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JOB NO. 040885          Crawford County DATE: August 23, 2023

JOB NAME: Hwy 59 Realignment, Section 5, Logmile 23.25 TYPE OF DRILLING:

Hollow Stem Auger - Diamond Core

STATION: 110+00 EQUIPMENT: Acker 1

LOCATION: 60' Right of Construction Centerline
LOGGED BY: Guy King HAMMER CORRECTION FACTOR: 1.54

COMPLETION DEPTH: 44.1

REMARKS: 21 hour water level reading was approximately 24.5 feet below ground level.
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     Project Number: 040885
     Project Name: Hwy 59 Realignment GSI: 80

     Date Tested: 9/1/2023

Depth Diameter Height Weight Unit Weight Total Load Stress

(ft.) (in.) (in.) (g) (pcf) (lbs.) (psi)

110+00 60' RT 12.9 1.76 4.00 404.70 159 23,700 1.00 9,742 Sandstone 7 3 8 12 7 37 IV POOR ROCK

110+00 60' RT 24.9 1.76 4.16 424.34 160 44,080 1.00 18,119 Sandstone 12 13 20 20 7 72 II GOOD ROCK

110+00 60' RT 43.7 Shale Sample broke during prep. 

112+00 60' RT 7.2 1.75 4.86 489.16 160 30,010 1.00 12,477 Sandstone 7 8 10 20 7 52 III FAIR ROCK

113+00 60' RT 1.3 1.76 5.04 504.31 157 56,320 1.00 23,150 Sandstone 12 8 10 20 7 57 III FAIR ROCK

113+00 60' RT 22.0 1.75 4.05 412.99 161 39,560 1.00 16,447 Sandstone 12 17 25 20 7 81 I VERY GOOD ROCK

Uniaxial Compressive Strength RMR

Notes

Summary of Rock Core Uniaxial Compression Test Results, Geological Strength Index (GSI) and Rock Mass Rating (RMR)

Description
Uniaxial 

Compressive 
Strength Rating

RQD Rating Groundwater 
Condition

Condition of 
Joints

Spacing of 
Joints Sum Class 

NumberRock TypeCorrection 
FactorLocationStation
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September 18, 2023 
Project No. 23-043 
 
Arkansas Department of Transportation 
Materials Division 
11301 West Baseline Road 
P.O. Box 2261 
Little Rock, Arkansas 72203-2261 
 
Attn: Mr. Paul Tinsley, P.E. 
 
RE: RESULTS of SEISMIC REFRACTION SURVEY 
 JOB No. 040885, TASK ORDER G007 

HWY. 59 REALIGNMENT (CRAWFORD CO.)(S) ROUTE 59, SECTION 5 
CRAWFORD COUNTY, ARKANSAS 

 
Mr. Tinsley, 

Submitted herewith is the final report of the Seismic Refraction Survey performed for the 
selected alignment of Job 040885 between Sta 108+00 and 114+00. The survey was performed 
by The University of Arkansas Department of Civil Engineering in general accordance with the 
scope outlined in the memorandum to the ARDOT Consultant Coordinator of April 17, 2023 and 
subsequently discussed with the Department. A draft report was previously submitted on June 8, 
2023.  

Please let us know any questions or comments on this draft report. We appreciate the 
opportunity to be of continued service to ARDOT.  

       Sincerely, 

       GRUBBS, HOSKYN,  
BARTON & WYATT, LLC 

 
Mark E. Wyatt, P.E. 
President 

MEW:jw 
 
Attachment: Draft Results of Seismic Refraction Survey 
 
Copies Submitted: ARDOT Materials 
   Attn: Mr. Paul Tinsley, P.E.  (1-email) 
 
   ARDOT Consultant Coordinator 

Attn: Ms. Jessica Jackson, P.E. (1-email) 



Seismic Refraction Survey for ARDOT Job# 040885 Highway 
59 Van Buren, Arkansas  

for: 

Grubbs, Hoskyn, Barton, & Wyatt, INC 
C/O:  Mark Wyatt, PE 

1 Trigon Place 
Little Rock, Arkansas 72209, US 

Phone:  501-455-2536 

prepared by: 

Clinton M. Wood Ph.D., P.E. 
Assoicate Professor 

The University of Arkansas 
Department of Civil Engineering 

BELL 4190, Fayetteville, AR 72701 
Office:  Bell 4152 

E-mail:  cmwood@uark.edu
Phone:   (479) 575-6084
Fax:     (479) 575-7168

and 
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1.0 Introduction 

 Seismic refraction was conducted to map subsurface conditions and bedrock depth for the 
Highway 59 realignment (ARDOT Job# 040885) in Van Buren, AR. Testing was conducted on 
May 22 and 23, 2023. The goal of the testing was to estimate the depth to bedrock, bedrock 
rippability, and other subsurface conditions along the proposed highway realignment. Background 
on the proposed testing methods is provided in Section 2. Section 3 discusses testing techniques 
and locations, Section 4 includes data processing, Section 5 includes interpretation and results, 
Section 6 is the summary, and Section 7 includes references. 

 

2.0 Background on Testing Techniques  

This section provides a brief background on geophysical method used on the project.  
 

Seismic Refraction: The seismic refraction method (Redpath 1973, ASTM D5777) is a 
body wave method which consists of measuring (at known points along the surface) the travel 
times of compression (P-waves) or shear (S-waves) waves generated by an impulsive energy 
source at the surface. See Figure 1 for a diagram of the seismic refraction method. The body wave 
energy source is typically a sledgehammer for P-wave seismic refraction where vertical blows are 
used. P-waves are detected by a linear array of receivers (geophones) placed along the ground 
surface and recorded via a seismograph. The velocity of the P-waves is dependent upon the elastic 
properties of the material in which they travel from source to receiver. When P-waves are 
generated at the surface the P-waves travel along the surface (direct arrival), but also travel into 
the earth. When the P-wave hits an interface where the velocity changes significantly, a portion of 
the wave energy is reflected, and a portion is transmitted into the layer. When the velocity of the 
deeper layer is greater than the shallower layer, a portion of the wave energy is critically refracted 
along the layer interface. This critically refracted wave travels along the interface at the velocity 
of the deeper layer and continually produces head waves that travel back to the surface. For testing, 
the instant of the source pulse (e.g., the sledgehammer hitting the ground), “zero time” is recorded 
by the seismograph and the time to first wave arrival at each geophone is identified. The raw data 
is then displayed in a plot as the first arrival time at each receiver (first wave arrival) versus receiver 
distance from the source. For receivers near the source, the direct wave is the first arrival, but at 
larger source distances, the critically refracted wave arrives first due to traveling faster along the 
deeper layer boundary. The slopes of the arrival times at each geophone are used to determine the 
velocity of subsurface layers (the inverse of the slope of the arrival times in Figure 1), while an 
application of Snell’s law of refraction of waves is used to determine the depth-to-layer interfaces.  

 
The analysis of the seismic refraction data to determined depth to various layers can be undertaken 
using several techniques depending on the complexity of the subsurface. The simplest method is 
the time intercept method (Redpath 1973) and is applicable for sites with generally planar layer 
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interfaces. This method requires at a minimum shots off each end of the array and can be used to 
resolve multiple layer boundaries and sloping layers. For more complex subsurface conditions 
(i.e., rapidly changing bedrock elevations or undulating layers), a more complex analysis such as 
the generalized reciprocal method (Redpath 1973) may be used. For the most complex sites, 
tomographic inversions can be performed which model the subsurface as velocity cells and account 
for rapid changes in velocity and layer thickness. This method requires more shot points within 
the array to be effective.  

 
In general, seismic refraction is often used for mapping strong velocity contrasts such as 

soil over bedrock. Although the method is effective at mapping large velocity contrasts below the 
surface, it suffers from potential errors at some sites. The most serious drawback is the method 
requires that all layers below the ground surface must increase in velocity with increasing depth. 
Although this is typically a valid assumption, this is not always true and significant errors can 
result if velocity reversals exist in the subsurface. Moreover, thin layers with minimum velocity 
contrast with the above layers maybe hidden in the analysis which may lead to some errors in the 
depths to layer interfaces.  
 

 
Figure 1 Refraction example field setup and travel time vs distance graph (Redpath 1973). 

3.0 Testing Method and Locations  
 

  The geophysical testing for the proposed highway realignment was conducted using the 
seismic refraction method utilizing P-waves. A total of seven lines were surveyed for the study. 
These lines (from STA 108+04 to STA 114+04) are shown in Figure 2 and aligned perpendicular 
to the proposed highway centerline. Each survey line was placed near an even station for the 
proposed highway realignment. However, in some cases due to natural obstacles, such as trees or 
buildings, the survey line orientation and position was adjusted in order to perform the work. While 
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the position of the array may vary from an even station, for comparison purposes, we compare the 
results of the survey to the nearest even station. 

  P-wave seismic refraction was conducted for each line using a linear array of 36-42 
(depending on the length of array), 4.5 Hz vertical geophones with a uniform spacing between 
geophones of 6.5 ft. P-waves were generated using a 12 lb sledgehammer at multiple source 
locations along the array generally off each end and 5 shots within each array. The waveforms 
were recorded using two 24 channel Geometrics Geode seismographs. A picture of the seismic 
refraction equipment is shown in Figure 3. Survey lines for the project consisted of 36 geophones 
(230 ft array length) or 42 geophones (270 ft array length). For the 36 geophone arrays (STA 
108+04, STA 108+86, STA 112+98, and STA 114+04), shots were made at the -3.28 ft, 36 ft, 75 
ft, 115 ft, 154 ft, 194 ft, and 233 ft locations along the line. For the 42 geophone arrays (STA 
109+91, STA 110+79 and STA 112+06), shots were made at the -3.28 ft, 36 ft, 75 ft, 115 ft, 154 
ft, 194 ft, 233 ft and 272 ft locations along the line. At each shot location, 5 hits were stacked in 
order to increase the signal-to-noise ratio. The location of each shot point and array were 
established using a Trimble Geo 7x centimeter accuracy GPS. The relative location of each 
geophone was surveyed with Moasure inertial measurement unit. For the refraction analysis, the 
elevation of each geophone was estimated based on the relative elevation recorded by Moasure 
adjusted with GPS elevation for each shot point in the array. 
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Figure 2 Site map of the seismic refraction survey conducted for the Highway 59 
Realignment. 
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Figure 3 Picture of seismic refraction equipment used at STA 112+06. 

 

4.0 Data Processing 

The P-wave seismic refraction data was processed using the Geometrics software package 
SeisImager in general accordance with ASTM D5777. The P-wave arrivals were picked using the 
SeisImager Pickwin module, which allowed the P-wave first arrival to be picked manually for each 
geophone and shot (the picks for STA 108+91 is shown Figure 4). The number of layers is 
determined based on the variations in the slope of the lines fit through the P-wave arrival times, as 
shown in Figure 4. The first arrivals for each line were saved in Pickwin and exported to 
Plotrefraction for further processing. It is expected that the arrival times at each geophone were 
generally picked within 0.5 ms accuracy with some picks being as high a 1.0 ms. In general, the 
recorded waveforms were of high quality and allowed clear identification of the first P-wave 
arrival. 
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Figure 4 An example plot of P-wave arrival picking using Pickwin along with the estimated 
subsurface layers.  

After picking the P-wave first arrival times, the picks were imported into the SeisImager 
software. Each arrival time included shot location, geophone location along the line, first arrival 
time, and geophone elevation. First analyses were conducted using the time interval method (TIM) 
and generalized reciprocal method (GRM). Each pick was assigned an appropriate layer from 
which they refracted based on the slope of the P-wave arrival times. Typically, 3-5 layers could be 
identified from the arrivals. Following the TIM and GRM modeling, the data was modeled using 
the tomographic analysis method in SeisImager. A minimum of 50 iterations of the non-linear 
raypath inversion were implemented to improve the fit to the arrival times. The goodness of the fit 
between the experimental (observed) and the inverted model (calculated) was judged based on 
visual inspection and the magnitude of the root-mean-square (rms) error (see Figure 5). The final 
inversions were exported to Surfer for presentation. 
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Figure 5 Observed (experimental) versus calculated (inverted) travel time arrivals.  

 

In order to determine the rippability of rock units using the Vp results from seismic 
refraction, the Caterpillar Handbook on Ripping (2000) was used. This handbook provides the 
industry standard for rock rippability for different types of dozer/ripper combinations (D8, D9, 
D10, and D11 with multi or single shanks) based on the P-wave velocity of the rock materials. In 
the handbook, geologic rock type is divided into three groups (rippable, marginal rippable, and 
non-rippable rock units) based on their P-wave velocities. The chart provided for a D8R Caterpillar 
Dozer (see Figure 6) was used as a guide to determine the ranges of P-wave velocity (Vp) 
associated with the soil (Vp<3000 ft/s), rippable (3000 ft/s <Vp< 6500 ft/s), marginal rippable 
(6500 ft/s <Vp< 8500 ft/s), and non-rippable (Vp> 8500 ft/s) rock materials. In general, the values 
listed for sedimentary sandstone rock in Figure 6 was used to determine the appropriate ranges. 
While P-wave velocity gives a guide to rippability of rock, the fracture orientation, number of 
refractions, and other parameters should be considered when determining rippability. 
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Figure 6  Rippability of rock materials based on the P-wave velocity for D8R ripper 

(Caterpillar Handbook on Ripping 2000). 

5.0 Interpretation and Results 

 The results of the seismic refraction measurements that included 7 different 2D Vp cross 
sections are presented in this section. Please refer to Figure 2 for the location and orientation of 
each cross section. 

 

5.1 Survey Line STA 108+04 

 Shown in Figure 7 is the 2D Vp cross section generated using the seismic refraction 
measurements for STA 108+04 along with the approximate ground surface and excavation profile 
at STA 108+00 provided by ARDOT. It should be noted that the estimated ground surface 
elevation provided by ARDOT is approximately 5 ft lower in elevation than elevations measured 
in the field for the survey line. This difference could be caused by differences in line 
location/orientation and errors in both elevation measurements and should be considered when 
interpretating the results. The estimated depths to rippable, marginal rippable, and non-rippable 
rock materials are separated using solid black contour lines. Based on the rippability chart provided 
in the Caterpillar Handbook on Ripping (2000), Vp values less than 3000 ft/s are considered as soil 
materials, Vp values ranging from 3000-6500 ft/s are considered as rippable rock materials, Vp 
values ranging from 6500-8500 ft/s are considered as marginal rippable rock materials, and Vp 
values approximately greater than 8500 ft/s are considered as non-rippable rock materials.  

 From Figure 7, the subsurface layering of this survey line can be divided into three layers. This 
includes a relatively thick soil layer at the ground surface with thickness ranging from 7.5-17.5 ft 
(shown with blue), underlain by a rippable rock layer with a thickness ranging from 2.5-20 ft 
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(shown with green and yellow). The rest of the section is composed of a marginally rippable rock 
down to the bottom of the section (shown with orange). It should be noted that the resolution and 
accuracy of the seismic refraction results decrease as depth increases.  

 

 

Figure 7 2D Vp cross section for STA 108+04. 

 

5.2 Survey Line STA 108+86 

 Presented in Figure 8 is the 2D Vp cross section generated using the seismic refraction 
measurements for STA 108+86 along with the approximate ground surface and excavation profile 
at STA 109+00 provided by ARDOT. Similar to the previous line, the estimated ground surface 
elevation provided by ARDOT is approximately 2.5-5 ft lower in elevation than elevations 
measured in the field for the survey line. This difference could be caused by differences in line 
location/orientation and errors in both elevation measurements and should be considered when 
interpretating the results. The estimated depths to rippable, and marginal rippable rock materials 
are also shown in this figure. Similar to the STA 108+04 cross section, a relatively thick soil layer 
is observed at the ground surface with thickness varying from 2.5-17.5 ft. This layer is followed 
by a rippable rock layer with a thickness ranging from 10-20 ft. The rest of the section consisted 
of a marginally rippable rock. 
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Figure 8 2D Vp cross section for STA 108+86. 

 

5.3 Survey Line STA 109+91 

 The result of the seismic refraction measurements for STA 109+91 is shown in Figure 9 along 
with the approximate ground surface and excavation profile at STA 110+00 provided by ARDOT. 
For this cross section, the estimated ground surface elevation provided by ARDOT is very similar 
to the surface elevation measured in the field. The contour lines associated with rippable, and 
marginally rippable rock materials are shown as well. From Figure 9, the subsurface layers from 
this survey line include three layers. Similar to previous lines there is a soil layer at the ground 
surface with thickness varying from 2.5-15 ft, a rippable rock layer from the bottom of the soil 
layer with a thickness varying from 2.5-17.5 ft, followed by a marginally rippable rock layer up to 
depth ranging down to the bottom of the section. 

 

Figure 9 2D Vp cross section for STA 109+91. 
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5.4 Survey Line STA 110+79 

 Shown in Figure 10 is the 2D Vp cross section for STA 110+79 along with the approximate 
ground surface and excavation profile at STA 111+00 provided by ARDOT. For this cross section, 
the estimated ground surface elevation provided by ARDOT is approximately 2.5 ft lower than the 
surface elevation provided in the field. The contour lines associated with the rippable, and 
marginally rippable rock materials are shown as well. Three layers make up the subsurface layering 
of this survey line. It consists of a relatively thin soil layer compared to previous lines with 
thickness ranging from 2.5-7.5 ft. The top soil layer is followed by a rippable rock layer to a 
thickness ranging from 2.5-12.5 ft. This is followed by a marginally rippable rock layer down to 
the bottom of the section. 

 

Figure 10 2D Vp cross section for STA 110+79. 

 

5.5 Survey Line STA 112+06 

 The 2D Vp cross section for STA 112+06 is shown in Figure 11 along with the approximate 
ground surface and excavation profile at STA 112+00 provided by ARDOT. For this cross section, 
the estimated ground surface elevation provided by ARDOT is approximately 0-2.5 ft higher than 
the surface elevation provided in the field. The contour lines related to the rippable, and marginally 
rippable rock units are also shown. The subsurface layering of this line includes four layers with a 
soil layer at the ground surface thicker on the left side and getting shallower in the right side of 
section with thickness ranging from 0-10 ft. Underlying the soil layer is a rippable rock layer with 
a thickness ranging from 2.5-17.5 ft. Finally, there is a marginally rippable rock layer extending 
to the bottom of the section. 

 

West East
Road Centerline

Excavation Cross Section
STA 111+00

Non-rippable

Marginal rippable

Rippable

Soil

ARDOT Ground Surface
STA 111+00

STA 110+79



 12

 

Figure 11 2D Vp cross section for STA 112+06. 

 

5.6 Survey Line STA 112+98 

 Shown in Figure 12 is the 2D Vp cross section for STA 112+98 along with the approximate 
ground surface and excavation profile at STA 113+00 provided by ARDOT. For this cross section, 
the estimated ground surface elevation provided by ARDOT is very similar to surface elevation 
measured in the field. The contour lines that separate rocks with different rippability degrees are 
also shown. A soil layer exists at the ground surface with thickness varying from 2.5-7.5 ft. This 
layer is underlain by a thin rippable rock layer that has a thickness ranging from 2.5-5 ft. This is 
followed by a very thin marginally rippable rock layer up to a thickness varying from 2.5-7.5 ft. 
The rest of the section is composed of a non-rippable rock down to the bottom of the section.  

 

 

Figure 12 2D Vp cross section for STA 112+98. 
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5.7 Survey Line STA 114+04 

 Shown in Figure 12 is the 2D Vp cross section for STA 114+04 along with the approximate 
ground surface and excavation profile at STA 114+00 provided by ARDOT. For this cross section, 
the estimated ground surface elevation provided by ARDOT is very similar to surface elevation 
measured in the field. The contour lines that separate rocks with different rippability degree are 
also shown. A soil layer exists at the ground surface with thickness varying from 2.5-7.5 ft. Similar 
to STA 112+98, this layer is underlain by a thin rippable rock layer with a thickness ranging from 
2.5-5 ft. This is followed by a thin marginally rippable rock layer up to a thickness varying from 
5-7.5 ft. The rest of the section is composed of a non-rippable rock to the bottom of the section.  

 

 

Figure 12 2D Vp cross section for STA 114+04. 

 

6.0 Summary 

 Seismic refraction measurements were conducted along 7 different survey lines to identify the 
subsurface layering and bedrock rippability along the proposed realignment of Highway 59. 
According to the geophysical testing results, STA 108+04 and 108+86 have a thicker soil layer 
than other lines and generally a softer rock formation underlying the soil. For stations further up 
the hill (along the alignment), the thickness of the soil layer is expected to be shallower ranging 
from 2.5-10 ft along different survey lines. This layer is underlain by a rippable rock layer that 
extends to a depth varying from 5-20 ft. This layer is followed by a marginally rippable rock layer 
up to depth ranging from 8-35 ft. In general, the rock becomes stiffer near the top of the hill 
compared to the base of the hill. 
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1.0 Introduction 

 Seismic refraction was conducted to map subsurface conditions and bedrock depth for the 
Highway 59 realignment (ARDOT Job# 040885) in Van Buren, AR. Testing was conducted on 
May 22 and 23, 2023. The goal of the testing was to estimate the depth to bedrock, bedrock 
rippability, and other subsurface conditions along the proposed highway realignment. Background 
on the proposed testing methods is provided in Section 2. Section 3 discusses testing techniques 
and locations, Section 4 includes data processing, Section 5 includes interpretation and results, 
Section 6 is the summary, and Section 7 includes references. 

 

2.0 Background on Testing Techniques  

This section provides a brief background on geophysical method used on the project.  
 

Seismic Refraction: The seismic refraction method (Redpath 1973, ASTM D5777) is a 
body wave method which consists of measuring (at known points along the surface) the travel 
times of compression (P-waves) or shear (S-waves) waves generated by an impulsive energy 
source at the surface. See Figure 1 for a diagram of the seismic refraction method. The body wave 
energy source is typically a sledgehammer for P-wave seismic refraction where vertical blows are 
used. P-waves are detected by a linear array of receivers (geophones) placed along the ground 
surface and recorded via a seismograph. The velocity of the P-waves is dependent upon the elastic 
properties of the material in which they travel from source to receiver. When P-waves are 
generated at the surface the P-waves travel along the surface (direct arrival), but also travel into 
the earth. When the P-wave hits an interface where the velocity changes significantly, a portion of 
the wave energy is reflected, and a portion is transmitted into the layer. When the velocity of the 
deeper layer is greater than the shallower layer, a portion of the wave energy is critically refracted 
along the layer interface. This critically refracted wave travels along the interface at the velocity 
of the deeper layer and continually produces head waves that travel back to the surface. For testing, 
the instant of the source pulse (e.g., the sledgehammer hitting the ground), “zero time” is recorded 
by the seismograph and the time to first wave arrival at each geophone is identified. The raw data 
is then displayed in a plot as the first arrival time at each receiver (first wave arrival) versus receiver 
distance from the source. For receivers near the source, the direct wave is the first arrival, but at 
larger source distances, the critically refracted wave arrives first due to traveling faster along the 
deeper layer boundary. The slopes of the arrival times at each geophone are used to determine the 
velocity of subsurface layers (the inverse of the slope of the arrival times in Figure 1), while an 
application of Snell’s law of refraction of waves is used to determine the depth-to-layer interfaces.  

 
The analysis of the seismic refraction data to determined depth to various layers can be undertaken 
using several techniques depending on the complexity of the subsurface. The simplest method is 
the time intercept method (Redpath 1973) and is applicable for sites with generally planar layer 
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interfaces. This method requires at a minimum shots off each end of the array and can be used to 
resolve multiple layer boundaries and sloping layers. For more complex subsurface conditions 
(i.e., rapidly changing bedrock elevations or undulating layers), a more complex analysis such as 
the generalized reciprocal method (Redpath 1973) may be used. For the most complex sites, 
tomographic inversions can be performed which model the subsurface as velocity cells and account 
for rapid changes in velocity and layer thickness. This method requires more shot points within 
the array to be effective.  

 
In general, seismic refraction is often used for mapping strong velocity contrasts such as 

soil over bedrock. Although the method is effective at mapping large velocity contrasts below the 
surface, it suffers from potential errors at some sites. The most serious drawback is the method 
requires that all layers below the ground surface must increase in velocity with increasing depth. 
Although this is typically a valid assumption, this is not always true and significant errors can 
result if velocity reversals exist in the subsurface. Moreover, thin layers with minimum velocity 
contrast with the above layers maybe hidden in the analysis which may lead to some errors in the 
depths to layer interfaces.  
 

 
Figure 1 Refraction example field setup and travel time vs distance graph (Redpath 1973). 

3.0 Testing Method and Locations  
 

  The geophysical testing for the proposed highway realignment was conducted using the 
seismic refraction method utilizing P-waves. A total of seven lines were surveyed for the study. 
These lines (from STA 108+04 to STA 114+04) are shown in Figure 2 and aligned perpendicular 
to the proposed highway centerline. Each survey line was placed near an even station for the 
proposed highway realignment. However, in some cases due to natural obstacles, such as trees or 
buildings, the survey line orientation and position was adjusted in order to perform the work. While 
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the position of the array may vary from an even station, for comparison purposes, we compare the 
results of the survey to the nearest even station. 

  P-wave seismic refraction was conducted for each line using a linear array of 36-42 
(depending on the length of array), 4.5 Hz vertical geophones with a uniform spacing between 
geophones of 6.5 ft. P-waves were generated using a 12 lb sledgehammer at multiple source 
locations along the array generally off each end and 5 shots within each array. The waveforms 
were recorded using two 24 channel Geometrics Geode seismographs. A picture of the seismic 
refraction equipment is shown in Figure 3. Survey lines for the project consisted of 36 geophones 
(230 ft array length) or 42 geophones (270 ft array length). For the 36 geophone arrays (STA 
108+04, STA 108+86, STA 112+98, and STA 114+04), shots were made at the -3.28 ft, 36 ft, 75 
ft, 115 ft, 154 ft, 194 ft, and 233 ft locations along the line. For the 42 geophone arrays (STA 
109+91, STA 110+79 and STA 112+06), shots were made at the -3.28 ft, 36 ft, 75 ft, 115 ft, 154 
ft, 194 ft, 233 ft and 272 ft locations along the line. At each shot location, 5 hits were stacked in 
order to increase the signal-to-noise ratio. The location of each shot point and array were 
established using a Trimble Geo 7x centimeter accuracy GPS. The relative location of each 
geophone was surveyed with Moasure inertial measurement unit. For the refraction analysis, the 
elevation of each geophone was estimated based on the relative elevation recorded by Moasure 
adjusted with GPS elevation for each shot point in the array. 
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Figure 2 Site map of the seismic refraction survey conducted for the Highway 59 
Realignment. 
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Figure 3 Picture of seismic refraction equipment used at STA 112+06. 

 

4.0 Data Processing 

The P-wave seismic refraction data was processed using the Geometrics software package 
SeisImager in general accordance with ASTM D5777. The P-wave arrivals were picked using the 
SeisImager Pickwin module, which allowed the P-wave first arrival to be picked manually for each 
geophone and shot (the picks for STA 108+91 is shown Figure 4). The number of layers is 
determined based on the variations in the slope of the lines fit through the P-wave arrival times, as 
shown in Figure 4. The first arrivals for each line were saved in Pickwin and exported to 
Plotrefraction for further processing. It is expected that the arrival times at each geophone were 
generally picked within 0.5 ms accuracy with some picks being as high a 1.0 ms. In general, the 
recorded waveforms were of high quality and allowed clear identification of the first P-wave 
arrival. 
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Figure 4 An example plot of P-wave arrival picking using Pickwin along with the estimated 
subsurface layers.  

After picking the P-wave first arrival times, the picks were imported into the SeisImager 
software. Each arrival time included shot location, geophone location along the line, first arrival 
time, and geophone elevation. First analyses were conducted using the time interval method (TIM) 
and generalized reciprocal method (GRM). Each pick was assigned an appropriate layer from 
which they refracted based on the slope of the P-wave arrival times. Typically, 3-5 layers could be 
identified from the arrivals. Following the TIM and GRM modeling, the data was modeled using 
the tomographic analysis method in SeisImager. A minimum of 50 iterations of the non-linear 
raypath inversion were implemented to improve the fit to the arrival times. The goodness of the fit 
between the experimental (observed) and the inverted model (calculated) was judged based on 
visual inspection and the magnitude of the root-mean-square (rms) error (see Figure 5). The final 
inversions were exported to Surfer for presentation. 
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Figure 5 Observed (experimental) versus calculated (inverted) travel time arrivals.  

 

In order to determine the rippability of rock units using the Vp results from seismic 
refraction, the Caterpillar Handbook on Ripping (2000) was used. This handbook provides the 
industry standard for rock rippability for different types of dozer/ripper combinations (D8, D9, 
D10, and D11 with multi or single shanks) based on the P-wave velocity of the rock materials. In 
the handbook, geologic rock type is divided into three groups (rippable, marginal rippable, and 
non-rippable rock units) based on their P-wave velocities. The chart provided for a D8R Caterpillar 
Dozer (see Figure 6) was used as a guide to determine the ranges of P-wave velocity (Vp) 
associated with the soil (Vp<3000 ft/s), rippable (3000 ft/s <Vp< 6500 ft/s), marginal rippable 
(6500 ft/s <Vp< 8500 ft/s), and non-rippable (Vp> 8500 ft/s) rock materials. In general, the values 
listed for sedimentary sandstone rock in Figure 6 was used to determine the appropriate ranges. 
While P-wave velocity gives a guide to rippability of rock, the fracture orientation, number of 
refractions, and other parameters should be considered when determining rippability. 
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Figure 6  Rippability of rock materials based on the P-wave velocity for D8R ripper 

(Caterpillar Handbook on Ripping 2000). 

5.0 Interpretation and Results 

 The results of the seismic refraction measurements that included 7 different 2D Vp cross 
sections are presented in this section. Please refer to Figure 2 for the location and orientation of 
each cross section. 

 

5.1 Survey Line STA 108+04 

 Shown in Figure 7 is the 2D Vp cross section generated using the seismic refraction 
measurements for STA 108+04 along with the approximate ground surface and excavation profile 
at STA 108+00 provided by ARDOT. It should be noted that the estimated ground surface 
elevation provided by ARDOT is approximately 5 ft lower in elevation than elevations measured 
in the field for the survey line. This difference could be caused by differences in line 
location/orientation and errors in both elevation measurements and should be considered when 
interpretating the results. The estimated depths to rippable, marginal rippable, and non-rippable 
rock materials are separated using solid black contour lines. Based on the rippability chart provided 
in the Caterpillar Handbook on Ripping (2000), Vp values less than 3000 ft/s are considered as soil 
materials, Vp values ranging from 3000-6500 ft/s are considered as rippable rock materials, Vp 
values ranging from 6500-8500 ft/s are considered as marginal rippable rock materials, and Vp 
values approximately greater than 8500 ft/s are considered as non-rippable rock materials.  

 From Figure 7, the subsurface layering of this survey line can be divided into three layers. This 
includes a relatively thick soil layer at the ground surface with thickness ranging from 7.5-17.5 ft 
(shown with blue), underlain by a rippable rock layer with a thickness ranging from 2.5-20 ft 
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(shown with green and yellow). The rest of the section is composed of a marginally rippable rock 
down to the bottom of the section (shown with orange). It should be noted that the resolution and 
accuracy of the seismic refraction results decrease as depth increases.  

 

 

Figure 7 2D Vp cross section for STA 108+04. 

 

5.2 Survey Line STA 108+86 

 Presented in Figure 8 is the 2D Vp cross section generated using the seismic refraction 
measurements for STA 108+86 along with the approximate ground surface and excavation profile 
at STA 109+00 provided by ARDOT. Similar to the previous line, the estimated ground surface 
elevation provided by ARDOT is approximately 2.5-5 ft lower in elevation than elevations 
measured in the field for the survey line. This difference could be caused by differences in line 
location/orientation and errors in both elevation measurements and should be considered when 
interpretating the results. The estimated depths to rippable, and marginal rippable rock materials 
are also shown in this figure. Similar to the STA 108+04 cross section, a relatively thick soil layer 
is observed at the ground surface with thickness varying from 2.5-17.5 ft. This layer is followed 
by a rippable rock layer with a thickness ranging from 10-20 ft. The rest of the section consisted 
of a marginally rippable rock. 
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Figure 8 2D Vp cross section for STA 108+86. 

 

5.3 Survey Line STA 109+91 

 The result of the seismic refraction measurements for STA 109+91 is shown in Figure 9 along 
with the approximate ground surface and excavation profile at STA 110+00 provided by ARDOT. 
For this cross section, the estimated ground surface elevation provided by ARDOT is very similar 
to the surface elevation measured in the field. The contour lines associated with rippable, and 
marginally rippable rock materials are shown as well. From Figure 9, the subsurface layers from 
this survey line include three layers. Similar to previous lines there is a soil layer at the ground 
surface with thickness varying from 2.5-15 ft, a rippable rock layer from the bottom of the soil 
layer with a thickness varying from 2.5-17.5 ft, followed by a marginally rippable rock layer up to 
depth ranging down to the bottom of the section. 

 

Figure 9 2D Vp cross section for STA 109+91. 
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5.4 Survey Line STA 110+79 

 Shown in Figure 10 is the 2D Vp cross section for STA 110+79 along with the approximate 
ground surface and excavation profile at STA 111+00 provided by ARDOT. For this cross section, 
the estimated ground surface elevation provided by ARDOT is approximately 2.5 ft lower than the 
surface elevation provided in the field. The contour lines associated with the rippable, and 
marginally rippable rock materials are shown as well. Three layers make up the subsurface layering 
of this survey line. It consists of a relatively thin soil layer compared to previous lines with 
thickness ranging from 2.5-7.5 ft. The top soil layer is followed by a rippable rock layer to a 
thickness ranging from 2.5-12.5 ft. This is followed by a marginally rippable rock layer down to 
the bottom of the section. 

 

Figure 10 2D Vp cross section for STA 110+79. 

 

5.5 Survey Line STA 112+06 

 The 2D Vp cross section for STA 112+06 is shown in Figure 11 along with the approximate 
ground surface and excavation profile at STA 112+00 provided by ARDOT. For this cross section, 
the estimated ground surface elevation provided by ARDOT is approximately 0-2.5 ft higher than 
the surface elevation provided in the field. The contour lines related to the rippable, and marginally 
rippable rock units are also shown. The subsurface layering of this line includes four layers with a 
soil layer at the ground surface thicker on the left side and getting shallower in the right side of 
section with thickness ranging from 0-10 ft. Underlying the soil layer is a rippable rock layer with 
a thickness ranging from 2.5-17.5 ft. Finally, there is a marginally rippable rock layer extending 
to the bottom of the section. 
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Figure 11 2D Vp cross section for STA 112+06. 

 

5.6 Survey Line STA 112+98 

 Shown in Figure 12 is the 2D Vp cross section for STA 112+98 along with the approximate 
ground surface and excavation profile at STA 113+00 provided by ARDOT. For this cross section, 
the estimated ground surface elevation provided by ARDOT is very similar to surface elevation 
measured in the field. The contour lines that separate rocks with different rippability degrees are 
also shown. A soil layer exists at the ground surface with thickness varying from 2.5-7.5 ft. This 
layer is underlain by a thin rippable rock layer that has a thickness ranging from 2.5-5 ft. This is 
followed by a very thin marginally rippable rock layer up to a thickness varying from 2.5-7.5 ft. 
The rest of the section is composed of a non-rippable rock down to the bottom of the section.  

 

 

Figure 12 2D Vp cross section for STA 112+98. 
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5.7 Survey Line STA 114+04 

 Shown in Figure 12 is the 2D Vp cross section for STA 114+04 along with the approximate 
ground surface and excavation profile at STA 114+00 provided by ARDOT. For this cross section, 
the estimated ground surface elevation provided by ARDOT is very similar to surface elevation 
measured in the field. The contour lines that separate rocks with different rippability degree are 
also shown. A soil layer exists at the ground surface with thickness varying from 2.5-7.5 ft. Similar 
to STA 112+98, this layer is underlain by a thin rippable rock layer with a thickness ranging from 
2.5-5 ft. This is followed by a thin marginally rippable rock layer up to a thickness varying from 
5-7.5 ft. The rest of the section is composed of a non-rippable rock to the bottom of the section.  

 

 

Figure 12 2D Vp cross section for STA 114+04. 

 

6.0 Summary 

 Seismic refraction measurements were conducted along 7 different survey lines to identify the 
subsurface layering and bedrock rippability along the proposed realignment of Highway 59. 
According to the geophysical testing results, STA 108+04 and 108+86 have a thicker soil layer 
than other lines and generally a softer rock formation underlying the soil. For stations further up 
the hill (along the alignment), the thickness of the soil layer is expected to be shallower ranging 
from 2.5-10 ft along different survey lines. This layer is underlain by a rippable rock layer that 
extends to a depth varying from 5-20 ft. This layer is followed by a marginally rippable rock layer 
up to depth ranging from 8-35 ft. In general, the rock becomes stiffer near the top of the hill 
compared to the base of the hill. 
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