
 

 

 

 

 

 

 

 

 

 
 

 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RReesseeaarrcchh   

AAddvvaanncciinngg  SSuubbssuurrffaaccee  IInnvveessttiiggaattiioonnss  BBeeyyoonndd  

tthhee  BBoorreehhoollee  wwiitthh  PPaassssiivvee  SSeeiissmmiicc  HHoorriizzoonnttaall--

ttoo--VVeerrttiiccaall  SSppeeccttrraall  RRaattiioo  aanndd  EElleeccttrroommaaggnneettiicc  

GGeeoopphhyyssiiccaall  MMeetthhooddss  aanndd  TTrraannssppoorrttaattiioonn  

IInnffrraassttrruuccttuurreess  iinn  NNeeww  HHaammppsshhiirree  

Final Report 

Prepared by U.S. Geological Survey, for the 
New Hampshire Department of Transportation, in cooperation with the 

U.S. Department of Transportation, Federal Highway Administration  



 

 

 



 

 

Technical Report Documentation Page 

 

1.  Report No. 

 FHWA-NH-RD-42372G 
2. Gov. Accession 
No. 

3.  Recipient's Catalog No. 
 

4.  Title and Subtitle 

Advancing Subsurface Investigations Beyond the Borehole with Passive 
Seismic Horizontal-to-Vertical Spectral Ratio and Electromagnetic 
Geophysical Methods and Transportation Infrastructures in New 
Hampshire 

5.  Report Date 

 August 2023 
 

 
6.  Performing Organization Code 

7.  Author(s)   

James Degnan, Sydney Welch, Neil Terry, Carole Johnson, Krystle 
Pelham (NHDOT) 

8.  Performing Organization Report No. 

  

9.  Performing Organization Name and Address 

U.S. Geological Survey 
331 Commerce Way Suite #2 
Pembroke, New Hampshire 03040  

10.  Work Unit No. (TRAIS) 
 

11.  Contract or Grant No. 

 42372G, A005(091) 

12.  Sponsoring Agency Name and Address 

New Hampshire Department of Transportation 
Bureau of Materials & Research 
Box 483, 5 Hazen Drive 
Concord, New Hampshire 03302-0483 

13.  Type of Report and Period Covered 
 

 FINAL REPORT 

14.  Sponsoring Agency Code 

 

15.  Supplementary Notes 
 

Conducted in cooperation with the U.S. DEPARTMENT OF TRANSPORTATION, FEDERAL HIGHWAY 
ADMINISTRATION 
 

16.  Abstract 

Geotechnical site characterization sometimes fails to fully characterize the below-ground bedrock surface and 

hydrologic conditions using conventional borings. By combining geophysical and boring data analysis, 

transportation projects can produce a more thorough and accurate representation of geotechnical subsurface 

conditions, reducing the disruption work plans, forced revision of designs, and cost increases from schedule delays, 

claims, or change orders. The U.S. Geological Survey (USGS), in cooperation with New Hampshire Department of 

Transportation (NHDOT) surveyed transportation infrastructure sites using rapidly deployable geophysical 

methods to assess benefits added to a comprehensive site characterization with traditional techniques. Horizontal-

to-vertical spectral-ratio (HVSR) passive-seismic and electromagnetic induction (EMI) methods were applied at 

four sites including a roadway-stream crossing, roadway-bridge rail-trail crossing, commuter-parking expansion, 

and a railroad-adjacent river-cutback slope-failure site, Additionally, ground-penetrating radar (GPR) was used at 

the slope-failure site. Typically, at transportation projects, subsurface geotechnical properties are determined from 

boring data; however, borings are often spaced hundreds of feet apart, potentially missing important spatial 

variability between boreholes. Geotechnical site characterization including geophysical surveys helped to provide a 

more accurate characterization by using continuous or near continuous profiling.   

17.  Key Words 

Geophysical Exploration,  Electromagnetic Induction, Geological Surveying, 

Subsurface Investigation 

18.  Distribution Statement 

No Restrictions. This document is 
available to the public through the 
National Technical Information 
Service (NTIS), Springfield, Virginia, 
22161. 

19.   Security Classif. (of this report) 

 UNCLASSIFIED 

20.  Security Classif. (of this page) 

 UNCLASSIFIED 

21.  No. of Pages 

 30 

22. Price 



 

 

 

Advancing Subsurface Investigations Beyond the Borehole with 
Passive Seismic Horizontal-to-Vertical Spectral Ratio and 

Electromagnetic Geophysical Methods and Transportation 
Infrastructures in New Hampshire 

 

 

 

 
 
 

James Degnan 
Sydney Welch 
Neil Terry 
Carole Johnson 
Krystle Pelham (NHDOT) 

 
 
 
 
 
 

DISCLAIMER 
 

This document is disseminated under the sponsorship of the New Hampshire 
Department of Transportation (NHDOT) and the Federal Highway Administration 
(FHWA) in the interest of information exchange. It does not constitute a standard, 
specification, or regulation. The NHDOT and FHWA assume no liability for the use of 
information contained in this document. 
 
The State of New Hampshire and the Federal Highway Administration do not endorse 
products, manufacturers, engineering firms, or software. Products, manufacturers, 
engineering firms, software, and/or proprietary trade names appearing in this report are 
included only because they are considered essential to the objectives of the document. 
 



72nd Highway Geology Symposium
2023 PROCEEDINGS

August 14–17, 2023   •   Hotel Murano   •   Tacoma, Washington

72
nd

Hi
gh

wa
y Geology Sym

posium

•
TA COMA , WASH INGT

ON

20
23

•



Grateful Acknowledgments
We would like to thank the following people who helped make made this Symposium possible.

Samantha Denham

John Pilipchuk

Gabe Taylor

Sam Johnston

Kerri Woehler

Jon Major

Eric Smith

HGS Steering Committee 

Washington Geological Survey 

Pat Pringle

Delaney Event Management

Todd Hansen

Krystle Pelham





 

 

2 

 

 



 

 

3 

 



 

 

4 

Figure 1. Map showing site numbers and locations (red circles): site 1: roadway crossing stream, Lee, 
New Hampshire; site 2: roadway crossing rail trail, Troy, New Hampshire; site 3: carpool and bus stop 
parking, New London, New Hampshire; and site 4: railroad adjacent to slope failure, Canterbury, New 
Hampshire.
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Figure 2. Charts showing passive seismic horizontal-to-vertical spectral ratio (HVSR) data quality 
indicators, (A) resonance frequency peak quality using a categorical rating system from 1 (worst) to 5
(best), and (B) standard deviation from horizontal-to-vertical spectral ratio measurement versus distance 
from nearest roadway and (C) coupling material verses horizontal-to-vertical spectral ratio measurement 
standard deviation. 
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Table 1. Depth to bedrock from borings and shear-wave velocities computed from maximum horizontal-
to-vertical spectral ratio by site and material. [ft, feet; vs, shear wave velocity; ft/s, feet per second; f0,
resonance frequency peak; hertz, Hz]

Site Boring Bedrock 
depth from 
boring, in ft

Shear-wave 
velocity (vs)
(ft/s) 

Maximum
f0 Hz

F0 standard 
deviation in
Hz

Mean
site vs
(ft/s)

Overburden lithologic 
summary

roadway 
crossing 
stream

B01 50.9 1198 5.91 1.3 1148 fill, alluvium, marine, and till
B02 45.6 1027 5.63 0.3 fill, alluvium, marine, and till
B03 25.3 1096 8.06 0.1 fill, alluvium, and till
B04 36.5 1263 8.66 0.29 fill, alluvium, and till

roadway 
crossing 
rail trail 

B03 92.0 1611 4.38 0.73 1628 glacial outwash and 
lacustrine

B02 99.5 1656 4.16 0.37 glacial outwash and some 
lacustrine

B01 102 1530 3.75 0.46 glacial outwash and some 
lacustrine

B04 94.0 1715 4.56 0.82 glacial outwash, lacustrine, 
and some till

carpool 
and bus 
stop 
parking

B-08 15.1 879 14.6 1.54 984 fill and till 
B-04 14.8 1322 22.3 2.21 till
B-06 14.4 722 12.4 0.04 fill and till 
B-02 8.86 912 25.3 0.61 glacial outwash and till
B07 20.8 1014 12.2 0.10 fill and till 
B11 5.50 767 34.9 6.80 silt and till
B13 5.00 399* 19.9 0.48 silt and till
B10 7.50 1219 40.6 11.3 silt and till
B03 7.70 1034 33.6 0.35 glacial outwash and till

railroad 
adjacent 
to slope 
failure 

TW-
103

179 1211 1.77 0.03 1211 stream terrace, glacial lake, 
some till

*outlier not used in mean calculation
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Table 2. Apparent conductivity summary statistics in millisiemens per meter (mS/m) from the 
electromagnetic induction surveys by site. 

Site N
Rows

Mean depth of 
Investigation 
(DOI, feet)

Apparent Conductivity in mS/m

Mean Median Max Interquartile 
Range

25th

Percentile
roadway 
crossing rail 
trail*

2877 12.59 13.50 7.6 424.8 10.4 3.6

roadway 
crossing stream*

2230 18.39 8.35 7.1 215.3 7.4 3.7

roadway 
crossing 
stream**

13413 14.92 18.02 7.50 8608 7.28 3.96

railroad adjacent 
to slope failure*

2786 19.53 5.99 3.8 102.5 3.7 2.2

carpool and bus 
stop parking 
expansion site**

32609 10.91 28.31 7.14 31065 11.75 3.18
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Figure 3. Electromagnetic induction survey results from the A-A’ cross section at site 1, roadway 
crossing stream, in Lee, New Hampshire, showing (A) a map of apparent electrical conductivity (EC) from 
the multiple-frequency instrument 47,970 Hz band; (B) a map of apparent conductivity from the multiple-
coil-spacing instrument (4-m-spaced horizontal coplanar coils); (C) profiles of inverted electrical 
conductivity from the multiple-frequency instrument with borings and the bedrock surface from passive 
seismic horizontal-to-vertical spectral ratio results; and (D) profiles of inverted electrical conductivity from 
the multiple-coil-spacing instrument with borings and the bedrock surface from passive seismic horizontal-
to-vertical spectral ratio results. White circles with labels on panels (A) and (B) correspond to borings on 
panels (C) and (D).
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Figure 4. Passive seismic horizontal-to-vertical spectral ratio measurement results from the A-A’ cross 
section at site 2, roadway crossing rail trail, Troy, New Hampshire, showing (A) a map of measurement 
locations and (B) a cross section of bedrock surface and land surface.
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Figure 5. Electromagnetic induction survey results from the multiple-coil spacing instrument from the B-
B’ and C-C’ cross sections at site 2, roadway crossing rail trail in Troy, NH, showing (A) a map of apparent 
electrical conductivity from the 4-m-spaced horizontal coplanar coils with cross section and boring locations 
shown with white circles and (B) and (C) profiles of electrical conductivity from inverted frequency domain 
electromagnetic induction data demarcated in (A). Black dots on profiles show estimated depth to bedrock
from passive seismic horizontal-to-vertical spectral ratio measurements.
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Figure 6. Map of the bedrock surface elevation calculated from passive seismic horizontal-to-vertical 
spectral ratio measurements at the carpool and bus stop parking site.



 

 

16 

 

Figure 7. Electrical conductivity (EC) from electromagnetic induction survey results from the multiple-
frequency instrument from the B-B’ and C-C’ cross sections at site 3, carpool and bus stop parking, New 
London, New Hampshire, showing (A) map of apparent electrical conductivity from the 47,970 Hz band and
cross section locations. The white circles show boring locations. (B) and (C) show cross sections
demarcated in (A) of inverted electrical conductivity with the bedrock surface from passive seismic 
horizontal-to-vertical spectral ratio results shown with black dots and borings identified.
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Figure 8. Boring logs and passive seismic horizontal-to-vertical spectral ratio measurement results from 
the A-A’, B-B’, and C-C’ cross sections at site 4, railroad adjacent to slope failure, Canterbury, New 
Hampshire, showing (A) lithologic logs, (B) boring location map, (C) cross sections of the bedrock surface 
and land surface, and (D) map of interpolated bedrock surface elevation from passive seismic horizontal-to-
vertical spectral ratio measurements.
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Figure 9. Multiple-frequency electromagnetic induction instrument and ground-penetrating radar survey 
results from the B-B’ cross section at site 4, railroad adjacent to slope failure Canterbury, New Hampshire,
showing (A) map of apparent electrical conductivity (EC) from the 4-m-spaced horizontal coplanar coils and
cross section locations, (B) cross section of inverted electrical conductivity, and (C) ground-penetrating 
radar survey results.

(A) 
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Figure 10. Multiple-frequency electromagnetic induction instrument and ground-penetrating radar survey 
results from the C-C’ cross section at site 4, railroad adjacent to slope failure Canterbury, New Hampshire,
showing (A) map of apparent electrical conductivity (EC) from the 4-m-spaced horizontal coplanar coils and
cross section locations, (B) cross section of inverted electrical conductivity, and (C) ground-penetrating 
radar survey results.

Figure 2. Ground penetrating radar results at site 4, railroad adjacent to slope failure Canterbury, New 
Hampshire, showing (A) map of survey and boring locations, (B) B-B’ cross section, and (C) C-C’ cross 
section.  Different colored arrows indicate multiple reflectors that were observed.  Materials described by 
boring logs and their depths are indicated along this profile.
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