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Background 
 
This study and report follow from the seismic hazard mapping of the Burlington-Colchester quadrangles 
performed for the Vermont Geological Survey in 2010-2013 and described in the report entitled “Seismic 
Hazard for the Burlington and Colchester, Vermont USGS 7-1/2 Minute Quadrangles (Lens, Dewoolkar, and 
Springston, 2013).   
 
The Vermont Geological Survey Open File Report VG13-3 by Lens, Dewoolkar, Springston, and Becker 
(2013) contains a seismic site classification map (Plate 1) which was developed using Standard Penetration 
Test (SPT) and shear wave velocity data for the upper 100 feet (30 meters) of subsurface profile at selected 
sites.  The majority of the sites were classified using existing SPT data with the rest of the sites being 
classified using a combination of existing and study derived shear wave velocity data.  Both SPT and shear 
wave velocity based methods are acceptable for seismic site classification according to the provisions of the 
International Building Code (IBC, 2012) applicable to publicly occupied buildings and associated structures.   
 
MASW (Multispectral Analysis of Surface Waves) along with the Microtremor Array Method (MAM), and 
SCPT (Seismic Cone Penetration Tests) methods are widely accepted for obtaining shear wave velocity 
measurements and numerous publications, such as Stokoe (2008), describe the procedures and applications.  
Experience shows that shear wave velocity measurements provide more reliable and overall more versatile 
data sets for characterization of subsurface profiles for seismic site classification and seismic design than do 
SPT data.  This is leading to increased use of shear wave velocity measurements for seismic site 
classification.  This study and report support that trend by expanding the local experience base through 
comparisons of these methods at three example sites which have geologic profiles common to the area. 
 
Objectives 

 
The objectives of this study were to compare measurements of shear wave velocity in soil and bedrock made 
with MASW/MAM and Seismic SCPT, and compare those seismic site characterizations with those made 
with SPT methods within Burlington and Colchester, Vermont 7.5 minute United States Geological Survey 
(USGS) quadrangles.   
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Study Methodology 
 
There were three sites within the quadrangles at which SCPT data were already available and where 
comparison shear wave velocity measurements could be obtained using the MASW/MAM method.  These 
sites consisted of the Moran plant site along the waterfront in Burlington, the new State of Vermont Public 
Health Building site in Colchester, and a site designated as Milton Square in Milton.  These are the 
Burlington, Colchester, and Milton sites referenced in this report. 
 
In addition, there were two sites available within the quadrangles for shear wave velocity measurements 
using the MASW method on exposed bedrock.  The sites were along the Winooski River and designated as 
the Winooski Gorge site in South Burlington and the Overlook Park site inWilliston. 
 
George Springston of Norwich University obtained shear wave velocity measurements using the 
MASW/MAM methods using surface geophone sensor arrays placed nearby to SCPT probe locations at each 
of the three sites with SCPT data.  He also obtained shear wave velocity measurements using the MASW 
method at the two exposed bedrock sites.  Details of the measurement procedures and computed results are 
described in Appendix 1. 
 
Appendix 2 contains the original SCPT data along with related site background subsurface information 
including SPT data. 
 
Table 1 summarizes the site information.  Figures 1, 2 and 3 provide site location sketches including the 
MASW/MAM array layouts. 
 
Summary of Measurements and Comparisons – Shear Wave Velocities (Vs) 
 
Figures 4, 5, and 6 illustrate the measurements and comparisons of SCPT and MASW/MAM shear wave 
velocity profiles at the Burlington, Colchester, and Milton sites, respectively. 
 
At the Burlington and Colchester sites, the MASW/MAM derived shear wave velocities were usually within 
20 percent (both above and below) of the mean SCPT shear wave velocities at the same depths.  The 
exception is the Milton site which showed substantially more difference between MASW/MAM and SCPT 
derived shear wave velocities within the upper 40 feet.  In that interval, the MASW/MAM velocities were 
between 60 and 190 percent of the mean SCPT velocities at the same depth.  Below 40 feet the shear wave 
velocity differences were between 10 and 25 percent, essentially similar to the MASW/MAM and SCPT 
shear wave velocity differences in the Burlington and Colchester site profiles. 
 
The composite shear wave velocity used in the IBC seismic site classification is computed as follows: 
 
𝑽𝒔 =  ∑ 𝒅𝒊𝒏

𝒊=𝟏 / ∑ 𝒅𝒊/𝒗𝒔𝒊𝒏
𝒊=𝟏      where  Vs = composite shear wave velocity for 100 foot profile 

      di = thickness of any layer i between 0 and 100 feet 
      vsi = shear wave velocity for layer i 
 
At all three of the sites with combined MASW/MAM and SCPT measurements, the composite shear wave 
velocity in the top 100 feet of the subsurface profiles resulted in seismic site classification of D of the IBC 
(2009) criteria.  This corresponded to a weighted composite shear wave velocity of between 600 and 1,200 
feet per second applicable for that seismic site classification category. 
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Depth to bedrock was over 200 feet at Burlington and Milton and precluded being able to extend the 
MASW/MAM arrays long enough for reliable recognition of the soil to bedrock transition depth.  Bedrock in 
Colchester was between 65 and 90 feet deep in the soil borings and probes adjacent to the MASW/MAM 
array.  However, a soil to bedrock transition was not evident in the MASW/MAM results within the 
approximately 85 foot range of the reliable shear wave velocity measurements.  SCPT probes reached to 
refusal at the Burlington site but did not penetrate deeper as is typical of SCPT probes.  SCPT probes were 
terminated above refusal depths at the other sites. 
 
Shear wave velocities on the two bedrock exposures measured with MASW/MAM surface arrays ranged 
between approximately 1,000 and 6,600 feet per second.  Table 2 summarizes the shear wave velocity 
measurements. There was considerable variability in measurements at the Winooski Gorge site in South 
Burlington with much less variability at the Overlook Park site.  The source of the Winooski Gorge 
variability, which ranged from 2,300 to 4,800 feet per second, was not evident.   
 
Summary of Measurements and Comparisons – SPT values 
 
The composite SPT blow count values in the top 100 feet of the subsurface profiles are summarized as: 
 

Site     SPT Blow Count 

Burlington   Insufficient depth of borings (maximum = 47 feet < 100 feet required) 
Colchester     10.5 
Milton       9.8 

 
The Colchester and Milton sites result in a seismic site classification of E according to the IBC (2012), based 
on the composite SPT blow count of less than 15 and a determination by the design geotechnical engineer 
that the soils are most likely not liquefiable.  The seismic site classification of D for the Burlington site was 
made primarily on the basis of evaluations made by the SCPT because the borings did not extend deep 
enough for an SPT-based classification.   
 
Conclusions 
 

1. Shear wave velocity measurements made with MASW/MAM and SCPT methods in the upper portion 
of the soil profile at the Milton site varied by as much as a factor of 2 between the MASW/MAM 
measurements and the mean of the nearby SCPT measurements.  However, variations between 
MASW/MAM and SCPT derived shear wave velocities within 20 percent were more common.  
Significant variations in the measured shear wave velocity values should be expected as consequence 
of both local variability and the measurement methods (e.g., the larger volume of soil encompassed 
by the MASW/MAM compared to the down-hole SCPT measurements will tend toward a smoother 
velocity profile). 
 

2. MASW/MAM and SCPT methods did not detect the presence of strata changes between soil and 
bedrock.  This was expected at the deep bedrock conditions present at the Burlington and Milton sites 
but was a surprising outcome at the Colchester site.  This suggests that such strata changes may be 
difficult to detect with these methods and that special attention is warranted in planning and 
executing the measurement program, including use of other methods such as conventional soil 
borings, where detecting this transition is important for a particular project. 
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3. Seismic site classification made using SPT blow count data alone was more conservative than the 
results obtained through shear wave velocity measurements.   

 
Recommendations 
 

1. Evaluations for seismic site class should be performed under the direction of qualified professionals 
in accordance with accepted standards of practice. 

 
2. Evaluations for seismic site classification should be expected to potentially require using more than 

one method of analysis in order to obtain reliable and sufficiently comprehensive data needed for 
proper seismic site classification.  For example, soil sampling and testing is needed to evaluate soil 
grain size characteristics for liquefaction potential if there is evidence of submerged, loose, granular 
soils.  Liquefiable soils will automatically result in a seismic site classification of F.  Other testing 
may also be warranted for situations with soft and/or cohesive soils for similar reasons. 

 
3. Shear wave velocity measurements for bedrock may require cross-hole or down-hole methods where 

it is important to evaluate the shear wave velocities. 
 
4. The information provided in this report should not be used in place of proper site-specific seismic 

evaluation performed under the direction of a qualified professional in accordance with accepted 
standards of practice. 
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SCPT and MASW/MAM Shear Wave Velocity in feet/second
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Figure 5 ‐ Colchester ‐Measurement  and Comparison of SCPT and 
MASW/MAM Shear Wave  Velocity in feet/second
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Figure 6 ‐Milton ‐Measurement and Comparison of SCPT  and 
MASW/MAM Shear Wave Velocity in feet/second
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Table 1 
Summary of Site Information 

 
 
Site Name Location SCPT Data 

Acquisition 
MASW 

Data 
Acquisition 

Quantity 
of SCPT 
Probes 

SCPT 
Probe 
Depths 

Quantity 
of Borings 

Boring 
Depths 

Estimated 
Bedrock 

Depth 

Soil Profile Remarks 

 
Burlington 

 
Moran Plant 

along Waterfront 

 
August 
2010 

 
April 2011 

 
2 

 
134 and 
217 feet 

 
4 

 
32 to 47 

feet 

Bottom of 
SCPT 
probes 

Miscellaneous fill      
( 20-feet +/-) over 
stratified lacustrine 
sands, silt and clay 

 
1. 

 
Colchester 

 
Vermont Public 
Health Building 

Site 

 
January 

2011 

 
May 2013 

 
8 

 
40 to 58 

feet 

 
2  

(8 bedrock 
probes) 

56 to 59 
feet 

(probes 
to 93 
feet) 

Varies 
between 

65 and 90 
feet across 

site 

 
Fine sand (10 to 20-
feet) over fluvial silt 

 
1. 

 
Milton 

 
Route 5 

 
March 2011 

 
August 
2011 

 
2 

 
116 and 
120 feet 

14 25 to 
102 feet 

220 feet 
based on 

water well 
data 

Interbedded fine to 
medium sands with 
silt and coarse sand 

layers 

 
1. 

 
Remarks: 
 

1.  Refer to Appendices 1 and 2 for additional details. 



Table 2 
Summary of Bedrock Shear Wave Velocity Measurements 

 
 
 

Site  Location Shear Wave 
Velocity 

(feet/second) 

Rock Type Remarks 

 
 

Winooksi Gorge 

 
 

South Burlington 

980 to 3300 
(forward Survey 

1800 to 6600 
(reverse direction 

survey) 

 
Shelburne 
Formation 

(Limestone) 

 
 

1 

 
Overlook Park 

 
Williston 

 
3900 (range is 
3600 to 4400) 

 

 
Clarendon Springs 

Formation 
(Limestone) 

 

 
1 

 
Remarks: 
 

1. Refer to Appendix 1 for additional details. 



Appendix 1 
 Shear Wave Analyses at Three Sites With Seismic Cone Penetrometer Data in the 

Burlington and Colchester Quadrangles, 
 Northern Vermont 

 
George Springston 

Norwich University Department of Geology and Environmental Science 
158 Harmon Drive, Northfield, VT 05663 

 
June 5, 2013 

 
 
 
1. Introduction 
 

Shear wave velocity data was collected at three sites in Chittenden County where Seismic 
Cone Penetrometer data was also available. The site locations are described in the main report. 

 
This analysis was conducted by means of the Multichannel Analysis of Surface Waves 

(MASW) and Microtremor Array Measurement (MAM) techniques. Both of these techniques are 
based on the measurement of Rayleigh waves moving across the surface of the earth. High 
frequency surface waves from a seismic source stress only the shallow layers of the soil while 
low frequency waves can stress the deeper materials. If the material properties vary with depth, 
this results in a dispersion of surface wave velocities. In both methods, a spectral analysis is used 
to identify the dominant mode at each frequency and then a curve of phase velocity versus 
frequency is constructed. This curve is then used to theoretically model the thickness and 
stiffness of soil layers. The two methods differ in that the MASW technique uses a single 
artificial source (commonly a hammer striking a plate) while the MAM technique makes use of 
ambient vibrations. 
 
2. Methods 

 
Data was collected using a Geometrics SmartSeis ST seismograph with three different 

arrangements of geophones. Data was collected for the active or MASW technique using linear 
arrays of 12 geophones with spacings that generally range from 1 to 2 meters (spread lengths of 
11 and 22 meter, respectively). Shot locations were generally at 1 and 2 meters off of each end of 
both the 1- and the 2-meter arrays. The source was an 8-pound sledge hammer striking an 
aluminum plate. Data was collected for the passive or MAM technique using an “L” shaped 
array of 11 geophones. All passive surveys had 25-meter arms. The “source” in this case was 
ambient vibrations from a wide variety of natural and artificial sources. Data was processed 
using Geometrics Seisimager/SW software.  

 
 The field procedures and use of the software are described detail in Geometrics (2009). 

The general principles of these surface wave techniques are explained in Park and others (1999) 
and Park and others (2007). Park and Miller (2005) provide a very useful discussion of optimum 

1 

 



parameters for MASW surveys. Long and Donohue (2007) use the MASW technique to 
characterize shear wave velocities in Norwegian clay, silt and sand deposits and compare the 
results with cone penetrometer and other geotechnical data. Their article provides useful analyses 
of the optimum equipment parameters to use for fairly shallow analyses of surficial geologic 
materials. Lin and others  (2004) discuss field configurations, give a useful description of the 
principles of dispersion analysis, and show how the MASW technique can be used to evaluate 
liquefaction potential. Miller and others (no date) show the utility of these techniques for 
mapping depth to bedrock. Detailed analyses of shear wave velocity profiles produced using a 
related two-receiver method are given in Stokoe and others, 2005). This last report gives a useful 
overview of the general methodology used in these surface wave analysis methods. 
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3. Results from Moran Plant, Burlington 
3A. Active Survey. 
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Figure 1. Results from active MASW analysis using 27.5 m spread with 2.5m spacing and 2.5 m 
end offset from west end. RMS error after inversion = 6.0 m/Sec. 1a. Dispersion curve. 1b. 
Results of shear wave velocity model after inversion.  
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3B. Passive Survey. 
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Figure 2.  Results from L-shaped passive seismic array with 25 m arms. Data from a set of 100 
8-second files. RMS error = 8.3 m/sec.  a. Dispersion curve. b. Results of shear wave velocity 
model after inversion.  
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3C. Combined Survey. 
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Figure 3. Results of combination of MASW File 1DMASW_12ch_2pt5m_308.rst and passive 
seismic file 1DPS_l11_25M_ F.rst. The passive seismic record consists of set of 100 8-second 
files. RMS error after inversion = 7.0 m/sec. VS30m = 227.3 m/sec = 745.7 ft/sec. a. Dispersion 
curve. b. Results of shear wave velocity model after inversion. 
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Figure 4. Combination of MASW File 1DMASW_12ch_2pt5m_312.rst and passive seismic file 
1DPS_l11_25M_ F.rst. The passive seismic record is the same 100 file set used in the previous 
figure. Note that results are nearly identical to the previous figures. RMS error after inversion = 
7.0 m/sec. VS30m = 228.8 m/sec = 750.6 ft/sec. a. Dispersion curve. b. Results of shear wave 
velocity model after inversion. 
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4. Results from Milton Square Site in Milton 
 
4A. Results from active survey using file 23.dat, 22 meter survey length with 4 meter shot offset. 

 

 

Figure 5. Time-distance plot and phase velocity versus frequency plot for active survey at Milton 
Square site. 
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Figure 6. Dispersion curve and velocity model for active survey at Milton Square site. 
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4B. Passive Survey at Milton Square 

 

 

Figure 7. Example of an 8 second file of passive seismic data from files 183 to 270. Data 
collected using all low gains (24 dB) and the associated dispersion curve. 
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Figure 8. Modeled velocity profile for passive seismic data. Solution converged with 5 iterations 
to an RMS error of 18.0 m/s. There is a good general correspondence with velocities in hole B-
104. 
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4C. Combined Active and Passive Surveys at Milton Square. 

 

 

 
 
Figure 9. Dispersion curve and velocity model based on combined active and passive surveys for 
the Milton Square site. 
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5. Public Health Lab, UVM, Colchester 
Data collected 05/03/2013 
Data Processed 05/22/2013 by George Springston 
 
5A. Active survey, File 328.dat. 22 meter spread length, hammer offset 2 meters. 
 

 
 

 
Figure 10. Dispersion curve and phase velocity versus frequency plot for active survey at Public 
Health Lab. 
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Figure 11. Dispersion curve and velocity model for active survey at Public Health Lab. 
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5B. Passive survey at Public Health Lab. Files 200-300.dat. L-shaped array with 25 meter arms, 
11 geophones. 
 

 

 
Figure 12. Example data file and phase velocity versus frequency plot for passive survey at 
Public Health Lab. 
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Figure 13. Dispersion curve and velocity model for passive survey at Public Health Lab. 
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5C. Combined Active and Passive surveys at Public Health Lab. 

 
 

 
Figure 14. Dispersion curve and velocity model for combined active and passive surveys at 
Public Health Lab. The combined active and passive surveys shown above show a consistent 
picture of low, but increasing velocity down to about 16 meters, with an abrupt increase below 
there.  
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Appendix 2 
 
 

Subsurface Data for: 
 

Burlington (Moran) Site 
State of Vermont-Colchester Public Health Building Site 

Milton Square Site 



Burlington (Moran) Site 
SCPT and Soil Boring Data 



















Job No 09-756
Client GeoDesign
Project Title Community Sailing Center
Hole CPT-1
Site Burlington, Vermont
Date 8/25/2009

Seismic Source: Beam
Source Offset: 1.97 (ft)
Source Depth: 0.00 (ft)
Geophone Offset: 0.66 (ft)

SEISMIC TEST RESULTS - Vs

Tip Geophone Ray Depth Time Mid-layer Vs Interval
Depth Depth Path Interval  Interval Depth Velocity

(ft) (ft) (ft) (ft) (ms) (ft) (ft/s)
5.08 4.42 4.84
20.01 19.35 19.45 14.61 29.70 11.89 492
46.10 45.44 45.49 26.03 38.89 32.40 669
66.11 65.45 65.48 20.00 24.66 55.45 811
86.12 85.46 85.49 20.00 22.88 75.46 874
106.79 106.13 106.15 20.67 21.70 95.80 952
126.31 125.65 125.67 19.52 20.05 115.89 973
133.86 133.20 133.22 7.55 5.91 129.43 1277



Job No 09-756
Client GeoDesign
Project Title Community Sailing Center
Hole CPT-2
Site Burlington, Vermont
Date 8/25/2009

Seismic Source: Beam
Source Offset: 1.97 (ft)
Source Depth: 0.00 (ft)
Geophone Offset: 0.66 (ft)

SEISMIC TEST RESULTS - Vs

Tip Geophone Ray Depth Time Mid-layer Vs Interval
Depth Depth Path Interval  Interval Depth Velocity

(ft) (ft) (ft) (ft) (ms) (ft) (ft/s)
7.05 6.39 6.69
21.00 20.34 20.44 13.75 21.36 13.37 644
40.19 39.53 39.58 19.14 26.58 29.94 720
60.04 59.38 59.42 19.83 25.14 49.46 789
80.54 79.88 79.91 20.49 24.08 69.63 851
101.05 100.39 100.41 20.51 18.59 90.14 1103
121.55 120.89 120.91 20.50 25.55 110.64 802
139.93 139.27 139.29 18.38 18.29 130.08 1005
160.10 159.44 159.46 20.17 21.37 149.36 944
180.12 179.46 179.47 20.02 27.50 169.45 728
201.12 200.46 200.47 21.00 16.94 189.96 1240
216.70 216.04 216.05 15.58 12.05 208.25 1293

























Colchester Site 
SCPT and Soil Boring Data 

 
 
 
 
 
 
 































Milton Square Site 
SPT, Water Well Log, and SCPT Data 
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