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Olson Engineering founded in 1985

* Imaging Infrastructure for Assessment,
COrpOrate Monitoring and Repair with NDE and

History Geophysics
Olson Instruments began in 1993
* NDE Instruments for testing concrete, asphalt,

masonry and wood materials of structures,
pavements and foundations

Wheat Ridge, Colorado (Denver)
Branch - Rockville, Maryland
(Washington, DC) —

» Registered PE’s in 30+ states
including IN, MI, MN and W]




Consulting Services for Bridges, Buildings, Dams, Foundations,
Tunnels, Pavements and Imaging Subsurface Conditions

* NDE Condition Assessment for Structural Integrity and Foundations
* Geophysics for Engineering, Environmental, Groundwater & Mining
* Load Tests/Structural Health Monitoring

* Vibration Monitoring

* Applied Research and Development (instruments and services)

* Training/Seminars — 3-Day Olson Instruments Class each year (NDE & GP)
* ASCE Structural Condition Assessment of Existing Structures
* ASCE Bridge Condition Assessment and Performance Monitoring
* ASCE Course to CADWR on Concrete Dam Inspection and Repair

* ASCE Course on Concrete Dam Assessment with NDE and Geophysics for
Embankment Dams
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FHWA Manual:
“Application of Geophysical
Methods to Highway Related Problems”

Application of Geophysical Methods
to Highway Related Problems

Contract Number: DTFHG68-02-P-00033 September 2003




NCHRPE S 2005 NAS
SYNTHESIS 357 SYNTHESIS
STUDY =
TRB,
NCHRP,
FHWA &
DOT’s

Use of Geophysics for
Transportation Projects

A Synthesis of Highway Practice

TRAMSPORTATION RESEARCH ROARD



NDE APPLICATIONS Geophysics
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GEOPHYSICS IS:

THE MEASUREMENT OF
CONTRASTS IN PHYSICAL
PROPERTIES...

Physical, electrical, mechanical or
chemical contrasts 1n the soil,

>

A

rock, ground water / or pore
‘fluids’!




/\ ,v\,\ Geophysics vs. NDE

» GEOPHYSICS: Images the subsurface

= NDE: Non-Destructive Evaluation Images
man- made structures




= Olson “Geophysics Detects: Physical
;.jﬁ ENGINEERING Properties ... Not The Geology”

e.g., Electrical Resistivity Images map contrasts in the materials

LINE &
Morthwost Deaigece {bessl) Southpasf
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. L * F Shale Bedrock

Borings map the geology!!




ADVANTAGES OF
"’ ENgl\llEsEgl\T(‘S GEOPHYSICS

d Fast and continuous data acquisition

1 Better coverage versus a point measurement(s)
 Site accessibility (i.e., remote, difficult, etc.)

1 ‘Anomalies’ detected

d Environmentally and archeologically sensitive
 Non-intrusive (i.e., safer on an embankment)
 Cost effective (e.q., optimize drilling programs)
d 1D, 2D and 3D data acquisition and visualization
d 4D (time-lapse) acquisition




When to Use Geophysics and which method?

* Seismic Velocities and Moduli for Earthquake Design of Bridges
* Multi-channel Analysis of Surface Waves (MASW)
 Seismic Refraction Tomography (SRT)
 Crosshole/Downhole Seismic (CS/DS)

* Voids below pavements, Sinkholes, Abandoned Mines, Karst
* Ground Penetrating Radar (GPR)
* Electrical Resistivity Imaging Tomography (ERT)
* Crosshole Seismic Tomography

* Mechanically Stabilize Earth (MSE) Walls for Corrosion Risk and Remaining Service

Live
* Electrical Resistivity Imaging Tomography (ERT)

11
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—— 4 ENGINEERING
(NEHRP) and for building and
. . . . . S-Velocity (Vs) (misec)
bridge seismic design in general 500 1000 1500
Color Code § ¥ .
o ] Used in ParkSEIS | F _ =
= Building code compliance (IBC) 1500 3000 4500
S-Velocity (Vs) (ftsec)
m Low-strain dynamic moduli for MNEHRP* Seismic site classification based on shear-velocity (Vs) ranges.
construction planning S-Velocity (Vs) (ft/sec) | S-Velocity (Vs) (m/sec)
A
. . . = 5,000 > 1500
m Liquefaction risk for embankment (Hard Rock)
dams or foundations mim 2,500 — 5000 760 — 1500
= Rippability of material for surficial (Very Dense Soil and Soft Rock) Ll e L, el
excavation and cost estimates D |
; : 600 — 1,200 180 — 360
(Stiff Soil)
E
(Soft Clay Soil) S S as
F < 600, and meeting some < 180, and meeting some
{Soils Requiring Add’| Response) additional conditions. additional conditions.

* National Earthquake Hazard Reduction Program (www.nehrp.gov)
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_. SEISMIC METHODS:
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Seismic:
» Body Wave Methods
» Surface Wave Methods
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Stress Wave Basics - Elastic Moduli
——~ 4dENGINEERING

G = Shear Modulus

M = Constrained Modulus

p = Mass Density (unit
weight/gravity)

V, = Shear Wave Velocity

V, = Compressional Wave

Velocity

v = Poisson’s Ratio

E = Young’'s Modulus



L_/‘ ENGINEERING

G = pV¢
M =,0V2

v =[0. 5( ) —1]/[(—) 1]
E =2G(1+v)

Stress Wave Basics -

Elastic Moduli

G = Shear Modulus

M = Constrained Modulus

p = Mass Density (unit
weight/gravity)

V, = Shear Wave Velocity

V, = Compressional Wave Velocity

v = Poisson’s Ratio

E = Young’'s Modulus

Typically obtained through geotechnical sampling:

p

= Mass Density (unit weight/gravity)

Typically obtained through geophysical investigations:
V, = Shear Wave Velocity
V, = Compressional Wave Velocity
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Basic Concepts

Body Waves versus Surface Waves

Body Waves:
Compressional Waves (P)
Shear Waves (S)
Surface Waves:
Rayleigh Waves
Love Waves

The following illustrations of wave types and particle motions, as well as
wave animations, are ©2000-2006 Lawrence Braile, used with permission.
Permission granted for reproduction for non-commercial uses.

http.//www.geo.mtu.edu/UPSeis/waves.html



Basic Concepts

L_/‘ ENGINEERING

Principles
surface wave
source /\ // (Rayleigh wave)
surface W,
— shear (s-wave)
wavefront
Direction of
propagation of
wavefronts compressional (p-wave)
wavefront
/
P-Waves are related to density - bulk modulus (fast)

S-Waves are related to stiffness - shear modulus  (slow)
--- not affected by pore-fluids ---

Surface-Waves are related to the shear wave velocity (slowest)
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| Surface waves

http.//www.geo.mtu.edu/UPSeis/waves.html|



ENGINEERING

_ Body Waves 3x0
Compressional Wave ¥ gind
] ve .mog
Primary Wave e’ gel

o® jus®
P-wave 25 ac®

Fastest wave velocity, Vp

> Particle motion is longitudinal, compressions and rarefactions
in the direction of wave propagation.

X Djp,




& Olson Basic Concepts
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B W
Shear Wave ody Waves

Secondary Wave

S-wave

Vs

> Particle motion is transverse, polarized in either direction* to
the direction of wave propagation (*SV & SH waves).

¥
[}
¥
[
i
Lol
[
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NGINEERING

Surface Waves

Rayleigh Wave or Surface Wave “Ground Roll”’

R-Wave

VR
> Particle motion is elliptic and retrograde to the direction of

wave propagation.
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> Borehole Methods
» Body Wave Methods
» Surface Wave Methods




Borehole Seismic Methods
;._/‘ ENGINEERING

B Crosshole Seismic Technique (1970’s)

B Downhole Seismic Technique/Seismic Cone (1960’s)

B Oyo PS Suspension Logging (1990’s)

Slide courtesy of GEOVision
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_ Crosshole Seismic (CS) Test Setup
~—— 4 ENGINEERING

= 2 — 3 cased and grouted boreholes (~ Crosshole Seismic
10 ft apart)

Deviation Logging tool to get X, Y, Z
of all 3 borings with depth for
accurate distances at measurement
depths for velocity calculations.

Uses the Solenoid as a source in
one borehole

m Uses 1 — 2 triaxial Geophones as
receivers in the rest of the boreholes

&w Designation: D 4428/D 4428M - 07
|

Standard Test Methods for
Crosshole Seismic Testing’




Olson Instruments CS Equipment P-

9 OISOH SV Source and Triaxial Geophones
~— 4 ENGINEERING with Air Bladders and Field PC



&=  ENCINEERING CS Test Setup




@ Olson CS Source and Receiver
n— 4 ENGINEERING

» P-SV electromechanical
source with three
directions of impact-
radial (horizontal), up
and down - coupled to
casing wall with air
pressure

» 1 Tri-axial geophone
receiver per borehole -
vertical, radial,
transverse - coupled
with pressure to air tube

Tri-axial Geophone
Receiver

P-SV Source
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0 Y LENGINEERING CS Test Procedure — P Wave

P Wave Vertical

COemEr i -
I ] Undisturted medne

I—L'Ili:lldlll:ﬁ!_.l

P ——

Source Triaxial
(Geophone
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\ Vertical

Source Triaxial
(Geophone




& Olson CS Tests - Sensitivity for Each
—— 4 ENGINEERING Component

Source Direction Receiver Sensitivity
Component P Wave | S Wave
Radial Vertical
Radial
Transverse
Up Vertical 9
Radial
Transverse
Down Vertical
Radial
Transverse

IS

S\




==' Olson Example of P and S Waves from the

n— 4 ENGINEERING CS Test
S Wave
P Wave
Time Domain Data from Ch: 5 x = -2790.

4_

2- 3 i 2 Time Domain Data from Ch: 5 x = -15.

0_
4._

22—

-4 I | | I I 2+

0 10000 20000 30000 40000 50000
. e O-M
Vertical Response from “Up” direction of Impact '
-
Time Domain Data from Ch: 5 x = -15. 4-

4 7 I I I I I

. 0 10000 20000 30000 40000 50000

O_

-2

-4- .

(I) 1O(IJOO 20(1)00 30(1)00 40(1)00 50(1)00 Arrlval Of S Wave

Vertical Response from “Down” direction of Impact



Calculation of P Wave Velocity from

the CS Test

Time Domain Data from Ch: 6 x = 4813.

0.5—
0— ey
0.5
-17) | | | |
0 20000 40000 60000 80000
Time Domain Data from Ch: 8 x = 2788.
0.4
0.2—
0_.
0.2—
0.4- | | | |
0 20000 40000 60000 80000

|
100000

|
100000

t,= 4813 — 2788 = 2025 us
Distance = 3.048 m.

Vp = 3.048 / 1000000/2025
= 1,505 m/s

Note: This is a velocity of water in the saturated soil



== Olson Calculation of S Wave Velocity from
w4 ENGINEERING the CS Test

Time Domain Data from Ch: 5 x = 15632.

|
i CWE t_= 15632 — 2957 = 12675 us

| Distance = 3.048 m.

|
0 50000 100000

Time Domain Data from Ch: 8 x = 2957.

Vp = 3.048 / 1000000/12675
=240 m/s

S
0

|
0 50000 100000
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P and S Waves Velocity Profiles

CS Investigation at Sunset Station

Velocity (ft/s)
0 2000 4000 6000 8000 10000 12000 14000 16000

IS
2
o

0

Depth (ft)

100

120

‘—O—Vp —m—\/s




== 4ENGINEERING Survey Set-up

Olson Downhole Seismic Method: P- & S-wave

Transmitter

ﬂ% Designation: D 7400 — 08
)

Recorder

N

k.
| I O L, g

Receiver
{3C Geophone)

/,,.Puc Casing

. Grout
3 : *”/HEc:rehnle

L

Standard Test Methods for
Downhole Seismic Testing’
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&  ENGINEERING Downhole Seismic (DS) Test Setup

oooooooooooooooo

» Borehole technique

» Only require 1 borehole
for two receivers (10 ft
apart vertically)

» Source is applied on the -
top of the ground -




&> Olson -
o‘f Neason DS Source and Receiver

» Wooden plank source
with sledge hammer
impact - vertical, left
and right directions

» 2 Tri-axial geophone
receivers per borehole -
vertical, radial,
transverse




@ Olson DS Test Procedure

w—— 4 ENGINEERING
Vertical Impact Left/Right Impact
for P-Waves for SH-Waves
‘ —ri—

O

<

\4

Tri-axial Geophone Receiver Tri-axial Geophone Receiver
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DS Test - Sensitivity of Each

~—— 4 ENGINEERING Component
Source Direction Receiver Sensitivity
Component P Wave | S Wave
Vertical Vertical g
Radial
Transverse
Left Vertical

Radial 5
Transverse a

Right Vertical
Radial 9
Transverse 9




=== Olson Example P Wave from the
~—— 4 ENGINEERING DS Test

ﬂfiource

Time Domain Data From Ch: 2, x=5680,y =0

A 47
2_
Q 7
22—

5 47 | | I |

0 50000 100000 150000 200000
15’ | Waveform from vertical component (top geophone)
I' a from vertical impact
Time Domain Data From Ch: 5, x=7480,y=0

2_

| | | 1
50000 100000 150000 200000

o -

Not to Scale Waveform from vertical component (bottom geophone)
from vertical impact




= Olson Calculation of P-Wave Velocity

= dENGINEERING from the DS Test
Source
3t |
. [
o
5 D, =/(5*+3%) =5.83
15] | g+ o D, =+/(15% +3%) =15.30
D, -D,
y, ==1
tb_tt
il y = 1937583 = 0.005261ft/us =5261ft/s
P 7480 —5680
Not to Scale




= Olson Example S Wave from the

—— 4 ENGINEERING DS Test

3ft

Time Domain Data from Ch: 3 x = 10640.

Source

27 | | | | |
-50000 0 50000 100000 150000 200000

15 I Sy Waveform from radial component (top geophone) from left/right impacts

Time Domain Data From Ch: 6 , x=25720,y =0

-4 | | | | |
-50000 0 50000 100000 150000 200000

Not to Scale Waveform from radial component (bottom geophone) from left/right impacts



Calculation of S-Wave Velocity from

&  ENGINEERING the DS Test

Source

3t |

. — -
o
5 D, =/(5*+3%) =5.83

15] |gib- o D, =+/(15* +3%) =15.30
, _D,=D,
; tb _tt
ik Vs =078 6006279 fi fus = 627 fi s
25720 —10640
INot to Scale




==Y Olson Examples of horizontally polarized
— {ENGINEERING shear waves (SH-Waves)

Time Domain Data From Ch: 3, x=46360,y=0

-0.1 _1 I I I I l
0 20000 40000 60000 80000 100000

Time Domain Data From Ch: 7, x =53360,y =0

1 1 1 1 1
0 20000 40000 60000 80000 100000
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NGINEERING

GeoStuff Downhole: P- & S-wave

Triaxial Geophones & SH Results

Elevation (feet)

Source= 0.0f Travel Time (ms)

4
S0Hp
L1

540

14 14k 180 Uil I T4 i IR




p’j‘ Olson Downhole: Cone Penetrometer
w4 ENGINEERING CPT P- & S-wave Equipment

CPT test vehicle

Ere [ SH Source
alliil il i ik | 0 3= 0 55 0 06 oor (Plank)
3 |!' oy
&Y II wmakan
ool
: ';;iﬁb_ ®
! & V. = Interval Velocity
i . "\J‘f 5
g Ry V.=(d.-d._)/(t-t.,)
i \_)ﬂ'— i i i-1 i i-1




= Olson — .
9 Y L ENGINEERING Borehole Seismic Benefits

B Very good detail of velocity structure & layering

B \Well constrained and unique solutions

B Direct measurements of P- and S-wave velocity
B Simple computations for velocity (and moduli)
B Easy and quick data acquisition (7-person?)

B Repeatable measurements
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» Borehole Methods
» Body Wave Methods
» Surface Wave Methods




Ve’l (@ l sONn Body Wave Method: Seismic
~—— 4 ENGINEERING Refraction w/ Tomography (SRT)

Portable Instrumentation

=i

String of Geophones (Iline)
Y

Engineering-scale
24-Channel seismograph
& laptop




Seismic Refraction Method w/

== L ENGINEERING P-Waves
P-wave Field Setup

Recorder

Receivers  Transmitter
(Geophones)  (Sgurce)

Wave Prop_agatlon Gove_rne_d by Fermat’s
Principal and Snell’s Law -




==' Olson Field Set-up: P-waves and Surface
~—— 4 ENGINEERING Wave Sources

Seismic waves use an Impulsive (impact) Source

Accelerated Weight Drop (AWD) Most Common:
with drug landstreamer geophones Sledge Hammer

. o
-
-

PREEEEEE R ' Py >~ Metal Plate

* L ke

— o I i

Any impulsive (or vibratory) source can create both body &
surface waves — the receivers used to record them is what
makes the difference
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Seismic Refraction Method — SH Waves

S-wave Field Setup (SH)

FRecorder

Horizontal PLANK
Receivers  Transmitter
{Geophones) (Source)
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Applications (Vp or Vs)

B Depth to bedrock

B Competency of rock — rippability

B Soil variability, stiffness & induration
B Soil saturation (water table)

B Rockmass characterization

M Liquefaction potential

B |IBC Site Classification

LATERAL AND VERTICAL (2D)
DISTRIBUTION OF P- and/or S-WAVE VELOCITY



P Wave Velocity, ft/s
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% j Olson S-Wave Velocities of Soil and Rock
m—"4 ENGINEERING
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== Olson Seismic refraction theory:

= AENGINEERING velocity & depth

Reciprocal times & Intercept Times

This analysis method allows for calculation of depth, but is based on

apparent layer velocities due to raypath geometry; apparent velocities are
not the true velocities of each layer.

Note that velocities must increase with depth for refraction to occur with

the SRT method. Slow velocity layers below fast velocity layers prevent
refraction.
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Travel Time Curves and Resulting Solutions

SRT Modeling — 2D Tomography

7
s o rr%

v e —
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(a) Rayfract Models courtesy of Univ. of Florida




@ Olson 2D Seismic Refraction Tomography
——> 4 ENGINEERING Example

Excavation / Construction / Rippability
West East

3,000 165

Ground Surface

.

Velocity (m/s)

Elevation (m)

140
Distance (m) 60

Source unknown
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SRT sinkhole mappin
w4 ENGINEERING PPINg
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f};ojl Olson 3D Refraction Tomography

=~ {ENGINEERING Example of Sinkhole in Dam
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The rippability of various rock
types for different P-wave
velocities using a D9
Caterpillar tractor (in this
example)

D9R Ripper

Performance

» Multi or Single
Shank Ripper

» Estimated by
Seismic Wave
Velocities

RIFFABLE

D sawoma
B o wreae

Seismic Refraction for rock rippability

Seismic Velocity 0 1 2 3 4
Maters Par Second x 1000 L 1 | 1 | 1 | 1 |
Feet Per Second & 1000 o 1 2 % 4 5 6 7 B 9 10 11 12 13 14

TOPI0IL
CLAY . ; . 3 |
GLAGIAL TILL :
IGMEQOUS ROCKS

GRANITE

BASALT

TRAR ROCK
SEDIMENTARY ROCKS

SHALE —

SAMNDSTOME

SILTSTOME

GLAYSTOME

CONGLOMERATE

BRECCLA

CALICHE

LIMESTOMNE
METAMORPHIC ROCKS

SCHIST ==

SLATE T |
MIMERALS & ORES

COomnL =

El o RN | | TERY
. - b e = | 4
o -} E . | 4

IROM ORE i

Chart taken from Caterpillar “Handbook of Ripping” (2000)



.
@ Olson Seismic refraction limitations
——> 4 ENGINEERING

Velocities must increase with depth

Depth of investigation limited by line length & by source type

Pore fluids affect P-wave velocities, not S-waves (in soils)

S-waves are difficult to generate and analyze with refraction

GRM-type reciprocal processing “assigns” layers

Tomographic solutions have smoothing and edge effects
(called artifacts)

* More difficult in noisy environments or paved surfaces



> Olson

n— 4 ENGINEERING

Seismic refraction benefits

* Provides velocity distribution — vertically AND horizontally

» Defines layer contacts (e.g., dense soils, bedrock, etc.)

« Can account for topography in the processing (need to obtain elevation data)
» Works well in remote & rugged terrain

* Spreads can be acquired contiguously to achieve longer line lengths

* Material properties between and below geotechnical borings

« Can cover long distances — relatively quickly!

» Correlate Vp data with rippability charts, compute Bulk Modulus

» Correlate Vs data with SPT N-values, compute Shear Modulus

* Many equipment manufactures and vendors (cabled and wireless systems)
» Many sources of software available (GRM and Tomography codes)

« Data can be acquired and processed in 2D and 3D with commercially available
instrumentation and software
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» Borehole Methods
» Body Wave Methods
» Surface Wave Methods
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Surface Wave Methods

Rayleigh wave particle motion
Direction of wave propagation

e L,

®1999, Daniel A. Pussell

Rayleigh Waves — particle motion is ‘elliptic and retrograde’, discovered in 1885
by John William Strutt, 3™ Baron of Rayleigh in England known as Lord Rayleigh
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Basic Concepts _
BMBody waves travel at a speed independent of their

frequency

BSurface waves are ‘dispersive’ which means they
travel at a speed that is dependent upon their
frequency.

> This affects how they are measured and how
they are analyzed.

>Unlike Seismic Refraction, Surface Waves can
determine velocities of fast over slow over fast

layers
Frequency
(cycles/second or Hz) \J
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S CNGINEERING Surface Wave Methods

Seismic Trace

High frequency or
short wavelength

Low frequency or
long wavelength

Seizmic Source
-&- Short Suiface Mave

Lomg Surface Wags

Shallow

|

Deep




V’T Olson Surface Wave Methods

~—— 4 ENGINEERING Spectral Analysis of Surface Waves
- — Recording:

Dynamic Signal Analyzer % rj,._,. ~ Spectral Analyzer

= - 2 channels (often 4)

GRS e - Low Frequency

Vertical Dynamic Source: - Geophones (1Hz)
Forward Configuration Reverse Configuration _ Record FET data

Ny i 4 I (cross-power spectra)

r - Velocity = frequency x

ﬁ;}y ‘4& (L._J = wavelength from phase
\ '/ calculations between 2
o = receivers

» e e > groL. Keﬂnet?hH.

d4- Forward do d{- Reverse tokoe, Il at the
University of Texas at
Austin with Scott
Heisey, MS and then
Soheil Nazarian, Ph.D.




Vs 7_. OISOH Surface Wave Methods Multi-Channel
= LENGINEERING Analysis of Surface Waves (MASW)

Produce ONE Record and get one SASW Ilke sounding (model)

Fortable
.- Multi-Channel Computer
: Saismoqgraph T
|." ® O # - - 5
1001 o 1011 S s
: Seismic Source Channel 4 | aaaaa
Trigger| o (Sledge Hammer)
. —"'J p 1 23 %;
oy ] Fk s _.-'u_ % =

" " Recaivers — Loose
{Geophones)— Matenal

Teres (i

B0 B TN M0 A0 4B ME X0 Em D
L T m 1 B @ msaoEE i EmEEroEE
-,

rljlj'.lri.:ﬂl:;..'{ﬁlri:ﬁln:.l-l.'lfil'.'l.'rllilil ;

e e e e . | - Consolidation
i Eir.:u:h_.ur W&we . | i K Material
| | | il |
b : = ! i : . oo,
A Source Offset  dX: ReceiverSpacing Xy Total Receiver Spread Xm Maximum Offset Cne Tracé  One Record

{of Shot Gather)




9 Olson

ENGINEERING

MASW Data Analysis
Acquire multiple records by ; '
moving the same source- ) £
receiver configuration after each s gl
acquisition 71110 1 iy
e i I
X1 (1623) Xz (2823) X3 (4523
Prepare multiple number of : = b
1-D Vs profiles by following i s ] :
previous 3-step procedure. 3
g

2-D Vs Map by Interpolation

Sarfuce Location (Staton #)

Construct a 2-D Vs cross-section 1000 2000 3000
by using an appropriate =) £ -
interpolation scheme; interpret :
for geologic layering. ' i3 L T

[ ] L) L]
- .
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w—— 4 ENGINEERING

MASW data analysis

Extraction of Signal Dispersion Curve 1-D S-Velocity (Vs) Profile

S-Velocity (Vs), m/s
250 500 750 1000

3

W0 . . .
"E" Energy Level (%) | Body Wave

> Bl A |

= 0 20 40 60 80100

Q 5 E 5 :

% 1000- R e s

= L

@ :

; B
£ 500 e oS j )

0. Fundamental Mode

10 20 30 40 50
Frequency, Hz

A : 2-D Wavefield Transformation
B : Inversion




Seismic Surveys with Utility Terrain Vehicle (UTV), Accelerated
Drop Weight (AWD) and towed Landstreamer Geophone Array

Signal from geophones

Multi-Channel Analyses of Surface @ la

Waves (MASW) for Shear Wave Velocity L1 ) Lﬁfh"'ﬁwde
Geophones Dur{e-

(S-wave, Vs) and Be;lrock Depth il J..'.'.@Q@

Seismic Refraction Tomography (SRT)

data for Primary Compressional Wave
(P-wave, Vp) and Bedrock _
Depth/Rippability M T reesdl L] ] |§

MASW and SRT analyses are both
possible from same data




Polaris Ranger XP1000 UTV with GPS & Mini-Accelerated Weight Drop of 80 Ibs impacting a nylon/
aluminum strike plate to impart seismic energy (left & center photos) and the towed Landstreamer 24-channel
geophone array on skid plates spaced at 6 ft - 42 ft behind the AWD strike plate (right photo).

A iy ] — |||._'_"|-.."'

- '.q.‘.l_n'.--.- T
WL i i
ok sy

5 LG Tt




Map view of the MASW survey area for overburden/bedrock depth with the full
transmission line with labeled towers as well as the cultural avoidance areas
(red), SSURG mine spoils (white) and NDGS mine spoils (pink). Seismic survey
line locations are shown as blue polylines covering from the start to the end of
each line of landstreamer geophone array coverage

FT0000E F72000E 774000E 776000E 778000E

d 3242000M

. 121s

171180
@"éﬂﬁf—

10,000 ft
| _ 5240000N




Plot of a composite dispersion curve generated from 24 channels of the
MASW surveys collected on Line 9 at the project site (shot record 20). The
inversion model fitting of the data is show by the small white squares from
frequencies of ~5 to 30 Hz in the plot above (ParkSeis MASW Software)

¥ rvcaaned ¥ ¥ ¥ ¥ ¥ ¥ Y ¥Y YT ¥ ¥ VY Y OV ¥R Y ¥V YV % UV R TV U WS ¥ ¥ T ¥ VU YV
& Curenl 3 =g Lo ]

SGEGEZFSSHM Aty 1) datl (Haoord = B020)

Phage Velocity (fisec)




An aerial map view from QGIS presenting the location of seismic
survey lines 12, 11, 10, and 9 (blue) with labeled towers as well as
the cultural avoidance areas (red) and SSURG mine spoils (white).

772000E 772500E

5242500N

76




Averaged 1-D Vs 100-ft site classification for Line 9 with depth model from
ParkSeis MASW inversion analyses plotted to 100 feet in blue lines.

Ayired-Earth Mo
".?. Vel by -_'l.-" | JRp ]
hl

Site Class "D’
(St Sail)
Vs{100f) = 855 (Nisec)

1000
S-Velocity (Vs (f'sec)

=¥ (1)

(W) pdeg



Dell Notebook in UTV Cab for Data Recording and UTV with Landstreamer
Geophone Array for MASW and SRT Surveys at 8 Wind Turbine Sites to get Vs
and Vp velocity vs. depth profiles using 16-lb Sledgehammer impacts to plate




Golden Software Surfer gridded MASW topography corrected results for turbine
site GEO-004 with elevation plotted in ft and distance Easting from the start to

the end of the line in ft. Bedrock depth is interpreted at ~35 ft where the red
Vs (ft/s)

horizon is drawn.
_:—:

0 500 1000 1500 2000 2500 3000

2120

2100

Elevation (ft)

2080

._ : ] :
0 50 100 150 200 250 300 350 400 450 500
Line Distance (ft)




Averaged 1-D Vs100-ft site classification for turbine site GEO-004 with
depth model in blue plotted to 100 feet.

Depth (m)

257

Layered-Earth Model
S-Velocity (Vs) (m/sec)

125 250 375 500
Site Class 'D" 50
: (Stiff Soil) |
'V/s(100f) = 850 (fsed)
i H00
25() 500 750 1000 1250 1500 1750

S-Velocity (Vs) (ftisec)

=Vs (1)

() wdag



V. P 0 I sOn MASW data collection across a
-

ENGINEERING creek




OB O I sOoOn MASW 2D Shear Wave Velocity
4 ENGINEERING

Profile from across a creek

Creek
Approaimate Station number
1512 1513 514 1515 1516 1517 1518 1518 1520

GROUND SURFACE

5240 | v | |
00 200 300Y 400 500 600  g00....B00, 900
Dowrrine distance (faed)
B 5 ¥
b %% %% %% %7%% %

S-Wave velocity (ftis)



/ ) OISOH Vs30 (or Vs100’) Basic Concepts
= ENGINEERING (International Building Code Spec)

Average Properties in Top 100 feet, See Section 1613.5.5

Site Class Soil Profile Name Soil shear wave Etandajl'u:l Soil undraulﬂri shear
velocity, ¥, (ft/s) penetration strength, 5, (psf)
resistance, N
A Hard rock v, > 5,000 N/A MNAA
B Rock 2,500 < v, = 5,000 M MNIA
Very dense soil s
50

c and =oft rock | 1:200 < Vs < 2,500 N = S, > 2,000

D Sitiff soil profile 600 < ¥, < 1,200 16 < N = 50 1,000 < 5, < 2,000

E Soft soil profile ¥ < 600 N <15 S, < 1,000
Any profile with more than 10 feet of soil having the following
charactenstics:

E --- 1. Plasticity index Pl=20,

2. Moisture content w=40%, and
3. Undrained shear strength 5, < 500 psf

Any profile contaiming soils having one or more of the following
characteristics:

1. Soils vulnerable to potental faillure or collapse under seismic loading
such as liguefiable =oils, quick and highly sensitive clays, collapsible

F --- weakly cemented soils.

2. Peats and/or highly organic clays (H=10 feet of peat and/or highly
organic clay where H = thickness of soil)

3. Very high plasticity clays (H>25 feet with plasticity index Pl»>75)

4. Very thick soft/medium stiff clays (H=120 feet)




==' Olson Surface wave methods benefits
e 4ENGINEERING Vs30m (Vs100ft) Calculations

Evaluation of Average S-Velocity (Vs3°)

(for Top 30 m)
Layer Model (Example] Methods To Calculate Average Shear-velocity (V5]
(for Top 30 m)
5-Welooy (V) fmisac) — . d
b 500 1000 1500 2000 2500 300D Method 1: Vs, = X Vs % [—':]
[ ri— ...5.,.__...-1-..,_....r_.........t....$._.|.....-._..J a0
[ I |
"|"E-_=25ﬂ oy : d[:lﬂm (Vs = shaarvwrave velncty, d, = thicknass of i-th layer)
“ ; ' ! Method 2 Vs, = =4 = L4
—" T : | h Lt" El'.dJ'
i vy
i i
3_: : [E= ene-way travel Limda in =th Wyer]
i i i
& Ei Vs,=1500 m/sec d,=20m | i
. : Vr = (250 ;‘“J +| 1500 % :—:] = 1083 (m, 5ec)
Ve = iy @ 563 (mysec) = Vo™
E_ - LPhE 3
. 4 \_“j_ vs* = 'y, (Method 2!)
Vs, = 563 (m/sec) = Vsi® Vs, = 1083 (m/sec)

{Method 2) (Method 1)



&= Olson -
IENGINEERING Surface wave methods benefits

Easy acquisition — 1D and 2D

Image low-velocity layers beneath high-velocity layers

Investigate very shallow to deep

Great for highways, runways, tarmacs, etc. (i.e., hard surfaces)

Non-intrusive evaluation of shear modulus

Large volumes = bulk measurement

ANY seismic source works!



’95‘ Olson Combining body & surface wave
»— 4 ENGINEERING methods

‘P, S, and S” Approach

« Refraction tomography for Vp
« MASW for shallow Vs

« Passive Surface-\Waves for deep Vs




==' Olson Combining body & surface wave
~—— 4ENGINEERING methods

2D Seismic P-Wave Tomography and 1D Seismic S-Wave Model

WEST Station (i) EAST
]
1540 1880 1880 1870 15|Et| 1820 1800 1810 &0 1830 1840 la!.n""fmm 1ETH 1880 1650 1T 170 1720 1730 41740 170 1780 AT

180170

Depth (ft)
() wdag

1))

=]
]

o 2,000 4000 6000 8000 =

6B 1700 1TI0 1¥20 1730 1740 1750 1780 1770

9540 1550 1560 1570 1580 1590 1600 1610 1820 1630
UT Zone 229% i

Start of spread 458,471, 7,354,233 (m) TG e XU I (T aer]

End of spresd; SB6,537, 7,354,754 (m)

¥ 103-Wave sounding P-Wave Velacity (ftisec)
e ———— i 3 S SRS REREER



= QOlson Combining body & surface wave P-
~——— 4 ENGINEERING and S-wave Velocity Results

P-wave Section from 3-D Grid S-wave Section

Depth, ft
Depth, ft

1 o T
400 o 410
Distance, ft o

°

Distance, ft

! 2,700 2400 >
| N _ - 2200
S a --" 2000
1800
1600
1400
1200
1000
800

P-Wave Velocity Scale (ft/s)
S-Wave Velocity Scale (ft/s)

300 600
0 400



@ Olson 2D Refraction Tomography
~—— 4 ENGINEERING Example

Combined Vp and Vs results to produce Elastic Moduli

— -l _A—

T
-
1
2
Q
<
®

S-wave

Fd A d 0 EERE R i A R R RV NHR
R — i
], L B
TR LTTITELT i I

Vp/Vs ratio

L
]
RN E N
eI O TR

Poisson’s ratio

A EEEEEEEEEEE NI
.
mal i sl N

Image courtesy of USGS



Can you help with tunnel alighment for TBM?




Deep Tunnel Bore (water transfer) — Seismic
Refraction Tomography Lines to map Bedrock

Line 2 Line 1

: Line 3
Line 5 Line 4




Deep Tunnel Bore
(water transfer)

1WA R, o i

92



3-D View of Seismic Refraction
Tomography Velocities for Deep
Tunnel Bore (water transfer)

105405

fOT36.5 10300

93



MASW for tunnel alighment looking for any paleochannels or areas of lower velocities in the
bedrock for development of a tunnel. Note topography and elevations.
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E

MASW Seismic Surveys on Interstate to check for soil and bedrock support/shear
moduli conditions below concrete pavement
A

West Bound C470 at US 8S
Geophysical and Non-Destructive Testing Investigation
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Can seismic work in urban settings?

Passive Surface Waves = |D Extended to 2D Results

DANGEROUS SITE
CONDITIO ]

HEAVY TRAFFIC AREAS

07/30/2008

96



Vs Under a State Highway

T e |
b 1 iy e
Wy L2 %alo

o]

S

. i == LA S

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 0 500 1000 1500 2000
S-Wave Velocity (ft/s) DISTANCE (ft)
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Can you image layering (Vs)
next to an Interstate?

98



2D MASW For New Bridge Construction (Line 1)

Recent River Alluvium

Mississippian Fm. (Limestone)

150 200 250 300 350

DISTANCE (ft)

1000 1205 1410 1615 1821 2026 2231 2436 2641 2846
Shear-wave velocity (ft's)




2D MASW For New Bridge Construction (and
legal avoidance!)

=
I "ug

100 ft.

0513 13051 13500 15928 BEET RIS OTA4 DI2BF FERT  MNSG JSE0T IS BOT4 -

Shear-wave velocity (ft's)

100



Can you image karst? Perhaps with SRT if larger
sinkhole as shown below but SASW is better than
MASW

Karst Example

= 5 Ba -
1200 : X @

1000

8

Elevation (ft)

13000
12000
! 11000
00

REFRACTION TOMOGRAPHY ACROSS AVALLEY
FOR KARST IDENTIFICATION BEFORE DAM
CONSTRUCTION save

41000

B0

Vp (ft/sec) :
:

2000
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Can you provide paleo-channel mapping
under a river?

|
.....
gl

=

Seismic profilingor.
Pipe Jacking

102



Can you provide soil/rock character under a river,
for a newbridge foundation design?

*Active source (backhoe) on west end of line




Soil and rock characterization with

MASWE

P ep———

KS River

-

B : *A‘ciii?e _'_sq"u'rﬁ__éé; (;béclr-(b'defo'h WeLst end. of li
SW , | F're D,E | L J ~ River , NE
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RIVER - OKLAHOMA

|

RED
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= Olson

Y ENCINEERING Electrical Resistivity Measurements

R

Resistance measured
iIn ohms

Resistivity p = RAX

R =V/l
Flow of current

governed by S _
Ohm’s Law Resistivity is measured in

ohm-meters



== JENGINEERING

e e e

D =
P, >,
current flow-lines

------- eguipotencials
P, pz resistivity



Olson

Calculation of Apparent Resistivity
m—"4 ENGINEERING

Generic Example: 0 |
W,

Resistivity computations are
governed by the geometry of |

(current amperage) and V (voltage “r—' “ - "*
difference) in the electrode A § B
configuration i | ! |
“ - >
3
2nl ]




Vo: 7 Olson Electrical Resistivity Imaging (ERI) or also
4 ENGINEERING called Tomography (ERT) — Testing Arrays

c2 ¢ P1 P2

t

Dipole-dipale
P1 P2 c1 c2 P2
> g — a "-'_ﬂ'ﬂ_" a8 €—
cz C1 P

i—-—ra-—H-—-ﬂ--—-ili s—ga-+ a -i—-ami-r

Wenner-fi
c1 P N
«—g-> g {—a—;l- C1 ppfp® ... P C2

Gradient array

P1 P2 C2
= nga—> ge—na->

\ Midpoint-potential-referred J
\ '

2fg+1ha



&> Olson

~— 4 ENGINEERING
- Good method to find RESISTIVE targets

Resistivity Applications

m Embankment subsidence
m Voids / Sinkholes/ Abandoned Mines/Karst

m General mapping (geology, internal layers, drains)
m Depth-to-Bedrock (foundation / abutments)

m Sand and gravel deposits (seepage paths)

m Groundwater (static or flow conditions)

m Clay mapping (core, impermeable layers)



= Olson

w—— 4 ENGINEERING

UNIFIED SOIL CLASSIFICATION

CH
CL

10

Material Properties (USC solils)

SOIL TYPE vs. RESISTIVITY

RESISTIVITY (P, ohm-m)

10°

10° 10

oL
ML

SC

MH
SM
GW

GC

GP

10

10'

CONDUCTIVITY  (og

GRAVEL

1

o

10 10°

, mmhos/m)



@ O Ison Example Material Ranges
=" JENGINEERING

Typical Typical
> Material Minimum | Maximum
:'§ (ohm-m) | (ohm-m)
e Topsoil 70 300
@ Clay 5 100
14 Sand and Gravel 100 5000
g’ Sandstone Bedrock 30 5,000
D Shale Bedrock 50 4,500
8 Limestone/Dolomite Bedrock 200 4,000
o Crystalline Bedrock 1,000 500,000
= | Void Infinite | > Infinite




L_/‘ ENGINEERING

2D Electrical Resistivity Imaging

Recorder

Multi-Electrode Resistivity (MER)

Transmitter
(Current)

? 1
L ¥ .
o 7
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Receivers
l‘-.-’mtageil
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& Ol -
e ] sOn 2D ERI - Equipment
w— 4 ENGINEERING quip

AGI Sting R1

IRIS SyscalPro

Resistivity

Imaging g
System i




= Olson

~—— 4 ENGINEERING

Measure

Calculate

Model Inversion

ERI Data Analysis

Resistance (V/l)

\4

Apparent Resistivity

\4

Earth or True Resistivity
“Tomography”

Pre-Processing
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w—— 4 ENGINEERING

2D ERI — Modeling ‘Dipole-Dipole’ Data
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@ Olson Electrical Resistivity 2D Images
»~— 4 ENGINEERING

Mapping sand and gravel lenses in clay

Distance, m

‘FBGD 50 100 150 200 250 300 350 400 450
= 3 Hﬁﬂw— ___ Sityclay i
i 150:‘ __ ;‘ Sand and gravel :
n 3 — -t J
<é 140
®) 1 st. Survey
-"(_'U' 160 e
> 3 i
Q 3 i
“ 150 ;

140- — I

Image from AGI Website 5 20 40 80 160 245 320

Ci-m

www.agiusa.com
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w—— 4 ENGINEERING

Without Topographic
Corrections

With Topographic
Corrections

19100

Need for Topographic Correction

§f i

Inversion Mode! Rasistivity {ohm-m)

E
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§ 8 ¢

g

nversion Model Resistivity (ohmm-m)
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== Olson ERI Survey to detect old Adit Mine Tunnel in
w—— 4 ENGINEERING Colorado Rockies

& = ABEM Terrameter LS-2 84
e YR Channel ERI system




: Aerial obtained from Google Earth Pro with approximate ERT
4 j'
0 I sOn line locations and numbers in blue. ERT lines were located by
LYBD at 5 (Line 1), 25 (Line 2) and 50 ft (Line 3) up slope

n— 4 ENGINEERING




2D ERI inversion at Mine Adit Tunnel Site in

9 Olson

ENGINEERING Colorado Rockies for Line 2

Adit Tunnel estimated to be ~ 6 ft tall by 4 ft wide at about 80 ft at
depths of 14 to 20 ft below-grade with lower resistivity values of 300
to 500 Ohm-m vs resistivity values of 1000-2000 Ohm-m around it -
indicates Tunnel \is water-filled vs. higher resistivity air-filled

conditions

Ohmm
10 70 500 4000

Line 2 W

20.0—
10—~ 7
0.0—

-10.0 —

Elevation (ft)

-20.0—
-30.0 —

1 I I
200 40.0 20.0 20.0 1000 1200 140.0

Distance (ft)



Impulse Radar Crossover 730 (CO730) GPR unit with Emlid
Rover GPS on pole and distance wheel being pulled from
west to east along GPR Line 3 on the bench/shelf




= {ENGINEERING

H197I50N

AT 30N

" & [Intevpreted adit poris

GPRE Line=

B2 MIE




:7 Olson GPR Lines 3W-E and 4W-E showing Adit
"4 ENGINEERING Tunnel at ~28 ft deep. Boring confirmed it!




bf? @] (o] 2 B ABEM Terrameter LS2 ERI on Old Abandoned Coal
L_/} ENGINEERING mine with coal seams in depth range of 180-210 ft deep

l mmmibe — - &



7)) | ERT Survey Lines of ~400 to 600 m (1300 to 2000 ft
e son
g ENCG)|N EERING in length and field electrodes at 5 m (16.3 ft)




Line 1 2D ERT Resistivity Data Inversion Results. The less

v
:0) 0 I son resistive anomaly located at 320-meters down the line has
4 ENGINEERING

the potential to be mining related fluid-filled voids

Calculated res|stivity mods

—¥ ————— T ———————— B — _— S S— . ———
1500.0
E 14800
§
T 14600
5
1440.0
1420.0
o 100 200 300 400 &0D B00
Distance [m]

BHesatagn: 4 - Akj, nekddacly miaft %] 664

032 ' ' e 20 | 0 | ' ' e 1200



xcavation exposecd zinc strips within the top

)
/o OISOI'I foot of material for Maryland DOT’s 1995 Reinforced
n_— 4 ENGINEERING Earth Co. Wall

Geophysical Investigation - ERT Survey along MSE Retaining Wall
Sparrows Point, MDD
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&= Olson
w4 ENGINEERING

electrodes drilled and driven between panel joints




=2 {ENGINEERING

SackTill soils were specitied by MD DO [to have a 3000

Ohm-cm (30 Ohm-m) resistivity or greater in 1995 and

other backfill specifications

‘ Color Code |

Aggressiveness Resistivity Ohm-cm (Ohm-m)
Very Corrosive <700 (7)
Corrosive 700 — 2000 (7 - 20)

Moderately corrosive

2000 — 5000 (20 -50)

Mildly corrosive

5000 — 10000 (50 — 100)

Non- corrosive

> 10000 (100)

]

Property Criteria Test Method
Resistivity > 3000 ohm-cm AASHTO T-288
pH >5and <10 AASHTO T-289

Chlorides <100 PPM ASMT D4327

Sulfates <200 PPM ASTM D4327
Organic Content 1% max. AASHTO T-267




@ 0|SOI'I ERT horizontal lines were done at 3.5 and 8.5
~—— 4 ENGINEERING ft above grade
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Ine S5 Electrodes were placed ~

.
o_f OISOI'I the edge of the roadway within the soft grassy topsoil
—BNEINEERUINE about 9 ft behind the concrete MSE wall panels
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y. Inverted horizontal resistivity profiles in Ohm-m of the two
@ Olson

MSE wall lines at 3.5 ft above grade (Lines 1 and 3 west
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ro/'f 0|son Horizontal resistivity profiles in Ohm-m of the two MSE Wall
L_/Q ENGINEERING lines at 8.5ft above grade (Lines 2 and 4 west sloped end)
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r/os o I so i@ grassy shoulder strip ~ 9ft behind the wall and 1ft from east-
L_/’j ENGINEERING bound I-695 underlaying the transparent plan of the ~ 35 ft

Resistiviry (Ohari-mi)
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’@ Olson Estimation of RECO Zinc Coated Strips loss of
~— 4 ENGINEERING Zinc Coating and Strip Steel Corrosion Rates

m Zinc Coating Loss for 2 years = 15um/year * 2 years = 30 uym
m Years for Zinc Coating to be lost = (86 — (2*15 ym/year))/(4 pm/year) + 2yrs = 16 yrs

m Strip Steel Loss = number of years x 12 ym/year



== Olson Strip Service Life Analyses for Design and

——~ 4 ENGINEERING Yield Stresses for Backfill Corrosion Rates

= Design Stress Maximum Reinforcement Tension - FT = FY x 0.55 x Area of strip, (4)
= so for the wall, FT = 65 ksi x 0.55 x Area of strip, (5)
m Strip Gross Area = 4 millimeter x 50 millimeter = 200 mm”2 = 0.31 square inches (6)

= Strip Net Area at 72 inch diameter bolted Tie Strip panel connection = 0.22 square inches (7)
m then for a Gross Area Strip FT = 6.20 kips = 65 ksi x 0.55 x Minimum Area of Strip (8)
= solving for Minimum Area at end of service life is then = 0.173 square inches (9)
= Yield Stress (failure & no safety factor) — FT = 6.20 kips = 65 ksi x 1 x Minimum Area (10)

= then solving for needed 75 year life Minimum Strip Area = 0.095 square inches (11)
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End of Service Life Years Estimates for Design Stress

and Yield Stress on Strips and at Tie Strips with Bolts

Backfill Corrosion Aggressivness

Years for Design
Stress Strip
Section to corrode
from 0.31 (Gross
Area) to 0.173
(Minimum Area at
75 year service
life) square inches

Approximate Year
for Design Stress
Strip Section to
corrode from 0.31
(Gross Area) to
0.173 (Minimum
Area at 75 year
service life) square
inches

Years for Design
Stress Tie Strip
Section to corrode
from 0.22 (Net
Area) to 0.173
(Minimum Area
at 75 year service
life) square inches

Approximate Year
for Design Stress
Tie Strip Section to
corrode from 0.22
(Net Area) to 0.173
(Minimum Area at
75 year service life)
square inches

Years for Yield
Stress Strip Section
to corrode from
0.31 (Gross Area)
to 0.095 (Minimum
Area at 7S year
service life) square
inches

Approximate Year
for Yield Stress
Strip Section to
corrode from 0.31
(Gross Area) to
0.095 (Minimum
Area 75 year
service life) square
inches

Years for Yield
Stress Tie Strip
Section to corrode
from 0.22 (Net
Area) to 0.095
(Minimum Area at
75 year service
life) square inches

Approximate Year
for Yield Stress Tie
Strip Section to
corrode from 0.22
(Net Area) to 0.095
(Minimum Area at
75 year service life)
square inches

Very Corrosive 47.1 2051 16.2 2020 74.0 2078 43.0 2047
Corrosive 58.9 2067 20.2 2028 925 2100 53.8 2061
Moderately Corrosive (3000 Ohm-cm) 73.7 2086 253 2037 115.6 2128 67.2 2079
Mildly Corrosive 92.1 2109 31.6 2049 144.5 2162 84.0 2101
Non-Corrosive 115.1 2139 395 2064 180.6 2205 105.0 2129
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ERI Survey Benefits

» Used for Karst/Sinkhole/Mineworks Mapping
» Works in some environments seismic cannot
» Rapid data acquisition (MER)

» Semi-automated processing (also a limitation)
» Differentiates soils well (coarse vs. fine)

» 1D, 2D, 3D, and 4D options

» Good vertical resolution (soundings)

» Good lateral resolution (profiles)

» Corrosion risk and remaining service life estimation for aging MSE Walls
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ERI Survey Limitations

» High contact resistance at dry sites

» Man-made cultural interference (utilities)

» Geometry of anomalies not well-defined

» Limited depth of investigation (by equipment)

» Modeling can be very well matched to field data but the interpretation
can be non-unique



What is ground penetrating radar (GPR)
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Penetration versus resolution versus frequency

GPR Exploration Depth
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Penetration versus resolution versus frequency

Antenna Approximate Penetration Approximate Penetration Example of
in Dense Wet Clay in Clean Dry Sand Smallest Visible Object

Tunnel @ 60 ft (18m) depth

100 MHz | 20 ft (6m) 60 ft+ (18m+) _
2 ft (60 cm) Pipe @ 20 ft (6m) depth
3 ft. (90 cm) Pipe @ 12m

250 MHz | 13 ft (4m) 40 ft (12m)
6in. (15 cm) Pipe @ 13 ft (4m)
4in. (10 cm) pipe @ 4m

500 MHz | 6t (1.8m) 14.5 ft. (4.4m) ‘
3/16in. (0.5 cm) hose 1.8m and less
3/16 in. (0.5 cm) hose @ 3 ft. (90 cm)

1000 MHz 3 ft (S0 cm) 6 ft (1.8m)

Wire mesh, shallow

2000 MHz .5t (15 cm) 2 ft. (60 cm) Monofilament fishing line




GPR sampling

* Equivalent time sampling

* For a 512 samples per trace measurement, 512 pulses must be transmitted

* Hyperstacking

» Collects multiple points on a trace simultaneously (~16 to 64) with a sliding

window

* Real-time sampling

* Collects all 512 points on a trace at one time




GPR survey design

e Survey goals

* What are the knowns
e Target dimensions
* Target properties
* Ground cover information
* Terrain

* Antenna selection
* Decide on an approach
* Determine the survey type (1D, 2D, 3D)
e Establish grid and setup parameters
o ° |S POSt processing necessary




ImpulseRadar CrossOver 730 system with 70 and 300 MHz antennas on
Interstate Pavements with water coming up through cracks as 2 cast iron
pipe waterlines were ruptured ~10-12 ft deep by horizontal driller
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O 0|son GPR Scan Lines at 3 ft spacings
‘AENGINEERING

longitudinally with some crossing scans




5' ‘@] KXo s B GPR lines with Severe (red) to Moderate (yellow)
——~ 4 ENGINEERING Voids and Cast Iron Water Pipes (purple dots)




e ) o I sONn Large voids indicated by GPR were confirmed by
= ENGINEERING excavation and filled with gravel and grouted

7
Note large void about
12 ft x 6 x 10 ft deep
below 18 inches of
asphalt on 4 inches of
concrete pavement on
interstate outside lane




Thank You!

Questions?

Larry D. Olson, P.E.

Olson Engineering, Inc.

12401 W. 49th Avenue

Wheat Ridge, CO 80033

Ofc - 303-423-1212

Email - Larry.Olson@OlsonEngineering.com
www.olsonengineering.com
www.olsoninstruments.com



http://www.olsonengineering.com/
http://www.olsoninstruments.com/
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