth model used in Vs inversion can only 
be updated for the portion represented in the vision-based 
data (above 4.2 m). However, because all Vs values in the 
model are updated during the constrained inversion, there 
is also greater confidence in the result for the model portion 
that is not visible in the vision-based data (below 4.2 m). 
     Using this methodology has several limitations. The 
MASW array placed on top of the outcropping rock was 
offset from the exposed rock face by approximately 4 m. 
Lateral variations over the distance between the rock face 
and the array can result in discrepancies between 
interpreted stratigraphy and what is contained in the 
collected data. In most cases, the lateral variations are 
expected to be small. It is also worth noting that the vision-
based data provides a platform for interpretations of 
continuous stratigraphy and rock mass segmentation. The 
fusion of the stratigraphy with the 2D MASW earth model 
is not continuous. In general, only the stratigraphy 
interpretation directly below each of the individual profiles 
was used to develop the 2D profile. Similarly, the vision-
based data is only combined with the Vs model to constrain 
inversion; it is not taken into consideration for contouring 
the 2D profile. It is also worth noting that this vision-based 
methodology is only applicable when a profile of the 
investigated subsurface is available for thorough imaging. 
Examples of possibly applicable sites include cuts through 
outcropping rocks (as discussed here), landslide scarps, 
and excavations. 
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