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SUMMARY

Geologic maps provide much information about the distribution of rock types at and near

ne land surface. Deﬂectiohs of Texas highways measured with the Falling-Weight

7

eflectometer (FWD) appear to be correlated to bedrock type, particularly at the most distant

WD sensors. To examine this apparent bedrock influence, we compared FWD data with -

pmd

pped geologic units from six roadway segments in four physiographic regions of Texas. This

¥

o

alysis revealed differences in FWD responses among regions that are likely to be related to

=]

ystematic differences in either bedrock depths or physical properties of geologic units that range
rom Precambrian to Holocene in age and include many different sedimentary, igneous, and
1:tamofphic rocks. At the W7 detector (6-ft [1.8-m] offset), average normalized deflections are

i ghest for areas where roads are underlain by siliciclastic sedimentary rocks (sandstones,

;sttones, and shales) and unconsolidated alluvial sediments. Lowest normalized W7

eflections are measured in areas underlain by Precambrian igneous and metamorphic rocks that

include granites, schists, and gneisses and in areas underlain by chemically precipitated

p 9

dimentary rocks such as limestone.

Better rock-type discrimination is obtained from ratios calculated from deflections

measured at the W2 (1-ft [0.3-m] offset) and W7 detectors than from W7 deflections alone.

W2:W7 ratios vary regionally, but observed ratios are highest for rigid rock types such as

ranites, gneisses, and schists (ratios of 17 to 40), are intermediate for limestones (10 to 27), and
re relatively low for sandstones, mudstones, and unconsolidated sediments (6 to 14). These
esults suggest that (1) existing geologic maps can be used to estimate outermost FWD sensor
zsponse for highway segments, and (2) rock type might be predicted frem FWD data, allowing
the FWD to be used in such applications as geologic mapping and sinkhole detection.

From FWD data alone, it is difficult to determine whether the relationship between rock

ype and road deflections is caused by differences in rqck properties or bedrock depth. To resolve

vii




tlris ambiguity, we employed the FWD and a modified soil-probe hammer as impulsive sources

for seismic-refraction experiments at two test sites in north and central Texas. These tests

showed that (1) the FWD can be used as a seismic source for refraction data, but the detectors

need to extend farther from the source, and (2) refraction data sufficient to calculate bedrock

depths can be acquired with sources and detectors either on road shoulders or directly on

pavement. The success of these refraction experiments suggests that combined FWD—refraction

syistems could be used along roads to aid deflection analysis by estimating bedrock depth and
3sist in rock-type identification by measuring compressional velocities for bedrock and

&

overburden.
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INTRODUCTION

The purposes of this study, conducted by the Bureau of Economic Geology (BEG) on behalf
of the Texas Department of Transportation (TxDOT), are to examine whether (1) existing geologic

- information can be used to help interpret roadway-deflection data collected with TxDOT’s Falling

Weight Deflectometers (FWD’s), and (2) seismic-refraction data, perhaps collected in conjunction
with FWD data, can be used along with geologic information to estimate bedrock depths and

o nseqhently improve FWD analyses. This interim repbrt summarizes results from the first 2 years
afia 3-year project, in which we examined the relationship between bedrock type and FWD
response and assessed the feasibility of collecting seismic-refraction data on and adjacent to roads.
A final report at the end of the third year will address the iinplementation of seismic-refraction
methods in FWD analysis. |

Trailer-mounted FWD’s consist of a falling weight and a series of seven calibrated detectors at

distances of 0, 1, 2, 3, 4, 5, and 6 ft (0, 0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 m) from the falling

veight. The height of the Weight drop can be selected to produce seismic impulses of varying

<

tfength. The vertical detectors, in contact with the pavement as the weight falls, measure pavement

7]

(o

eflection following weight impact. The most commonly used FWD data are the maximum

eflections at each detector, normalized for drop load. In general, deflections measured close to the
|

ource are most affected by pavement condition, and deflections measured at the longest offsets are

hore affected by deeper layers such as fill, soil, and bedrock (M. Murphy, personal

cqmmun1¢ation, 1997). Physical properties of roadway layers that can be calculated from FWD

(7] QL

=

ata also depend on depth to bedrock (depth to “rigid’v’ layer), which is generally not known.

QL

tather than drilling boreholes to measure bedrock depth directly, we wish to determine the

=

precision with which geological and geomorphological information can be used to estimate bedrock
depth. We also want to examine whether existing geophysical methods, such as seismic refraction,

can be adapted to rapidly and accurately estimate bedrock depths beneath roads.




There is an empirical relationship between rock type and FWD deflections, particularly at the

lpngest offsets. Average W7 deflections (6-ft- [1.8-m-] source-to-detector distance) calculated by

o
(@]

unty (fig. 1) resemble a simplified geologic map of the state (fig. 2; plate 1). The largest W7
deflections are observed along the coast and in the Panhandle, where the geologic units are

latively young; the smallest W7 deflections are observed in central Texas, where old igneous and

—
AL

metamorphic rocks and younger limestones are mapped. Outcrop trends of individual geologic

units match average W7 deflection trends visible over many counties, including (1) the increased

average deflections in east Texas on the Miocene Fleming and Oakville Formations and the
Bliocene Willis Formation; (2) low deflections on the Cretaceous Trinity, Fredericksburg, and
Liower Washita Groups in Texas; and (3) increased deflections that follow the Cretaceous Austin,

Hagle Ford, Woodbine, Upper Washita, Navarro, and Taylor Groups in northeast Texas (figs. 1

and 2). Our goals are to determine why this relationship exists, how well it translates to the local

2]

cale, and how it might be exploited to both aid road-deflection analyses and establish geologic

ses of the FWD. We also want to determine whether there is sufficient justification to acquire

efraction data along with FWD data.

o

—

Physiographic Regions and Bedrock Types

The relationship between far-offset FWD data and geologic units supports the subdivision of

Texas into regions that have similar FWD response. Many earth scientists have recognized

physiographic regions that reflect differences in elevation, topography, geologic structure, and

qurock types (fig. 3; table 1). These seven principal physiographic regions (Gulf Coastal Plains,
Edwards Plateau, Central Texas Uplift, Grand Prairie, Basin and Range, North-Central Plains,

nLi High Plains) provide a framework for grouping rock types that influence FWD response.

o

Bedrock types differ in each of the seven principal physiographic regions (figs. 2 and 3;

able 1). On the Gulf Coastal Plains, unconsolidated and semiconsolidated sands, silts, and clays

o+

eposited along rivers and shorelines in the Cenozoic era (Within the last 66 million years [Ma])

= o

brm relatively weak highway substrates. Relatively young bedrock is also found in the High

2
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igure 1. Average roadway deflection by county measured at Falling Weight Deflectometer detector
V7. Also shown are locations of study areas A though F and refraction test sites R1 (Road D, Pickle
esearch Campus) and R2 (U.S. Highway 281 near Jacksboro).
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Figure 2. Geologic map of Texas. Refer to plate 1 for more detailed version with a key to geologic
units. Adapted from Bureau of Economic Geology (1992).
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Figure 3. Physiographic regions of Texas. Adapted from Wermund (1996).




Table 1. Principal physiographic regions of Texas. Adapted from Wermund (1996).

Elevation Geologic
Region range (ft) Topography structure Bedrock type
Gulf Coastal 0-100 Nearly flat to  Nearly flat strata Unconsolidated
Plains low rolling deltaic sands
terrain and muds;
chalks and
marls
Grand Prairie 450-1,250 Plains to low Eastward dip Calcareous to
stair-step hills sandy
Edwards Plateau 450-3,000 Flat upper Southward dip  Limestones and
surface with dolomites
box canyons
Central Texas 800-2,000 Knobby plain Outward dip; Igneous and
Uplift faulted metamorphic
rocks
North-Central 900-3,000 Low north- Westward dip Limestones,
Plains south ridges sandstones,
shales
High Plains 2,200-4,750  Southeastward- Gentle Windblown silt
sloping prairies  southeastward and fine sand
dip
Basin and Range 1,700-8,750 North-south Complex Igneous,
mountains and folding and metamorphic,
basins faulting and sedimentary
rocks



Plains, where unconsolidated to moderatély cemented eolian (windblown) and alluvial (river-

orne) sand and silt formed the Blackwater Draw Formation during the Quaternary period (less

than 2 Ma) and the Ogallala Formation during the Miocene to Pliocene periods (24 to 2 Ma).

|

imestone and dolomite deposited during the Cretaceous period (144 to 66 Ma) underlie the

dwards Plateau in central Texas, forming strong substrates that are resistant to erosion. Sandier,

o

M =

(@]

hlcareous deposits of similar age underlie the Grand Prairie, the northern extension of the

- Hdwards Plateau. Westward-dipping limestone, sandstone, and shale dating to the late Paleozoic
Hra (320 to 245 Ma) are found in the North-Central Plains. The oldest rocks in Texas are found in

e Central Texas Uplift and the Basin and Range regions. In the Central Texas Uplift,

?chanically strong, late Precambrian—era (2,000 to 1,200 Ma) igheous and metamorphic rocks
id Paleozoic-era (570 to 245 Ma) sandstone, Hmestone, and shale crop out. In the Basin and
ange, faulting formed a series of basins ‘an‘d ranges. The ranges, cored by strong igneous and
etamorphic rocks, are separated by basins that have been filled by younger sedimentary deposits -
t]llilt are generally weaker than the range-forming rocks. |
More detailed information on the distribution of geologic units is obtained from geologic maps
produced at various scales. The most useful map seriés for a statewide study is the Geologic Atlas
oIf Texas. This series consists of 38 méps that cover the entire state at a scale of 1:250,000 and
have been compiled, published, and updated over the last several decades by BEG. Soil surveys,

published by the Natural Resources Conservation Service of the U.S. Department of Agriculture,

exist for most Texas counties. The information on soil distribution, grain size, soil depth, and

sprface slope contained in the maps and tables that make up these surveys, more detailed than that

hown on geologic inaps,' may also be useful in the interprétation of FWD data. Soil maps,

72

pu|b1ished at a scale of 1:20,000, show many more units and subdivisions than do most geologic

—

ps, but are difficult to place in a statewide or regional context that would lend itself well to FWD

apalysis.
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Investigative Approach

Our approach to understanding the relationship between FWD response and bedrock type and

epth was to examine in detail several road segments in different physiographic regions. The six

highway segments analyzed are located in the (1) North-Central Plains, (2) Central Texas Uplift,

Edwards Plateau, and (4) southern and interior Gulf Coastal Plains. In the first project year, we

xamined the relationship between existing TXDOT FWD data and mapped geologic units along the

highway segments. In year 2, we collected seisnﬁc-refracti()n data along selected roadway

(Y

gments to investigate the effectiveness of this proven method in directly determining bedrock

epths to anticipated maximum depths of about 6 m.
METHODS

Methods employed in this study include those that were used to investigate the relationship

etween existing information on bedrock type and FWD response, and those that were used to

%4 <

=

o

100]
—

gment FWD data with additional geophysical measurements.

Bedrock Type and FWD Response

To determine whether there is a quantifiable relationship between bedrock and FWD response
eiyond what is apparent from the similarity of the geologic map of Texas and the county average

V7 deflection, we selected six highway segments in different parts of the state. For each highway

cgment, we (l) obtained FWD deflections and locations from TxDOT, (2) normalized FWD
| .

esponse to a common 9,000-1b (4,082-kg) load, (3) plotted FWD locations on U.S. Geological

|

nd (5) determined what geologic unit underlies the highway at each FWD site from 1:250,000-

rvey 7.5-minute quadrangle maps (appéndix A), (4) determined elevations for each FWD site,

CJ

ale geologic maps published by BEG (appendix A). These data were entered into a data base that




includes highway name, reference marker, geologic unit, elevation, and normalized deflection for
e ich FWD site. | |
We then analyzed the data base to understand better hoW bedrock influences FWD response.
Plots of elevation, rock type, and deflection versus distance along the highway show how
deflections relate to different geologic units beneath the highway and to changes in elevation and
r¢lief. When the deflection data are sorted by rock type, we can calculate the average deflection
bopwl for a given bedrock type, determine how the deflection bowls vary; and decide whether

bedrock types have distinctive deflection bowls. If deflection bowls have different slopes, we can

calculate deflection ratios for near- and far-offset detectors to further discriminate rock types.

Seismic Refraction

Seismic refraction is a well-established geophysical method (Telford and others, 1976;

Milsom, 1989) to determine compressional-wave velocity structure at depths as shallow as tens of

(@]
1€

ntimeters to as deep as several kilometers. In the shallow subsurface, seismic refraction is
cpmmonly used to measure depth to the water table or to bedrock (rigid layer beneath soil and
weathered bedrock). Compressional-wave velocities increase downward in most geologic settings,
where relatively dry soil (compressional-wave velocities ranging from 300 to 700 m/s) is underlain

by saturated soil at the water table (compressional velocities of about 1,500 m/s) or by

o
=

weathered bedrock (compressional velocities commonly more than 2,000 m/s, depending on

rock type). These typically abrupt, downward increases in wave velocity refract surface-generated

d

cismic waves along the interface between the units. The refracted waves generate wavefronts that

»n

propagate back to the surface, where they are detected by motion sensors (gebphones). The time
delay between seismic-source impact and first seismic arrivals at known geophone distances allows
us| to calculate compressional velocities and thicknesses of near-surface layers, which in turn
allows us to estimate a depth to the water table or to bedrock. In general, exploration depth
imcreases with distance between the source and detector. For shallow infiestigations, the detector

spread should extend from within a short distance of the source to four or more times the desired




ey

o+

| ‘ -maximum ex_plora‘tion depth. This allows one to measure enough‘ arrivals of both the direct wave
" ,raveling in the surface layer only) }and the eritically refracted wave (traveling along the water table
ar at the interfaee between the surface layer and bedrock) to calculate accurate compressional-wave
~ velocities for these layers. | | ‘

We recorded seisrrﬁc-refraction data using 48 40-Hz geophones, a 48-channel seismograph,.

and 2 seismic sources (the FWD and a modified soil-probe hammer) at the J. J. Pickle Research

_ A
xi

fampus at The University of Texas at Austin (PRC) and on U.S. Highway 281 southboun’d at
'xDOT’s Mobile Load Simulator (MLSI) site in north-central Texas (table 2). Spread length,
geophone spacing, and seismic-source selection depend on target depths, ambient seismic noise, |

ground conditions, and desired lateral resolution. For typieal highway settings, a sledge ’hammer, a

=
=

odified soil-probe hammer, or the FWD itself can be suitable sources. We picked the first

c mpressional—wave arrivals using the Seismic Processing Workshop software package. We

~cplculated true seismic velocities, layer thicknesses, and apparent dip angles using the slope-
nlercept method (Palmer, l986).

At the Pickle Research Campus site along Road D, geophones were mounted on 10—cm—long‘
spikes that were driven into the south shoulder near the edge of the pavement. Geophones were

8 ched at 0.3-m intervals along an east-west recordrng spread for a total d1stance of 14.3 m (fig. 4;

able 2). The FWD was operated on the pavement, offset north of the record'ing spread 1.1to

.2 m. The sorl—probe hammer was operated on the edge of the pavement 0.4 m north of the

,cordlng spread, and on the shoulder 1n11ne with the recordrng spread.. Sersmrc pulses from the

WD and the soil-probe hammer were recorded w1th the sources located at the center and at the

epst and west ends of the recordmg spread (frg 4).

"‘l _

"l'l

Atthe J acksboro MLS site (fig. 1), the sprkeless geophones were threaded onto steel plates
that were laid on the pavement surface at 0.5-m intervals (fig. 5; table 2). The north—south

T :(,ordrng spread coverrng a distance of 23.5 m, was lard out on the inside, southbound lane of

o

.S. nghway 281 on the footprrnt of the MLS FWD seismic pulses were recorded from source

lo(,atlons offset 0.9 m west of the recording spread; soil-probe hammer pulses were recorded from

10




Table 2. Acquisition parameters for seismic-refraction data collected on Road D at the Pickle
R (%,search Center in Austin, Texas, and on U. S. Highway 281 southbound at the Mobile Load
Simulator site south of Jacksboro, Texas.

Pickle Research Campus Jacksboro ML.S site

Date acquired September 23, 1997 May 28, 1998
Seismic sources FWD (on pavement) FWD (on pavement)
: Soil-probe hammer ~ Soil-probe hammer
(on pavement and shoulder) (on pavement)
Slource geometry Center and ends Center and ends
of sensor spread of sensor spread
Sensors Mark Products L-40A Mark Products L-40A
(on shoulder) (on pavement)
Number of sensors 48 48
Sensor spacing (m) 0.3 0.5
Recording spread (m) 14.3 23.5
Seismograph Bison 9048 Bison 9048
Recording channels 48 48
S imple interval (s) : 0.0001 0.0001
Record length (s) 0.2 0.2
Analog filters 4 Hz (low cut) 4 Hz (low cut)
1,000 Hz (high cut) 1,000 Hz (high cut)

11
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Figure 4. Map of the seismic-refraction test site along Road D at the J. J. Pickle Research Center
(PRC), The University of Texas at Austin.
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Figure 5. Map of the seismic-refraction test site on southbound U.S. Highway 281 at the Texas
Department of Transportation’s Mobile Load Simulator site south of Jacksboro, Texas.
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locations along the recording spread. For both sources, source points were at the center and north
and south ends of the recording spread (fig. 5). | |

At both sites, a short seismograph sample interval of 0.0001 s (table 2) allowed precise first-
arrival times to be picked. At a propagation velocity of 500 m/s, a seismic pulse travels 5 cm in
0{0001 s. A longer sample interval, such as 0.001 s, typical of rhany refraction surveys, translates
to 0.5 m of wave propagation between samples. Sample intervals this long may cause unacceptable
errors in arrival-time picks, which in turn cause erroneous layer depth calculations. Spatial aliasing
of |the recorded seismic pulse was prevented by having fhe detector spacing (0.3 to 0.5 m) be muéh
shorter than the compressional-wave wavelengfhs of 5 to 30 m at a 100-Hz dominant frequency.
Recording was initiated by an electronic switch mounted‘ to the seismic source, which was
activated when the source struck pavement or the ground. Seismic data were recorded for 0.2 s

after source impact.

RELATIONSHIP BETWEEN BEDROCK TYPE AND FWD RESPONSE

Bedrock units are one of three major rock types: igneous (solidified from molten rock),

n
)Y

ﬂimentary (particles deposited by wind, water, or gravity flow), and metamorphic (plastically
deformed igneous or sedimentary rock). Physical properties for these major rock types, including
dePsity, wave-propagation velocities, and elastic parameters, have been shown in numerous field

and laboratory experiments to vary widely (Press, 1966). For geologic maps to be useful in the

nterpretation of FWD data, FWD deﬂec_tidns should show some relationship to mapped rock type.

o

er the similarity of county deflection averages to a simplified map of Texas, we infer that

edrock type and FWD response are related (figs. 1 and 2). Whether this relationship is caused by

o

]

similarity in bedrock depths for a given bedrock type or by a similarity in physical properties of a

iven bedrock type is unknown.

0Q

To determine whether existing maps of bedrock can help interpret FWD data at a local scale,
we examined the relationship between bedrock type and FWD response along six highway

segments in four physiographic regions (fig. 3). These regions include Precambrian rocks as old
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ap|2 billion years and Holocene sediments deposited at the present, as well as examples of
s sdimentary, igneous, and metamorphic rocks. Sedimentary bedrock types include

(1) unconsolidated gravel, silt, sand, and clay along streams in each of the regions studied,

~~
T~

2) chemically precipitated limestones and dolomites in the Edwards Plateau, Central Texas Uplift,
and North-CentrallPlains, and (3) lithified to semiconsolidated sandstone and shale in each regioﬁ.

neous bedrock types inclﬁde granites that crop out in the Central Texas Uplift. Metamorphic

]
=
U

=
4

u‘iks, including gneisses and schists, are also mapped in the Central Texas Uplift.

North-Central Plains Site

Compared to the rest of Texas, county average deflections in the North-Central Plains
pysiographic region are moderate, ranging from 1.1 to 2.0 mils (fig. 1). Lithified sedimentary

edrock types common in this region include Paleozoic limestone, sandstone, and shale (table 1).

= o -

and-surface elevation increases from 900 ft (274 m) in the southeast part of the region to 3,000 ft
(914 m) in the northwest part. Unconsolidated sediments are common along the major rivers

(Colorado, Brazos, Trinity, and Red Rivers) and numerous smaller streams that cross the region.

FWD data and bedrock-type information were analyzed for one site in the North-Central Plains.

Sit‘e A: Texas 16, Archer and Young Counties

Site A extends along Texas 16 betw_éen reference markers 220 and 264 in Archer and Young

Counties. Average W7 deflections are between 1.6 and 2.0 mils for Archer County and 1.1 and

115 mils for Young County (fig. 1). Geologic units mapped along this roadway segment include

lithified Paleozoic sandstones, limestones, and mudstones and unconsolidated Quaternary stream

|

deposits (fig. 6; appendix B).
|

FWD data for 87 locations along this highway segment (appendix C) show a wide range of

o
w

flections for each-detector (fig. 6). W7 deflections average 0.99 mils (table 3), which is lower

than the reported deflection average for Archer and Young Counties. The calculated average for -
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Figure 6. Geologic units, elevation, and W1 through W7 deflections along Texas 16 between reference

rﬁmrkers 220 and 265, Archer and Young Counties, north Texas.
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Table 3. Deflection statistics (normalized to 9,000-1b [4,082-kg] load) for sites A through F
(fig. 1).

Slite A: Texas 16, Archer and Young Counties, n=87.

Statistic W1 W2 W3 W4 W5 W6 W7

~ Average 18.68 10.48 5.22 2.89 1.87 1.33 0.99
Standard Deviation 8.07 4.60 2.38 1.30 0.83 0.59 0.45
Maximum 46.12 22.96 11.43 6.57 4.45 3.29 2.56
Minimum 6.87 2.86 1.23 0.59 0.39 0.26 0.21

Site B: Texas 16, Llano and Gillespie Counties, n=69.

Statistic W1 W2 W3 W4 WS Wé W7
Average 34.72 15.19 5.31 2.73 1.71 1.23 0.93
Standard Deviation 13.73 6.52 2.34 1.20 0.73 0.53 0.41
Maximum 79.12 30.76 12.00 6.05 3.80 2.65 1.96
Minimum 4.67 2.11 0.85 0.77 0.48 0.32 0.23

Site C: Texas 71, Burnet County, n=30.

Statistic W1 W2 W3 W4 W5 Wé W7
Average 16.09 7.08 2.94 1.61 1.03 0.76 0.57
Standard Deviation 6.20 3.56 1.68. - 1.02 0.68 0.51 0.41
Maximum 35.96 16.85 7.51 4.34 2.94 2.06 1.59
Minimum 7.56 247 1.03 0.48 0.30 0.18 0.09

Site D: U.S. 290, Blanco and Hays Counties, n=52.

Statistic W1 W2 W3 W4 W5 Weé w7
Average 11.02 5.30 2.20 1.15 0.72 0.52 0.40
Standard Deviation 3.39 1.63 0.80 0.50 0.36 0.28 0.22
"~ Maximum 20.19 9.47 4.27 2.55 1.67 1.26 1.04
Minimum 4.45 2.30 0.70 0.34 0.13 0.06 0.05

Site E: Texas 71, Bastrop County, n=34.

Statistic W1 W2 W3 W4 W5 Weé W7
Average 21.25 12.07 6.37 3.77 2.51 1.88 1.49
Standard Deviation 6.71 5.29 3.37 2.07 1.32 0.95 0.74
© Maximum 38.57 23.83 14.35 9.07 6.04 4.52 3.49
Minimum 13.49 5.11 2.20 0.78 0.46 0.40 0.32

Site F: Texas 16, Jim Hogg and Zapata Counties, n=89.

Statistic W1 W2 W3 W4 WS Wé W7
Average 34.28 15.24 5.90 3.32 2.32 1.77 1.41
Standard Deviation 16.90 6.77 2.47 1.37 0.94 0.71 0.54
Maximum 84.44 36.97 13.51 6.92 4.80 3.53 2.69
Minimum 6.66 4.00 1.58 1.00 0.79 0.61 0.46
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Texas 16 is higher than average deflections éalculated for sites in the Central Texas Uplift and

Hdwards Plateau regions and lower than calculated averages for the Gulf Coastal Plains sites

(

——

able 3), in agreement with the map of county-widé average deflections.
For many of the 11 geologic units mapped along this highway segment, FWD data show

considerable overlap in observed deflection ranges (fig. 7). For example, W7 deflections over the

_—

rkley Mudstone range from 0.8 to more than 2.0 mils; Markley Sandstone deflections range
from 0.5 to 2.0 mils (fig. 7b and c). Other rock units with more than a few measured deflections |
have similarly broad ranges.

Deflection averages calculated for the geologic units mapped at site A decréase from 10 to

41(] mils at W1 to between 0.5 and 2 mils at W7 (figs. 7 and 8). Deflection series that have high |

near-offset deflections also tend to have high far-offset deflections. Geologic units over which

relatively small average W7 deflections (<1.0 mil) were measured are the Thrifty-Graham and
Kisinger Sandstones at 0.5 mils, the Ranger and Home Creek Limestones at 0.6 to 0.8 mils, and
tlr: Gonzales Creek Sandstone at 0.9 mils (fig. 9a). Relatively large average W7 deflections were

measured over the Bunger Limestone (1.8 mils), the Markley Mudstone (1.3 mils), and the Ivan

imestone (1.2 mils).

Ratios calculated for average deflections at different detectors can help remove the covariance
of near- and far-offset deflections and better reveal bcdrock effects. We calculated the W2:W7 ratio
(fig. 9b) because W2 should have the largest source- and pavement-related deﬂéction component
apd W7 should have the largest bedrock—related deflection. Ratios calculated for the North-Central

Plains geologic units range from 7.96 to 14.01, increasing for units that have large W2 deflections

=h
=

r a given W7 deflection. With all other factors equal, rigid geologic‘ units should have higher
W2:W7 ratios than less rigid ones. In this analysis, the Home Creek Limestohc, Kisiﬁger

Sandstone, and Thrifty-Graham Mudstone have low ratios (less rigid); the Markley Sandstone,

anger Limestone, and Thrifty-Graham Sandstone have relatively high ratios (more rigid). When

cpmpared to geologic units at other sites in other physiographic regions, these ratios are lower than

18




those calculated for the Central Texas Uplift and Edwards Plateau, but are higher than those in the

Gulf Coastal Plains.

Central Texas Uplift Sites

The Central Texas Uplift, underlain by Precambrian igneous and metamorphic rocks,

i ) ‘ . .
Paleozoic and Mesozoic sedimentary rocks, and unconsolidated Quaternary sediments (table 1),

covers the smallest area of any physiographic region (fig. 3). County average deflections in this

re;!gion of typically rigid bedrock types are the lowest in the state, ranging from less than 1 to

ﬁ mils (fig. 1). Two study sites, B and C, are located in this region (fig. 3).

[um—

Sit‘e B: Texas 16, Llano and Gillespie Counties

This segment of Texas 16 begins at reference marker 450 south of Llano and extends about

38 mi (61 km) to reference marker 488 north of Fredericksburg. It is mostly underlain by

riecambrian metamorphic (Packsaddle Schist and Valley Spring Gneiss) and igneous (Town

~

Mpuntain Granite) rocks and the Cretaceous Hensell Sand (fig. 10). A few occurrences of younger
grinites, Cambrian Hickory Sandstone, Cretaceous Ft. Terrett Limestone, and Quaternary stream
deposits are mapped along the highway (fig. 10; appendix B). Younger geologic units are found at
tl}le relatively high elevations on the south part of the segment; older igneous and metamorphic
rocks are found at relatively low elevations on the north part of the segment (fig. 10). Average W7

deflections for both Llano and Gillespie Counties are less than 1.0 mil (fig. 1), reflecting the

apundance of rigid bedrock in the Central Texas Uplift.

cgment has the highest average W1 deflection of any of the study sites (34.7 mils), but the third-

lowest average W7 deflection (0.93 mils). When the data are grouped by geologic unit (fig. 11),

We analyzed FWD data from 69 sites along this highway segment (table 3; appendix C). This

[72]

ot

ln‘ey show that (1) sites with large near-offset deflections generally also have large far-offset

o

aﬂections, and (2) there is more variation within a geologic unit than there is between average
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Figure 7. Average and individual deflections for rock types mapped along Texas 16 in Archer and
Young Counties.
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Figure 8. Average deflections for all rock units mapped along Texas 16 in Archer and Young Counties.
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Figure 9. (a) Average W7 deflection and (b) W2:W7 deflection ratio by rock type along Texas 16,
Archer and Young Counties.
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igure 11. Average and individual deflections for rock types mapped along Texas 16 in Llano and
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flections of each rock type. Although average W7 deflections calculated for the Hensell Sand are

igher than those for the Town Mountain Granite and the Valley Spring Gneiss, the range in

individual W7 deflections observed for these rock types is similar: 0.4 to 2 mils for the Hensell

aFd, 0.3 to 1.1 mils for the Town Mountain Granite, and 0.3 to 1.8 mils for the Valley Spring

Gneiss (fig. 11).

Statistically, Precambrian igneous and metamorphic rocks have low average W7 deflections

that range from 0.53 mils for younger granites to 0.87 mils for the Packsaddle Schist (figs. 12 and

Ba). Higher average W7 deflections, ranging from 1.11 to 1.24 mils, are calculated for

Cretaceous and younger sedimentary units. W7 averages for geologic units at site B are similar to

those calculated for geologic units in the North-Central Plains.

l The W2:W7 ratio provides better discrimination of rock type for site B. Very high ratios are

alculated for the rigid rock units (fig. 13b): between 17 and 40 for granites, metamorphic rocks,

nd the Fort Terrett Limestone. Lower ratios are calculated for the younger sedimentary units,

rarilging from 13 to 14 for the Hickofy Sandstone and Hensell Sand, and 11 for Quaternary stream

eposits. Ratios for the most common units encountered al'ong Texas 16 are higher than those

b‘served in the North-Central Plains and Gulf Coastal Plains and are similar to ratios calculated for

tlrf!: Edwards Plateau.

ite C: Texas 71, Burnet County

This 14-mi- (23-km-) long segment extends from reference markers 528 to 542 in eastern
l‘irnet County. Along the west part of this segment, Paleozoic limestones are mapped that are
x“tensively exposed within the Central Texas Uplift (fig. 14)’. Cretaceous sands and limestones are
pmmon along the east paﬁ of this segment, which represents a transitional zone from typiéal
entral Texas Uplift units to typical Edwards Plateau units. Average W7 deflection for Burnet

ounty is less than 1 mil, the lowest catégory (fig. 1).

FWD data from 30 locations along this highway segment (table 3; appendix C) indicate that

verage deflections at each offset are the second-lowest of the 6 study sites. Average W7 deflection
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Figure 12. Average deflections for all rock units mapped along Texas 16 in Llano and Gillespie
Counties.
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Figure 13. (a) Average W7 deflection and (b) W2:W7 deflection ratio by rock type along Texas 16,
Llano and Gillespie Counties.
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Figure 14. Geologic units, elevation, and W1 through W7 deflections along Texas 71 between
reference markers 528 and 542, Burnet County, central Texas.
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ig 0.57 mils, which falls within the indicated county-average category (fig. 1). Most of the FWD
measurements were acquired over the Ordovician Honeycut Limestone, for which individual W7
deflections ranged from less than 0.1 to 0.8 mils (fig. 15). The average W7 deflections for all but
two rock types fall within this range, including Quaternary stream deposits, Cretaceous Upper
Glen Rose Limestone and Hensell Sand, and Ordovician Gorman Limestone (figs. 16 and 17a).
Two units that had higher average W7 deflections than the range observed for the Honeycut
Lipestone were the Cretaceous Sycamore Sand (1.5 mils) and the Pennsylvanian—Permian Marble
Halls Limestone (1.1 mils). Average W7 values for all other units were below 0.7 mils.

W2:WT7 ratios (fig. 17b) proved to be a better discriminant of rock types than W7 values
alone. High ratios (between 13 and 27), indicating a rapid decrease in deflection as offset increases

and probably a relatively stiff or shallow bedrock, were calculated for the Honeycut Limestone, the

ot

pper Glen Rose Limestone, and the Gorman Limestone. Intermediate ratios (9 to 10) were

cplculated for the small number of examples over the Marble Falls Limestone, the Sycamore and

ensell Sands, and Quaternary stream deposits. A low ratio of about 5 was calculated for the one

T

example of Lower Glen Rose Limestone mapped along the segment. The most common geologic
uLnit along the highway, the Honeycut Limestone, has a ratio that is similar to that of other rigid
upiits in the Central Texas Uplift and Edwards Plateau regions and is higher than those in the

North-Central and Gulf Coastal Plains regions.

Edwards Plateau Site

Average W7 deflections for counties within the Edwards Plateau region are below 1.5 mils

(figs. 1 and 3), similar to those in the Central Texas Uplift counties and the lowest in the state.
Relatively rigid Cretaceous limestones and dolomites are the most common bedrock types across
tﬂl@ Edwards Plateau (table 1). Young, unconsolidated gravel, sand, and clay are common along

numerous streams and rivers that dissect the plateau (fig. 2; plate 1). One study site is located in the

central part of the Edwards Plateau.
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igure 15. Average and individual deflections for rock types mapped along Texas 71 in Burnet
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Figure 16. Average deflections for all rock units mapped along Texas 71 in Burnet County.
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Figure 17. (a) Average W7 deflection and (b) W2:W7 deflection ratio by rock type along Texas 71,
Burnet County.
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Siite D: U.S. 290, Blanco and Hays Counties

This segment of U.S. 290 extends about 27 mi (43 km) across eastern Blanco afld northern '

Hays Counties between reference markers 536 and 563. Average W7 deflections for these counties
are very low (each is below 1.0 mils, fig. 1). Only four geologic units are mapped: Cretaceous
lithified sedimentary rocks that include the Upper and Lower Glen Rose and Fort Terrett

Limestones and unconsolidated Quaternary stream deposits (appendix B). Upper and Lower Glen

Rose Limestones are the most common geologic units; the Lower Glen Rose is found in the west

part of the segment (reference markers 526 to 541, fig. 18) and the Upper Glen Rose crops out at
ch; higher elevations common in the east part of the segment (reference fnarkers 542 to 563).

Yiounger, unconsolidated deposits are found in local topographic lows.

FWD measurements acquired at 52 sites have the lowest average deflections of the 6 sites at

ll offsets (table 3; appendix C). Average deflections for the W5, W6, and W7 detectors are each

bé ow 1.0 mil. Deflections observed at detector W7 for the Upper Glen Rose Limestone, the most
cpommon geologic unit along this segment, range from less than 0.1 to 0.9 mils. This range
matéhes Blanco and Hays County averages and includes W7 deflections for each of the other

geologic units (fig. 19).

Upper and Lower Glen Rose Limestones have similar deflection averages for each offset

[ig. 20) and have very low W7 averages (0.36 to 0.38 mils, fig. 21a). Deflections for the one Fort

!rrett Limestone example are even lower than the Glen Rose units for detectors W5 , W6, and

V7. Highest deflections are observed for the Quaternary stréam deposits, although W7 values for

his unit are quite low (0.6 mils) relative to similar deposits in other regions, perhaps because of

padway stiffness.
Calculations of W2:W7 ratios for these geologic units appear to remove the road-stiffness

fect (fig. 21b). The Fort Terrett and Upper and Lower Glen Rose Limestones all have high ratios

_—

9 to 24) that are comparable to rigid geologic units in the Central Texas Uplift. The W2:W7 ratio
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Figure 18. Geologic units, elevation, and W1 through W7 deflections along U.S. 290 between

reference markers 536 and 563, Blanco and Hays Counties, central Texas.
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Figure 19. Average and individual deflections for rock types mapped along U.S. 290 in Blanco and
Hays Counties.
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Figure 20. Average deflections for all rock units mapped along U.S. 290 in Blanco and Hays Counties.
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Figure 21. (a) Average W7 deflection and (b) W2:W7 deflection ratio by rock type along U.S. 290,
Blanco and Hays Counties.
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fér Quaternary stream deposifs is near 10, which is within the range of 7 to 12 observed for similar

d

o

sposits in other regions.

Gulf Coastal Plains Sites

~ The Texas coastal plain, which slopes toward the Gulf of Mexico from the Edwards Plateau

(fig. 3), is the largest-and geologically youngest of the major physiographic regions. Bedrock

ty Ii)es in this region are all Cenozoic sedimentary deposits that are variably lithified (table 1). This

region has the highest county average W7 deflections in the state, ranging from 1.1 to more than
i ;

2|5 mils (fig. 1). The two sites studied in this region (sites D and E, fig. 3) are located on the

:1‘1tral and south parts of the upper coastal plain.

C

P

72!

te E: Texas 71, Bastrop County

Site E is an 8-mi- (13-km-) long segment of Texas 71 between reference markers 590 and 598

()

the central part of the upper Gulf Coastal Plains (fig. 3).- Average W7 deflections for Bastrop

.

Co‘unty\ (between 1.1 and 1.5 mils) represent the low end of the range observed for all coastal plain
counties (fig. 1). Geologic units mapped along this segment are old relative to deposits closer to

the Gulf of Mexico (fig. 2; plate 1). They include Cretaceous clay and marl, Eocene mudstones,

sar‘ldstones, and unconsolidated clay and sand, and unconsolidated Quaternary gravel, sand, and

lay (fig. 22; appendix B).

|

(2]

Average deflections calculated from FWD measurements along both sides of the roadway at

—_

/ locations (34 deflection series) are higher for the W3 to W7 detectors than they are for any other

uldy site (table 3). Average W7 deflection is 1.49 mils, which is in the same range calculated for

|

Bastrop County (fig. 1). There are large variations in deflections measured at individual detectors

1

72}

for some geologic units (W7 deflection is between 0.5 and 4 mils for the Hooper Mudstone,

fijgi. 23) and relatively small variations in other geologic units (W7 deflection ranges from 0.9 to

fu—

5 mils for the Simsboro Sand).

j ‘
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Figure 22. Geologic units, elevation, and W1 through W7 deflections along Texas 71 between
reference markers 590 and 598, Bastrop County, southeast Texas.
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Most geologic units have large average deflections reiative to geologic units in other
physiographic regions (figs. 24 and 25a). The largest W7 deflections, above 2 mils, were recorded
af locations mapped as Cretaceous clay and marl units and Quaternary stream deposits.
Intermediate W7 deflections of 1.1 to> 1.9 mils were observed over the Midway Group, Hooper
Mudstone, Simsboro Sand, and Quaternary gravel found at the highest topographic positions along

the roadway (fig. 22). The smallest W7 deflections were measured over the Calvert Bluff

Mudstone, which is the most rigid unit at site E.

' Ratios calculated from average W2 and W7 deflections also suggest that the Calvert Bluff
l\ILdstone is the most rigid of the geologic units mapped at this site (fig. 25b). The W2:W7 ratio |
f01'r this unit is 15, well below that of the most rigid units in the Central Texas Uplift and Edwards
PLlatcau regions, but comparable to those of similar lithified sedimentary rocks in the North-Central
P‘lgins. Ratios for all other gedlogic units at site E are below 10, indicating materials with low

I} giidity or deep bedrock (fig. 25b).

ite F: Texas 16, Jim Hogg and Zapata Counties

n

Site F is located in the Rio Grande Valley on the south part of the Gulf Coastal Plains (fig. 3).

Alrerage w7 deﬂeétions for the counties crossed by this segment of Texas 16 are moderate to high,

-

dr:lging from 1.1 to 1.5 mils for Jim Hogg County and 1.6 to 2.0 mils for Zapata County (fig. 1).
Geologic units mapped along this roadway are Variably lithified Cenozoic sedimentary deposits that
include Eocene sandstone and clay formations, Miocene to Oligocene mudstones, Pliocene clay,
and younger Quaternary wind- and stream-deposited sediments (fig. 26; appendix B).

Average deflections calculated from FWD data from 89 locations between reference markers

758 and 804 are either the highest or second—highest values calculated for the 6 study segments

(§ able 3). Average W7 deflection is 1.41 mils, a value that is within the deflection range reported

or these counties (fig. 1). Individual deflections at all detectors are relatively high, particularly

=+

be’tween reference markers 775 and 795, where Catahoula and Frio mudstones and Jackson Group

w» .

alndstones are mapped (fig. 26). Ranges of individual deflections are large; despite differences in
| | 2
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Figure 24. Average deflections for all rock units mapped along Texas 71 in Bastrop County.
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Figure 25. (a) Average W7 deflection and (b) W2:W7 deflection ratio by rock type along Texas 71,
Bastrop County.
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Figure 26. Geologic units, elevation, and W1 through W7 deflections along Texas 16 between
reference markers 758 and 804, Jim Hogg and Zapata Counties, south Texas.
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the average deflections for each geologic unit, many individual deflections collected over one rock
type fall within a deflection range recorded for another rock type (fig. 27). W7 deflections

mjeasured over Jackson Group sandstones range from 0.8 to nearly 3.0 mils, a range that is similar

ta that measured for Catah_oula and Frio mudstones and Laredo sandstones. Lower, but

0 erlapping, w7 deﬂections are observed for the Goliad Formation (0.5 to 2 mils) and the
Qlllaternary sand sheet (0.7 to 2 mils). | s
Average deflections for eachvgeologic unit are rélatively high at all offséts (fig. 28). The
hjghest average W7 deﬂections (1.66 to 1.78 mils) are found over uncorisolidated Quaternary -

strFam deposits, Jackson sandstones, and Catahoula and Frio mudstbnes; the lowest average W7

d:hections, Jjust above 1 mil, are calculated for segments over areas where Quaternary windblown
sands and the Pliocene Goliad Formation are mapped.

Ratios of W2 to W7 deflections occupy a narrow range between 7.9 and 13.1 (fig. 29b).

These relatively low values are similar to ratios calculated over stream deposits in other

phjysiographic regions, indicating that much of the coastal plains is underlain by materials of low

rigidity. Ratios below 10, indicating the weakest material, were calculated for Quaternary stream

o
(@)

posits, the Yegua Clay, and the Laredo Sandstone. The Pliocene Goliad Formation (W2:W7 =

1B) is the most rigid sedimentary deposit at this site.

Combined Site Response

Average FWD response for principal rock types can be examined by grouping individual
geologic units into these basic types regardless of physiographic region. Principal rock types
apped in the Central Texas Uplift, North-Central Plains, Edwards Plateau, and Gulf Coastal

Plains regions are (1) unconsolidated sedimentary deposits, (2) sandstones, (3) mudstones,

P
&=

) limestones, (5) granites, and (6) metamorphic gneisses and schists. Each geologic unit mapped

af FWD sites along the six test segments can be classified as one of these principal geologic types.

W7 averages and W2:W7 ratios for each individual rock type define ranges of observed |

alues for the principal rock types (fig. 30). FWD response along roadways built over igneous and

<
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igure 27. Average and individual deflections for rock types mapped along Texas 16 in Jim Hogg
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Figure 28. Average deflections for all rock units mapped along Texas 16 in Jim Hogg and Zapata
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Figure 29. (a) Average W7 deflection and (b) W2:W7 deflection ratio by rock type along Texas 16,
Llano and Gillespie Counties.
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Figure 30. Average W7 deflection and W2:W7 deflection ratio for individual rock types mapped
along the Texas 16, U.S. 290, and Texas 71 test sites.
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me’ tamorphic rock types such as granite, gneiss, and schist have low average W7 deflections
(0 5 to 0.9 mils) and high to very high W2:W7 ratlos (more than 17) compared to other rock types.
N SllICICIaStIC sedimentary units such as sandstone and mudstone have similarly low W2:W7 ratios

between 9 and 15, but sandstone tends to have smaller average W7 deflections than does the less
cor,rlsolidated mudstone. Unconsolidated sediments, including Quaternary alluvium and older
uncemented sand and gravel, exhibit a wide range of W7 deflections (0.6 to 2.3 mils) along with
ve*fy low W2:W7 ratios (6 to 14) that are similér to those observed for lithified siliciclastic rocks.
Although sandstone, mudstone, ‘and unconsolidated sedimentary deposits have similar W2:W7
ratios, average W7 déﬂections, which are generally highrestvfor unconsolidated deposits and lowest

for sandstones, provide a basis for discriminating these types.

FWD response albng highways underlain by limestone is perhaps the most variable of all the

principal rock types (fig. 30). Some limestone units have the lowest observed W7 deflections

(b 6|:10W 0.5 mils) and high W2:W7 ratios (15 to 27); other limestone units have W7 deflections as

much as 1.8 mils and W2:W7 ratios as low as 5, values that are comparable to those of siliciclastic
units. These higher W7 deflections and lower W2:W7 ratios probably indicate either common clay-
rich units within larger sections of limestone, weathered limestone, or greater depth to bedrock.

BEDROCK DEPTHS FRbM SEISMIC REFRACTION

We collected seismic-refraction data at two sites (fig. 1) to prove the concept of collecting

rafraction data in typical highway settings, to investigate the usefulness of the data in determining

bedrock depth to support deflection analysis, and to optimize equipment and acquisition parameters
tq balance operational simplicity with the collection of interpretable data. Knowing bedrock depths
at a given site enables one to address the ambiguity of whether bedrock type or depth is the source

of 'the correlation between geologic unit and road deflection.
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Pickle Research Campus Site

We acquired seismic-refraction data in September 1997 along Road D on the Pickle Research

almpus (PRC) at The University of Texas at Austin (table2). Road D is an asphalt-pavement road
|

' lathd on an unknown thickness of road base over residual sediments and lower Cretaceous

rglestone of the Austin Group (Garner and Young, 1976).

Several seismic wave types are evident in a field record collected at PRC using the FWD as a

sgismic soufce (fig. 31). Types of grouhd motion detected by the geophones during the first 60 ms
- following impact of the FWD weight with the pavement include (1) high-amplitude, low-
frequency, and slowly propagating surface waves (lower left of field record, less than 280 m/s
prt)pagation velocity); (2) a direct wave, which is the first recorded signal at geophones that are ‘
less than 4 m from the source; (3) a critically refracted arrival, representing the first recorded signal
af geophones greater than 4 m from the source (3,000 m/s pfopagation velocity), and ’(4) a reflected

wave that has a hyperbolic shape, arriving at approximately 20 ms at the source location and

pproximately 30 ms at the maximum offset. Spectral analyses of ground motion detected by near-
purce geophones indicate that the FWD produces an impulse with frequencies between about 20
nd 200 Hz, which is a useful range for seismic-refraction and shallow-reflection investigations.
In refraction analysis, the direct arrival represents a compressional wave traveling from the

urce to the geophone without appreciable refraction through a surface layer. The surface layer

7

hs a wave velocity equal to the propagation velocity calculated from the direct wave’s arrival time

each detector. The critically refracted wave represents a compress1ona1 wave that travels through

the surface layer, is refracted along the interface between the surface layer and an underlying,

hngher velocity material (bedrock in thlS instance). The refracted wave travels at the velocity of the

uﬂ‘derlying material, generating wavefronts as it propagates along the boundary. The refraction- |

Jnerated wavefronts subsequently reach the surface and are recorded by the geophones. To

' aflculate the depth of the layer that refracts the compressional wave, we pick the arrival times of the

drrect and crltlcally refracted waves, calculate an apparent velocity for the direct and refracted
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Figure 31. Seismic response recorded with a 48-geophone spread using the FWD as a seismic
source. Visible phases include the direct arrival, a critically refracted arrival from the underlying
rigid layer, long-wavelength, low-frequency surface waves, and reflected compressional waves.
Data recorded on a flexible-pavement road on the PRC.
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waves, and extrapolate the arrival time of the refracted arrival to a position beneath the source (zero
offset). Because we were uncertain how well the beginning of the seismic record matches the

impact of the FWD with the pavement, we did not calculate layer depths using the FWD source.

Refraction Experiment PRC SPH1

In this refraction test, both the soil-probe hammer source and the 48 geophones were located
on the south shoulder of PRC Road D (fig. 4; tables 2 and 4). Displays of filtered and amplified
seismic energy from impulses at the west and east ends and the center of the recording spread
(fig. 32) reveal the presence of a slowly propagating direct arrival at geophones nearest the source
and a faster, critically refracted arrival at geophones farther from the source. First-arrival times for
each trace can be plotted against distance from the source and segregated into arrivals measured
when the source was west of the geophone (arbitrarily assigned the forward direction, fig. 33) and
when the source was east of the geophone (the reverse direction).

In the forward direction, arrivals can be grouped by offset range into two linear segments
(fig. 33). The group located closest to the source (between 0 and about 6 m forward offset) is
interpreted to be arrivals from the direct wave. Arrivals at greater offsets belong to the
compressional wave that is critically refracted by a higher velocity layer at some depth beneath the
surface, which may be bedrock or some other rigid layer. If a line is fit to these arrival times, the
inverse of its slope (in m/s) is the apparent velocity of the critically refracted wave. Extrapolating
this line to an offset distance of 0 gives the intercept time, which is used along with the direct and
refracted velocities to calculate the depth of the refractor. Arrivals in the reverse direction can be
interpreted similarly, but calculated velocities and intercept times may differ from those calculated
in the forward direction.

Rather than qualitatively choosing arrival-time layer assignments by viewing a time-versus-
distance plot (fig. 33), velocity-versus-distance and intercept-time-versus-distance relationships
allow rigorous definition of layer assignments for forward- and reverse-propagation directions

(figs. 34 and 35). By calculating best-fit velocities progressively (gradually increasing the offset
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able 4. Summary of refraction data collected at the Pickle Research Campus and the Jacksboro
MLS site. Velocity, depth, and apparent dip calculated using the slope-intercept method (Palmer,

1<)§6).

Jacksboro ML.S site
South to north
Jacksboro SPH1 -
Pavement
Pavement
584.5

556.0
569.9

2,083.7
3,546.3
2,620.6

0.0066
0.0109
1.92

3.3 north
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Figure 32. Field records from refraction test PRC SPH1 using a soil-probe hammer as a seismic
source. Source was located on the shoulder of PRC Road D at the (a) west end, (b) east end, and
(c) center of the recording spread. Records displayed with a 125-Hz low-cut filter and time-varying
gain (20-ms window) applied. Geophone spacing is 0.3 m.
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Figure 33. First-arrival times for refraction test PRC SPH1 for forward- (eastward-) and reverse-
(westward-) propagating waves.
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Figure 34. (a) Velocity and (b) intercept plots for forward data from refraction test PRC SPH1.
Velocities and intercepts (black boxes) calculated from arrivals at geophones located between the
source and progressively increasing source—receiver distances are used to pick the optimal velocity
and offset range for arrivals assigned to the direct wave. Velocities and intercepts (open boxes)
calculated from arrivals at geophones located between the maximum source-receiver distance and
progressively decreasing source—receiver distances are used to pick the optimal velocity, intercept
time, and offset range for arrivals assigned to the critically refracted wave.
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Figure 35. (a) Velocity and (b) intercept plots for reverse data from refraction test PRC SPH1.
Velocities and intercepts (black boxes) calculated from arrivals at geophones located between the
source and progressively increasing source—receiver distances are used to pick the optimal velocity
and offset range for arrivals assigned to the direct wave. Velocities and intercepts (open boxes)
calculated from arrivals at geophones located between the maximum source-receiver distance and
progressively decreasing source-receiver distances are used to pick the optimal velocity, intercept
time, and offset range for arrivals assigned to the critically refracted wave.
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ge included in the calculation), the effect of changing the layer assignments can be quantified

|d the optimal offset range can be chosen (figs. 34a and 35a). Similarly, the effect of changing
fset ranges on calculated intercept times can be assessed (figs. 34b and 35b). Ideally, cutoff

stances between arrivals assigned to the direct wave and arrivals assigned to the critically

! . S ,
fracted wave can be consistently chosen in this manner.

In the forward direction, calculated velocities for arrivals between the source and increasingly

§‘tant geophones (fig. 34a) increase to about 500 m/s by 1-m offset and remain near that velocity

an offset distance of 3 m. Including arrival times from more distant geophones in the velocity

lculation causes the velocities to progressively increase with distance, suggesting that only
mivals between the source and 3 m belbng to the direct arrival. This interpretation is confirmed by

ilculating zero-offset intercept times (fig. 34b), which begin increasing from the expected value of

|

s when arrivals from geophones at source-receiver distances greater than 3 m are included in the

ilculation. By assigning all arrivals at offsets of 3 m or less to the direct wave, a layer 1 velocity

['500 m/s is calculated (table 4). ‘

To make layer 2 assignments in a two-layer setting such as that evident from the PRC SPH1

10t records and arrival times (figs. 32 and 33), velocity and intercept time can be calculated using

rrival times from geophones between the maximum source—receiver distance and those

ngressively closer to the source. For PRC SPH1 forward data, calculated velocities reach a

1aglximum when arrivals at geophones at distances greater than about 6 m are included in the

alculation (fig. 34a). Calculated intercept times increase with increasing minimum source-receiver

stance (fig. 34b), suggesting that arrivals at geophones less than about 6 m from the source

elong to the direct wave or an intermediate refractor. Using arrival times from geophones at
d‘}stances greater than 6 m results in a calculated apparent velocity of 3,796 m/s and an intercept

me of 0.0089 s (table 4) for the forward data.

For seismic energy propagating from east to west (reverse data), time and distance plots

ig. 33) suggest a crossover distance separating direct from refracted arrivals of near 6 m.

lalculated velocities for arrivals at geophones located nearest the source increase to 500 m/s by a
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dis’tance of 1 m from the source, remaining at that velocity to a maximum source—receiver distance
of 5 m (fig. 35a). Intercept times, which should be zero for direct-wave arrivals, begin increasing
ag source—receiver distances increase beyond 5 m (fig. 35b). Non-zero intercepts for the reverse

data suggest either a slight delay (<0.001 s) between the source impact and the onset of recording,

o1 the presence of a very shallow, low-velocity refractor. The velocity calculated for layer 1 in the
reverse direction is 507 m/s, only slightly higher than that calculated for the forward direction

(table 4).

The apparent velocity of the critically refracted arrival reaches a plateau when arrivals from

gcc‘bphones beyond 7 m from the source are included in the velocity calculation (fig. 35a). Higher

velocities calculated for greater threshold distances suggest that arrivals from deeper, higher

V(.’jOCity layers have been in‘cludcd in the analysis. Using 7 m as the cutoff distance, the apparent
v :l;ocity of the critically refracted wave is 2,911 m/s. Its extrapolated intercept time is 0.0087 s
(ipble 4). | .

To use the slope-intercept method (Palmer, 1986) to calculate refractor depth beneath the

sh%)ulder of Road D, we must know apparent velocities for the direct and critically refracted arrivals

in} the forward and reverse directions and the intercept times for the critically refracted arrivals.

U sling the values mentioned above, we calculate the true direct-wave Velocity (layer 1) to be

5 [)!3 m/s, the true layer 2 velocity to be 3,295 m/s, and the thickness of layer 1 to be 2.26 m

|

(table 4). The interface between layers 1 and 2 has an apparent dip of 1.2° westward. Calculated

depths to layer 2 are 2.27 m below at the west end and 2.21 m at the east end of the recording

pread (fig. 36a).

2]

]

Refraction Experiment PRC SPH2

The site and acquisition parameters are the same for this experiment as they were for PRC

-

|
PHI (tables 2 and 4), except that the soil-probe hammer was offset from the receiver spread on

=t

h%: paved road rather than being on the unpaved shoulder (fig. 4). The geophoneé remained

embedded in the shoulder.
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gure 36. Calculated layer velocities and thicknesses and apparent dips of layer interfaces for
fraction tests (a) PRC SPHI, (b) PRC SPH2, and (c) Jacksboro SPH1.
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Filtered and amplified ground motion recorded by the geophohes with the source located at

the west end, east end, and center of the recording spread (fig. 37) is similar to that recorded for

e):1|>eriment PRC SPH1. Recorded wave types include surface waves and direct, critically
\

G fracted, and reflected compressional waves. The first ground motion reaches the geophones
within 15 ms of the impact of the source on the pavement. These first arrivals in the forward- and

rgverse-propagation directions are assigned to the direct wave between the source position and a

|
point about 8 m from the source, and to the critically refracted wave at source—receiver distances

lgnger than about 8 m (fig. 38). A line extending through the arrivals assigned to the direct wave
passes near the intersection of the axes, whereas a line extending through the critically refracted

arrivals has a nonzero intercept time.

Apparent velocities and intercept times necessary for calculating layer velocities and

thicknesses were determined using velocity and intercept plots. For forward data, in which the

s )llll‘CC is west of the recording geophones, apparent velocities remain near 500 m/s and intercept
times near O s when geophones between the source and a distance as great as 6 m are included in
th¢ calculation (fig. 39a and b). Including geophones at greater distances causes the calculatéd
ap}parent velocity and intercept time to increase, suggesting that the direct wave is the first arrival
on;ly out to a distance of about 6 m. By progressively increasing the minimum source-receiver
dlétance, calculated apparent velocities increase from about 1,000 m/s using all geophones to about
3 ?00 m/s using geophones greater than 7 m from the source (fig. 39a). Intercept times are

between 0.007 and 0.008 s where minimum distances are between 6 and 10 m (fig. 39b),

S

—

1ggesting that arrivals at 7 m and greater source-receiver distance can be attributed to the first

critically refracted wave.

For reverse data, in which the source is east of the recording geophones, apparent velocities

reach 500 m/s using arrival times measured at geophones between the source and a distance of

|

5 m (fig. 40a). Apparent velocities gradually increase when geophones beyond a 2-m

—

)|LII‘C€—I’CCCiVeI‘ distance are included in the calculation. Intercept times calculated for the near-

[72]

burce geophones reach a minimum of near -0.001 s when geophones closer than 2 m from the

[72]
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Figure 37. Field records from refraction test PRC SPH2 using a soil-probe hammer as a seismic

source. Source was located on the pavement of PRC Road D at the (a) west end, (b) east end, and
(c) center of the recording spread. Records displayed with a 125-Hz low-cut filter and time-varying

gain (20-ms window) applied. Geophone spacing is 0.3 m.
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Higure 38. First-arrival times for refraction test PRC SPH2 for forward- (eastward-) and reverse-
tward-) propagating waves.
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Figure 39. (a) Velocity and (b) intercept plots for forward data from refraction test PRC SPH2.
Velocities and intercepts (black boxes) calculated from arrivals at geophones located between the
source and progressively increasing source—receiver distances are used to pick the optimal velocity
and offset range for arrivals assigned to the direct wave. Velocities and intercepts (open boxes)
calculated from arrivals at geophones located between the maximum source-receiver distance and
progressively decreasing source—receiver distances are used to pick the optimal velocity, intercept
time, and offset range for arrivals assigned to the critically refracted wave.
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Figure 40. (a) Velocity and (b) intercept plots for reverse data from refraction test PRC SPH2.
Velocities and intercepts (black boxes) calculated from arrivals at geophones located between the
source and progressively increasing source—receiver distances are used to pick the optimal velocity
and offset range for arrivals assigned to the direct wave. Velocities and intercepts (open boxes)
calculated from arrivals at geophones located between the maximum source—receiver distance and
progressively decreasing source—receiver distances are used to pick the optimal velocity, intercept
time, and offset range for arrivals assigned to the critically refracted wave.
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source are included (fig. 40b), suggesting either inconsistent arrival picks or a late recording onset.
Using arrival times at all geophones, the calculated apparent velocity is near 1,000 m/s (fig. 40a).
Apparent velocities and intercept times increase as the minimum source-receiver distance increases,
reaching a minor plateau at about 3,000 m/s and between 0.007 and 0.008 s when geophones at
distances greater than 7 to 9 m are included (figs. 40a and b).

The velocity calculated for the direct arrival is 531 m/s, which is the velocity of layer 1
(table 4). Because the interface between layer 1 and layer 2 has a small apparent dip to the west, the
apparent layer 2 velocity is higher in the forward direction (eastward propagation) than it is in the
reverse direction (westward propagation). Layer 2 velocity, which represents the propagation
speed of the critically refracted wave, is calculated to be 3,244 m/s, similar to that obtained in
experiment PRC SPHI1 (table 4). Using the intercept times of 0.0074 s at the west end of the
spread and 0.0073 s at the east end of the recording spread, depths to layer 2 are 1.99 m at the

west end and 1.97 m at the east end (fig. 36b)

Interpreted Strata

Measured layer 1 compressional-wave velocities of about 500 m/s are within the 300 to
900 m/s range reported for dry, unconsolidated material (Press, 1966; Wylie, 1969), suggesting
that layer 1 consists largely of road base and residual or surficial sediments above the bedrock
contact. Higher velocities measured for layer 2, reaching nearly 3,250 m/s, are consistent with
those expected for relatively soft limestone (Press, 1966) such as the Cretaceous Austin Chalk.
The Austin Chalk is the mapped geologic unit at the site (Garner and Young, 1976) and is exposed

in nearby ditches.

Jacksboro MLS Site

In May 1998, we acquired seismic-refraction data on U. S. Highway 281 south of Jacksboro,

Texas (figs. 1 and 5; table 2). Data were acquired with seismic sources and geophones on the
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southbound inner-lane pavement at a former location of TxDOT’s MLS. Geologic maps of the site
show the Pennsylvanian Ranger Limestone as the surface geologic unit (Hentz and Brown, 1987);
a thin veneer of surficial sediments mantles the Ranger Limestone in fields adjacent to the highway.
An FWD and the soil-probe hammer were both tested as on-pavement sources, but the FWD did
not produce a sharp trigger impulse for the seismograph. This caused unacceptably large errors in

establishing zero time.

Effect of Digital Filtering

Data quality is generally similar at the Jacksboro MLS and PRC sites (compare figs. 41d and
32a). Noise levels are somewhat higher at the Jacksboro site because of increased road traffic and
poorer coupling between the ground and the geophones, but data quality is sufficient to detect
direct and critically refracted arrivals. Accurate picking of arrival times is enhanced by digitally
filtering and amplifying the recorded signals (fig. 41). Low-frequency and high-amplitude surface
waves dominate the field record without filtering or amplification (fig. 41a), but direct and critically
refracted arrivals are apparent in the record. Application of time-varying gain balances the
amplitude along each segment of a geophone trace and makes first breaks easier to see (fig. 41b),
yet low-frequency seismic noise visible in the early part of the record makes accurate picking of
arrival times difficult. Applying a digital filter that removes seismic energy with frequencies below
125 Hz clarifies the field record, removes much of the low-frequency noise, and reveals the
presence of a weaker, earlier arrival than the critically refracted arrival evident in the unfiltered
record (fig. 41c). Balancing the amplitude of the filtered record using time-varying gain does not
greatly aid the picking of first breaks, but does reveal the presence of reflected seismic energy later
in the field record (fig. 41d). Filtered and amplified field records were used for refraction analysis
at the Jacksboro MLS site, where vertical ground motion was detected after seismic impulses were

generated at the south end, north end, and center of the recording spread (fig. 42).
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Figure 41. Effect of digital filtering and amplification on a field record from the Jacksboro MLS
site using a soil-probe hammer as a seismic source. Record displayed with (a) neither digital filtering
nor time-varying gain; (b) time-varying gain (20-ms window) but no digital filtering; (c) 125-Hz
low-cut filter without time-varying gain; and (d) 125-Hz low-cut filter and time-varying gain
(20-ms window) applied. Geophone spacing is 0.5 m.
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Figure 42. Field records from refraction test Jacksboro SPH 1 using a soil-probe hammer as a seismic
source. Source and geophones were located on the pavement of U.S. Highway 281 at the (a) south
end, (b) north end, and (c) center of the recording spread. Records displayed with a 125-Hz low-cut
filter and time-varying gain (20-ms window) applied. Geophone spacing is 0.5 m.
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Refraction Analysis

First-arrival times picked for the forward and reverse end shots and for the reverse part of the
center shot form two groups, each with a linear trend (fig. 43). For the forward data, in which the
s¢ismic source was south of the recording geophones, near-source geophones (5 m or less from
the source) record direct seismic waves that have an apparent velocity of about 585 m/s (table 4;
filg. 44a) and intercept the time axis at O's (fig. 44b). Including geophones at longer
S()che—receiver distances results in increasing apparent velocities and nonzero intercept times. The
critically refracted wave is the first arrival at source—receiver distances greater than approximately
m. Including all geophones 7 m and farther from the source in the velocity and intercept

lculation, the apparent velocity of the critically refracted wave is 2,084 m/s (fig. 44a; table 4)7 and

its|intercept time is 0.0066 s (fig. 44b).

' For the reverse data, in which the source was north of the recording geophones, apparent
:‘locity decreases as the maximum included source-receiver distance increases to about 6 m,

r¢mains relatively constant to a maximum included distance of about 9 m, and increases as

cophones beyond a 9-m source—receiver distance are included (fig. 45a). Over this same distance

ange, intercept times decrease to near zero when arrival times at geophones at source-receiver

ls!‘.tances less than 5 to 9 m are included (fig. 45b). The optimal maximum distance for arrivals

tributed to the southward-propagating direct WaVe is 7 m, resulting in an apparent direct-wave
elocity of 556 m/s (table 4).

As the minimum source—receiver distance decreases for reverse data, apparent velocity and
ilLtercept times reach a plateau when arrival times at geophones located at least 7 m from the source

re included (fig. 45a and b). Using 7 m as the minimum source-receiver distance for inclusion in

the calculation, apparent velocity of the arrivals attributed to the southward-propagating, critically

¢fracted wave is 3,546 m/s and the intercept time is 0.0109 s (table 4).
‘True velocities derived from the forward and reverse data (table 4) are 570 m/s for the direct

rave (layer 1) and 2,621 m/s for the critically refracted wave (layer 2). The interface between
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sure 43. First-arrival times for refraction test Jacksboro SPH1 for forward- (northward-) and
serse- (southward-) propagating waves.
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Figure 44. (a) Velocity and (b) intercept plots for forward data from refraction test Jacksboro SPH1.
Velocities and intercepts (black boxes) calculated from arrivals at geophones located between the
source and progressively increasing source—receiver distances are used to pick the optimal velocity
and offset range for arrivals assigned to the direct wave. Velocities and intercepts (open boxes)
calculated from arrivals at geophones located between the maximum source—receiver distance and
progressively decreasing source—receiver distances are used to pick the optimal velocity, intercept
time, and offset range for arrivals assigned to the critically refracted wave.
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Figure 45. (a) Velocity and (b) intercept plots for reverse data from refraction test Jacksboro SPH1.
Velocities and intercepts (black boxes) calculated from arrivals at geophones located between the
source and progressively increasing source—receiver distances are used to pick the optimal velocity
and offset range for arrivals assigned to the direct wave. Velocities and intercepts (open boxes)
calculated from arrivals at geophones located between the maximum source—receiver distance and
progressively decreasing source—receiver distances are used to pick the optimal velocity, intercept
time, and offset range for arrivals assigned to the critically refracted wave.
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layers 1 and 2 has an apparent dip of about 3° northward and a depth of 1.92 m calculated using the
slope—intercept method (Palmer, 1986). Using the true velocities and the intercept times at each end
of the recording spread, we obtain layer 2 depth estimates of 1.9 m at the south end and 3.2 m at

the north end (fig. 36¢).

Interpreted Strata

Layer 1 velocities at the Jacksboro site are relatively low, similar to those determined at the
PRC site (table 4). These velocities are typical of dry, unconsolidated soil and sediment commonly
found overlying more rigid bedrock in many geologic settings. At the Jacksboro site, layer 1
probably represents road base, underlying surface deposits, and perhaps weathered bedrock. Layer
2 velocities at the Jacksboro MLS site, though lower than those measured at the PRC site, are
within the range reported for soft limestone (Press, 1966). This is consistent with the geologic map
of the area, which shows the Pennsylvanian Ranger Limestone to be the bedrock unit (Hentz and

Brown, 1987).

DISCUSSION

The relationship between bedrock and FWD response at long offsets that is suggested by
average deflections by county is supported by more detailed analysis of FWD response along
individual highway segments in four of the major physiographic regions of Texas. Although we
can show that more rigid rock types such as limestones and igneous and metamorphic rocks have
statistically lower deflections at the outermost detector than do less rigid sedimentary rock types,
there is enough scatter in FWD deflections for a given rock type to make it difficult to predict rock
type reliably from the outermost deflections alone. Better discrimination of rock types is obtained
by comparing deflection ratios that tend to normalize road construction differences; in this study,
W2:WT7 ratios were highest for rigid rock types and lowest for materials with low characteristic

stiffness, such as sandstones, mudstones, and unconsolidated sediments.
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To develop a method that should help resolve the ambiguity of whether lower W7 deflections
and higher W2:W7 ratios for highways over rigid rocks versus highways over soft rocks are due
to differences in material properties of the mapped geologic units or to systematic differences in
depth to bedrock among rock types, we collected seismic-refraction measurements at two sites in
north and central Texas. These tests show that refraction data can be collected in highway settings,
the FWD can serve as a seismic source, and estimates of bedrock depth and interpretations of
bedrock type can be made using the refraction data. The success of this method will allow us to
directly compare observed deflection, depth to bedrock, and mapped geologic unit and determine
the relative influence of bedrock rigidity and bedrock depth on FWD response. It may be that
bedrock rigidity accounts for the differences in average deflection calculated for the outermost
FWD detector, and that site-to-site variations in bedrock depth over a given rock type account for
the large variance observed for that rock type along a roadway.

Adaptation of the seismic-refraction method to highway settings shows promise in addressing
the ambiguous influence of bedrock type and depth on highway deflections. We have demonstrated
that (1) a small impulsive source and the FWD itself can be used as seismic sources on the
shoulder and pavement of roads, and (2) direct-wave and critically refracted-wave arrivals, both
necessary for velocity and depth calculations, are recorded by geophones placed in the shoulder or
on the pavement. Arrival-time measurements acquired at two test sites have been successfully
converted to estimates of compressional-wave velocities for the surface layer and underlying
bedrock, apparent dip of the bedrock surface, and bedrock depth.

Difficulties encountered with the refraction method in a highway setting include deployment
of the array of seismic detectors, operation of the seismic source, and accurate first-arrival picks on
the seismic records. Geophones with attached spikes offer the best coupling with the surface, but
can only be used on road shoulders where it may be difficult to insert the spikes fully into hard-
packed material. Plate-mounted geophones can be laid rapidly and directly on pavement, but the
surface coupling may be degraded. At the two sites tested, both geophone arrangements yielded

acceptable data for refraction analysis. Further improvement in detector deployment may be
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realized by using hydrophone arrays, in which seismic detectors are mounted at set intervals within
a fluid-filled tube. The tube can then be rolled onto the pavement without needing to measure the
geophone spacing at each site.

Because measurements might be made on roads and because calculations of true velocities and
layer dips require source operation at both ends of the recording spread, the source chosen for
refraction measurements should be nondestructive, rapidly operated, and easily moved. In our
tests, the modified soil-probe hammer met these requirements, provided a reliable zero-time break
for the seismograph to begin recording, and provided sufficient seismic energy for the relatively
short source-receiver distances that are typical of most highway investigations. Longer arrays
appropriate for bedrock depths greater than 4 or 5 m might require a stronger seismic impulse. The
FWD provides a stronger seismic impulse and produces interpretable direct and critically refracted
arrivals, but we have had difficulty obtaining a reliable zero-time break to begin seismograph
recording. This is a problem that should be readily solved by using FWD-mounted electronic
switches.

As is evident from the PRC and Jacksboro MLS data, accurate first-arrival picks are required
to calculate bedrock depth accurately. Differing first arrivals may be interpreted by varying the
display parameters of the seismic record, causing different bedrock depths to be calculated from the
same record. At these two sites, using a digital low-cut filter to remove seismic noise below
125 Hz and a short-window (20 ms), time-varying gain produced the most interpretable seismic
record. Records without these display adjustments might induce an interpreter to select later,
stronger arrivals as a first arrival and inaccurately choose an arrival time for a geophone where

seismic noise interferes with the first arrival.

IMPLEMENTATION

Results from this project suggest some possible implementations of the geology—FWD

relationship and the demonstrated capabilities of the seismic refraction method:
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. Create a roadway data base with geologic unit, major rock type, average W7 deflection,
and the observed range in W2:W7 deflection ratio as fields. This data base would allow
users to enter a highway location and obtain mapped rock type for that location, as well as
the expected influence that bedrock type has on FWD deflections. This would give the
highway engineer a preliminary check on new FWD data and would provide an
approximation of anticipated bedrock rigidity that would aid the deflection-series
interpretation.

. Use existing FWD data to define averages and ranges of FWD response for all mapped
geologic units in the state, then use these data in the design and construction of new
highway segments. Once a roadway alignment is known, the statistical FWD response for
the geologic units mapped along the roadway can be used to suggest bedrock properties,
control-test boring locations, and help make highway design decisions.

. Collect FWD data at closely spaced intervals along roadways over geologic units that are
susceptible to sinkhole development or other rapid lateral change in physical properties.
W7 deflections should increase and W2:W?7 ratios should decrease from a hard limestone
substrate to sinkholes where limestone has been removed and voids filled with softer
materials. This technique would also be useful in mapping alternating soft marls and hard
limestones that are below the resolution of geologic maps in the Edwards Plateau region.

. Modify the FWD to allow routine collection of deflections (as is currently done) and
seismic-refraction data. While it is difficult to separate the influences of bedrock rigidity
and bedrock depth with FWD data alone, tests with seismic-refraction equipment
employing an FWD or other small, impulsive source suggest that bedrock depth and
rigidity can be estimated from refraction data. These parameters, in turn, will allow better
quantitative analysis of deflection series.

. Use available FWD data, or combined FWD-refraction data, to improve geologic maps.
This implementation will benefit all users of these maps, including those in transportation,

construction, land-use planning, oil and gas exploration, mining, education, and materials
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exploration. Deflections, bedrock depths, and seismic velocities of bedrock and
overburden obtained from a combined FWD-refraction system would allow comparisons
of observed values with expected values for mapped rock types, indicate areas where
current mapping may need revision, and produce a better understanding of the distribution

of geologic units over large areas of the state where surface exposures are limited.

CONCLUSIONS

The conclusions from this study of the relationship between bedrock type, depth, and FWD

response are the following:

FWD deflections at the outermost sensors correlate to mapped geologic units at the county
average scale,

at six test highway segments in four major physiographic regions, there is a statistical
relationship between mapped geologic unit and FWD response,

variance in FWD response within individual geologic units is large, making interpretation
of geologic unit from FWD response alone uncertain,

ratios of inner- and outer-detector deflections, such as W2:W7, partly normalize roadway
construction differences and allow better rock-type discrimination than that obtained from
W7 data alone,

in general, highway segments constructed over relatively rigid bedrock units such as
limestone, granite, and metamorphic rocks exhibit low average W7 deflections and high
W2:W7 ratios, whereas highways constructed over softer bedrock units such as
mudstone, sandstone, and unconsolidated sediments have high average W7 deflections
and low W2:W7 ratios,

from FWD data and mapped geologic units alone, we cannot determine whether the
influence that bedrock type has on FWD response is due to bedrock rigidity or to

systematic changes in bedrock depth among geologic units, and
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*  seismic-refraction data can be collected on or near roads to estimate bedrock depth and
rigidity. | |

Continuing Work on this project through the final project year will focus on developing and

testing a seisrrﬁc-refraction method optimized for data collection on roads and integrating seismic-

rgfraction capability into existing FWD’s. This will enable us to further quantify the relationship

between mapped geologic units, bedrock rigidity, bedrock depth, and deflection series by
a¢quiring FWD kdata and seismic-refraction data at sites that représerit a variety of geologic and
roa’ldway types. The ultimate goal Will be to determine the best way to obtain bedrock depth and
rigidity information that will improve FWD analysis froin geOlogic maps, FWD data, and seismic-

r¢fraction methods.
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APPENDIX A: TOPOGRAPHIC! AND GEOLOGIC? MAPS OF THE STUDY SITES

Site A: Texas 16, reference markers 220 to 264, Archer and Young Counties.

Topographic Maps Reference Markers
Darnell Branch 220 to 228
Markley 229 to 236
Loving 237 to 239

Lake Eddleman 240 to 249
Graham 249 to 258

Ross Mountain 259 to 261, 264 to 265
Palo Pinto 262 to 263
Geologic Maps Reference Markers
Wichita Falls—Lawton 220 to 261, 264 to 265
Abilene 262 to 263

Site B: Texas 16, reference markers 450 to 488, Llano and Gillespie Counties.

Topographic Maps Reference Markers
Llano South 450 to 457
Oxford 458 to 466
Willow City 468 to 477
Fredericksburg East 478 to 487
Geologic Maps Reference Markers
Llano 450 to 490

Site C: Texas 71, reference markers 528 to 542, Burnet County.

Topographic Maps Reference Markers
Marble Falls 528 to 533
Round Mountain 533 to 534
Spicewood 535 to 543
Geologic Maps Reference Markers
Llano 528 to 543

Site D: U.S. 290, reference markers 536 to 563, Blanco and Hays Counties.

Topographic Maps Reference Markers
Monument Hill 535
Yeager Creek 536 to 543
Henly 544 to 553
Dripping Springs 554 to 560
Signal Hill 561 to 563

' U.S.G.S. 7.5-minute quadrangle map, 1:24,000 scale
2BEG geologic atlas map, 1° x 2°, 1:250,000 scale
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Geologic Maps
Llano
Austin

Reference Markers
535 to 560
561 to 563

Site E: Texas 71, reference markers 590 to 598, Bastrop County.

Topographic Maps
Webberville

Utley
Bastrop SW

Geologic Maps
Austin

Site F: Texas 16, reference markers 758 to 804, Jim Hogg and Zapata Counties.

Topographic Maps
McCambell Ranch
Armstrong Ranch
San Pablo Ranch
Randado

Escobas

Arroyo Huisache
Arroyo Velefo
Zapata

Geologic Maps
Laredo
McAllen—Brownsville

Reference Markers
590 to 592
593 to 596
597 to 598

Reference Markers
590 to 598

Reference Markers
758 to 761
762 to 766
767 to 774
775 to 783
784 to 792

793
794 to 802
803 to 804

Reference Markers

758 to 792
793 to 804

86



Ae[d=[d 9[1s=)s ‘pues=ps {[oALIZ=I3 |

Juoispnw UBTULIOJ IOQUISTA Y1)
3id1jo vquaw (G 031 0] 098 ‘ps ‘Qreys Juojspues —UuBTUBA[ASUUQ] 2341 Z3[eZUon)
UBTULID QuojsawI |
3141 Jo 1equiow > Juojsau| —URIUBA[ASUUQ] nqdi Io3ung
URTULIDJ wreyeln
3147 Jo Joquiow G1 016 13 ‘ps 9JeIoWO[3U0d Juoispues —UeIUBAJASUURd  7SS-31dI ‘Kyuyy,
UBTULIOJ
3141 Jo 1equiow GOol] Juojysau| —URIUBA[ASUUR] 1d1 QUOISAWIT] UBAT
URTULIOJ weyeIn)
048 duojspnu —URIUBA[ASUUR] 31d1 ‘Kyuyg,
Juojspnu UBTULIO
0S 0101 13 ‘ps ‘91e10WO[3U0D Juojspues —ueruBA[ASuUuUdd ()]SS-WddI Kpiren
UBTULIOJ
0€ 91 01 13 ‘ps JeIoWO[3U0d Juojspues —UeIUBA[ASUURd  |[SS-WJdI AopjIeN
Quojspnuw UBTULIOJ
09 01 0¢ 13 ‘ps ‘91e10WO[3 U0 Quojspues —UBTUBA[ASUURd  Z1SS-WJdI Aopjren
UBTULID
0S 01 6] 13 ‘ps JeIowWo[3uod Juojspues —ueIUBA[ASUURd  +]SS-WJdI ASpjIeIN
UBTULIOJ
[049s Quoispnu —UBTUBA[ASUUD] wddr Apren
o> I3 ‘0 s ‘ps pajeprjosuodun Areurojeng) ed wnIAn[y
910N () [Slempsuo)  Asojoyy KZopomi| BE- 17 1oquig  jund130[035)
ssauyRIY, JOUIJA] Jolepy

"saseqie 21301093 (7 /6] ‘SIYIO pue UMOIg) QUAIQY Pue (L8] ‘UMOoIg
pUR ZJUSH) UOIMET-S[[B BIYIIAL ‘SINUNO)) FUNO X Puk IYDIY ‘p97 PUE ()77 SIONIBW JOUIIJAI UIIMIAQ 9 SBXJ, 1Y IS

SLINN DIDOTOED 40 SSANMOIHL ANV ‘SINFNLILSNOD ‘ADOTOHLIT ‘ADV 9 XIANdddV

87



ss1oun

ss1ou3 UBLIQUIBOAIJ sand Suudg A9[reA
SIYoS
1SIYOS UBLIQUIBOIJ sdpd J[ppesyoed
dueln)
UIBJUNOA
Kq 1 23e Anueid UBLIQUIBOIJ un)d umog,
SoAISNIUI
onuesd
uei3d UBLIQUIBIIJ Kod 193uno x
Quojspues
0Ly 9 6GLT 1S ‘ps Juojspues ueLIqUIE)) i} i9) K10)01H
0z I3 0495 ‘ps  QeIOWO[ZUOD  PIjepI[osSuodUNn NileEhl:El g) Uy pueg [[9SUSH
IOQUIA]A
pay JOo Ioquiawl  ()€Z 01 OST dwo[op Quojsau| SN0oEIAI) 1wl 1119 ], 110,
Se> 1018 ‘ps ‘13 pajeprjosuooun Areuidren() ed wnIAN[y
SIJON [(N) sjudININSU0)) K300y ABojoy| a8y [OqUIAS 1N 2130[095)
SSAWIIY I, JOUIfA Jofepy

Aﬁwaﬁ .onch Seqje oﬁwoﬁoow oueyT ,woﬁﬁzou oﬂmmoﬁiw pue oue[T ‘Y] pue ()G SINIeW QOURIJaI Udam]aq 9T Sexa]J, i 1S

oudI
JO Ioquuiowr

09 01 0¢

orr>

Sy101¢

1o

13 ‘ps

13 ‘[0 ‘ps

oreys

9JeIoWOo[3U0d
9JeIoWO[3U0d
‘Qreys
‘Quolspues

QuojsawI|

Quojspues

QuojsawI|

uBIULIdg
—UBIURAJASUUQ]

UBTUWLIO
—UBIUBRAJASUUQ

UBTULIO
—URIUBA[ASUUQ]

idI

AdI

dudI

suoysowr|
1o3uey

Quojspues
1o3uIsry|

Quojsowr|
Yea1D) QWOY

88



JoquIoIA

PaYy JO Ioquiawl ()¢ 03 OS] Iuo[op QuojsawI] NiliEhlaENg) W 1AL, 10
0e> I3 ‘[0 98 ‘ps pajeprjosuooun Areuiajeng) 0] WNIAN[[Y
SAON ) S)UINJIISuo0)) A3ojoy| A3o1oy] EY:3% [OquIAS j1un J130]095)
SSIUOIY I, Jourpy Jofepy

‘sase[Ie 0130[093 (6] ‘SIOYI0 pue 101001])

unsny pue (186 ‘soureg) oue[] ‘Sanuno)) SALH pue 0due[g ‘€9S PUB 9¢G SIILW OUIJAI UIMIA] 06T S’ : NS

UOTIRULIO]
06t 01 SZH woop QuojsawI| UBIOIAOPIQ 30 UBWLIOD)
dnoin
1o81nquarg UOTIRULIO]
Jo 1ed 089 woop Quojsaw| UBIDIAOPIQ 4o MOKSUOY
uBIUISg Juolsaw |
c8e QuojsawI| —URIUBA[ASUUS] Jugy s[red Q19N
1B0498pS  QJEIOWO[SUOD  PAIRpIOSUOdUN  SNOAJBIAL) Asy pueg 2I0WRIAS
0> B09s‘ps  AJeIOWO[SUOD  PIJBPIOSUOOUN  SNOJIBIAL) U pues [[oSusH
(1amoy)
QUOISaWI]
091 [ABW “9)Iuo[op Quojsaw| NIGERIEN ) 118y ENONRIE ()
(12ddn)
Quoysawr|
02 [ABW ‘9)IwIo[op Quojsaw| SNOJoBIAI) nisy 350y Ud[D
ce> 13 0 98 ‘ps pareprjosuooun  Areuisjeng) 1Z0) wnIAn[y
S9JON () SJuUaMINSUO)) X3ojoypn X3o10y] Y37 [OquIAS j1Un J130[095)
ssawyOIY Jourpy Jofepy

AHMQH .wDEmmv Se[ie OMWOMOQW ouel1 ﬁ\AaCDOO jouing ‘7S pue 7S SIS IR QJUAIRJAI UAMI2q T/ SeXJ, :D MS

89



e

YOOIq[IB]A
‘TN JooIqireN
BUBDISIOD) ‘BUBIISIOD)
‘KeD duroy 009 1S ‘PP pajeprjosuodun Nilekhl:ikl ig) wuyy ‘duoy
ps s ‘[0 pajeprjosuodun Eliehls | g dnoiny Aemprn
dnoin UOTJRULIO
XOO[IM JO 1red 00S> ps ‘[0 18 Juojspues Quojspnu U0y yg 1odooy
dnoin UOIBULIO
XOO[IA JO 1aed 00e> 13 ‘[0 ‘ps Quoispnu pajeprjosuodun Quad0g qsq 010qQSwWIS
dnoin u3yy UOTBULIO]
XOO[IA JO 1aed 0001> ps ‘[0 s ‘auojspues Juojspnu Juadoyg Qo npg 1eAe)
13 pajeprjosuodun Areuraren() 340 NEINARRIRS|
sweans 90B1IQ)
Zuore seor11) [0S ‘ps ‘I3 pajeprjosuodun Areurajeng) 10 J[meIAN]
SIJON 1) SJuANINSU0)) ASojoyp| A3ooy )1 [OqUIAS jJ1un J130[095)
SSAUNOIY L, JOUIA] Joleq

"(L61 ‘SI9YI0 pue 1030014g) se[ie J130[0a3 unsny ‘Auno) donseq ‘g6S pue ()6S SIONIBUW DUIJAI UIIMIIQ [/ SBXL, i NS

091

0ce

[fewr ‘a)ruojop

[few ‘druiojop

Quojsowl|

QuojsawI]

snoadejar) .

SNo3adejal)

13y

nigy|

(19mo1)
QuoIsawI |

950y u[D

(12ddn)
QuojsawI |

950y U9

90



UOIIBULIO]

029 [0 ‘ps Kepd Juoispues UA00Y 4 opare|
UOTJBULIO,]
00y ps ‘1o Juojspues Kepo U0y Aq en3o X
09¢ o ‘ps Kero Quojspues Quaooqg g dnoin) uosyoef
Kepo SUOTIBULIO]
‘Jn) ‘Quoispues Qudd oLy
ps s ‘Io ‘Quo)sAero Juoispnu 031]Q—2Uad0I JOOIN pue B[noyeIR)
9JeIoWo[3u0d
‘Quojsoul]
‘QuoIed ‘[rew UOIBULIO
009> 13 ‘ps ‘o ‘Quojspues Kepo ELERIR 34 perjon
sysodap uerjoa ps pajeprjosuodun Areurajen() sO 199ys puesg
sysodop
uredpoory I3 ‘ps s ‘|0 pajeprjosuooun Areuareng) ed wnIAN[[y
SIJON [N SJuININSuU0)) 3oy A3o1op1] 3y [OquIAS 1N J130[095)
SSUYIIY I, Jourpp Jolepy

"(Q9L61 ‘SI9YI0 puR UOIMAIY) SISB[IE OIF0[093 I[[TASUMOIG—US[[YVIJA pue
(89L61 ‘SIYI0 pue UOIMIE) OPAIRT ‘sanuno) viedez pue 330H WIf ‘48 PULR §G/ SIONILW ADUAIJI UIIMIQ 9 SBXI, o IS

91



APPENDIX C: FWD DATA FOR STUDY SITES

|
|
|
|
|
!

Site A.; Texas 16 between reference markers 220 and 264, Archer and Young Counties, Wichita Falls
Distrigt. ,

|

Geologic!
' atlas = Geologic Elevation Reference —————— Normalized FWD deflection (mils)

Courty sheet unit (ft) marker W1 w2 W3 w4 W5 W6 A\
Archér WF-L IPPm-SS14 1105 220.0 2533 1834 1043 5.66 336 227 1.68
Arc q':r WF-L IPPm-SS14 1055 220.5 8.17 5.88 3.17 1.62 095 0.63 0.53
Archer WF-L IPPm-SS14 1090 221.0 9.35 - 6.27 3.33 1.74 1.00 0.69 0.51

Archer WE-L  IPPm-SS14 1060 2215 1408 1052 696  4.33 2.68 1.78 1:41
Arc 1t::r WE-L IPPm 1020 2220 1146  9.58 6.54 442 3.15 225 1.52

Archer WF-L Qal 1005 222.5 26.68 17.60 9.00 387 . 198 1.34 1.06
Archer WF-L  IPPm-SS12 1045 223.0 1642 11.70 6.52 3.59 2.10 1.29 0.90
Arc 1;er WE-L 1040 223.5 1474 1020 549 2.62 1.34  0.87 0.61

Archer WF-L  IPPm-SS12 1065 224.0 11.50 8.05 4.57 2.32 1.29 0.82 0.62
Archer WEF-L  IPPm-SS12 1095 224.5 12.15 771 4.05 2.22 1.44 1.05 0.74
Archer WF-L = IPPm-SS12 1060 225.0 19.51 1423  8.68 4.63 2.54 1.54 1.12
Archer WF-L- IPPm-SS11 1020 225.5 13.37 9.01 5.16 3.01 1.92 1.43 1.21
Arc hrer WF-L Qal 1015 226.0 12.49  17.17 3.32 1.89 1.29 1.04 0.89
Young WF-L IPPm 1018 228.0 19.59  7.75 2.18 0.82 0.59 050 0.38
You ﬁg WF-L IPPm 1035 228.5 37.66 2218 1143  6.57 445 3.29 2.56
Yoy rrlg WF-L IPPm 1065 229.0 2492 11.67 4.78 2.47 1.73 1.37 1.00
Young - WF-L IPPm 1065 229.5 1795 9.17 4.54 2.56 1.67 1:18 0.90
Yo ﬁg WF-L' IPPm-SS11 1100 230.0 40.52 2296 986 445 246 1.67 1.20
Yo r'Pg WF-L IPPm-SS11 - 1115 230.5 29.34 1672 831 4.68 3.09 2.23 1.66
Young WF-L  IPPm-SS11 1100 231.0 1533 894  4.26 2.11 124 086  0.64
Yo ﬁg WEF-L IPPm 1100 231.5 3255 1692  7.93 4.13 2.68 1.92 1.47
Yo ﬂilg WF-L IPPm-SS10 1105 232.0 30.63 20.12 1095 5.92 3.55 248 1.94
Young WF-L  IPPm-SS10 1110 232.5 46.12 2257 947 4.38 2.51 1.77 1.24
Yo r!lg WF-L IPPm-SS10 1115 233.0 27.62 1345 546 291 2.05 1.61 1.33
Young WF-L - IPPm-SS10 1150 233.5 2442 11.05 419 2.10 1.40 1.05 0.75
Yo ﬁg WF-L IPPm-SS10 1125 234.0 2233 1332 699 3.73 2.46 1.83 1.45
Yo r’lg WF-L IPPm-SS10 1150 234.5 19.24  9.08 3.36 1.49 1.03 0.81 0.63
Yopng WE-L IPPm 1160 235.0 2835 1276  4.15 2.00 1.33 1.01 0.80
Yo Jﬁg WF-L = IPPm-SS11 1205 235.5 2843 1828  8.29 3.06 1.95 1.50 1.16
Yo J‘hg WF-L IPPm-SS11 1265 236.0 2045 1023 3.67 150 094 073 0.60
Yopung WF-L IPPm-SS11 1290 236.5 3479 1622 6.24 2.99 1.80 1.22 0.88
Yo Jhg WEF-L IPPm-SS11 1290 237.0 2469 1430 6.51 2.75 1.39 0.83 0.61
Yopng WF-L  IPPm-SS11 1290 237.5 20.89 14.05 8.08 4.59 2.93 2.02 1.54
Yo uhg WF-L IPPm 1290 238.0 11.67 8.23 5.26 3.44 2.53 1.93 1.51
Youhg WF-L IPPm 1295 238.5 17.25 1127  6.00 343 2.32 1.72 1.23
Yopng WF-L IPPm 1295 239.0 1559 1130 7.25 4.58 3.09 221 1.70
Youhg WE-L IPPm 1275 239.5 8.83 6.04 3.66 2.28 1.54 1.10  0.81
Youfng WEF-L  IPPm-SS10 1275 240.0 1531 1023 5.42 254 128 0.84 057
Young WF-L IPPm-SS10 1290 240.5 12.54  8.90 5.57 3.38 2.17 1.49 1.09
Youlng WF-L IPPm 1260 241.0 18.66 1229  6.59 3.65 2.26 1.57 1.20

You'pg WF-L IPtg 1255 241.5 15.12 . 10.99 6.99 4.50 3.02 2.16 1.58
Young WEF-L IPtg 1230 242.0 19.23 © 13.67 8.22 4.75 2.89 1.95 1.42
You[ng WEF-L IPtg 1210 242.5 21.75 14.50 7.75 3.83 2.33 1.57 1.25
Youiing WEF-L IPtg 1215 243.0 15.89 12.25 8.11 5.09 3.24 2.09 1.45
Young WE-L IPtg 1200 243.5 1593 10.25 5.68 3.12 1.99 1.40 1.02
YOll’ng WEF-L IPtg 1200 244.0 20.79 11.47 5.95 3.46 2.32 1.64 1.29
Ydung ~ WE-L IPtg 1165 2445 1262 677 346 202 136 104 078
Yqung WEF-L IPtg 1175 245.0 9.33 5.54 3.35 2.19 1.61 1.17 0.86
1 WH-L=Wichita Falls—Lawton; ABL=Abilene
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Young WE-L IPtg 1190 245.5 17.12  9.83 5.23 3.11 2.09 1.48 1.10

Young WEF-L IPi 1175 246.0 2237 1293 6.79 3.86 2.50 1.72 1.24
Young WEF-L IPtg 1190 246.5 19.38  10.00  4.70 2.62 1.90 1.50 1.23
Young WE-L IPtg 1220 247.0 13.65 5.94 2.82 1.56 1.03 0.69 0.48
Young WEF-L IPtg 1190 247.5 1248 694 3.57 2.00 1.31 0.99 0.81
Young WEF-L IPtg 1130 248.0 31.28 15.19  6.53 3.73 2.64 1.94 1.55
Young WEF-L IPtg 1090 248.5 1733 9.23 4.39 2.63 1.89 1.47 1.14
Young WEF-L IPtg 1075 249.0 9.35 5.59 3.65 2.62 1.98 1.52 1.14
Young WE-L IPtg 1060 249.5 21.87 13.05 6.84 3.84 2.60 1.93 1.49
Young WE-L IPtg 1060 250.0 13.67  6.50 3.85 2.87 2.15 1.65 1.25
Young WEF-L IPtg 1030 250.6 6.87 5.20 3.58 2.38 1.68 1.22 0.94
Young WEF-L IPtg 251.0 7.55 6.39 5.12 3.87 2.85 1.99 1.28
Young WEF-L IPtg 251.5 16.63  9.10 3.96 2.00 1.24 0.77 0.43
Young WEF-L IPtg-SS2 252.0 20.18  9.07 4.57 2.59 1.54 0.95 0.59
Young WEF-L IPtg-SS2 252.5 9.48 3.22 1.23 0.59 0.39 0.26 0.21

Young WEF-L IPtg-SS2 1040 253.0 8.72 3.34 1.40 0.89 0.60 0.41 0.28
Young WEF-L IPtg-SS2 1065 253.5 13.65 6.36 292 1.57 0.88 0.57 0.33

Young WEF-L IPtg 1030 254.0 19.75 1153  5.70 3.02 1.81 1.08 0.70
Young WEF-L IPtg 1030 254.5 21.62  9.62 2.57 0.97 0.74 0.59 0.46
Young WE-L IPtg 1080 255.0 1348  5.02 1.65 0.96 0.71 0.57 0.42
Young WEF-L IPtg-SS2 1130 255.5 14.00 7.12 3.51 2.30 1.74 1.21 091
Young WEF-L IPbu 1150 256.0 3896 20.79  8.88 S:15 3.49 2.61 1.84
Young WEF-L IPgc 1120 256.5 26.58 13.76  5.68 3.65 2.79 2.17 1.69
Young WEF-L IPgc 1140 257.0 1438  4.96 1.65 0.93 0.56 0.42 0.38
Young WEF-L IPgc 1170 257.5 20.77 1053  4.18 2.20 1.40 1.08 0.76
Young WEF-L IPtg 1090 258.0 2590 1287 6.14 3.40 2.36 1.67 1.22
Young WEF-L IPtg 1170 258.5 9.68 4.69 2.51 1.64 1.18 0.91 0.65
Young WEF-L IPhc 1050 259.0 11.33  6.32 3.00 1.94 1.46 1.16 0.95
Young WE-L IPhc 1040 259.5 12.72 474 2.24 1.36 0.96 0.71 0.51
Young WE-L IPhc 1050 260.0 20.68  9.65 5:13 3.33 2.25 1.48 0.99
Young WE-L 1Pk 1050 260.5 16.75  5.89 2.31 1.49 1.09 0.81 0.62
Young WEF-L IPk 1060 261.0 7.21 2.86 1.36 0.96 0.72 0.53 0.36
Young WEF-L IPhc 1055 261.5 8.33 3.76 211 1.32 1.01 0.78 0.62
Young ABL IPcc 1045 262.0 15.67 6.98 2.87 1.61 1.19 0.92 0.69
Young ABL IPcc 1075 262.5 18.04  8.04 2.71 1.13 0.73 0.54 0.36
Young ABL IPcc 1075 263.0 1195  7.60 4.64 2.96 2.03 1.39 0.96
Young ABL IPcc 1095 263.5 18.83  9.69 4.02 1.75 091 0.54 0.34
Young WE-L IPr 1085 264.0 21.60 891 3.74 2.16 1.43 0.96 0.64

Site B: Texas 16 between reference markers 450 and 488, Llano and Gillespie Counties, Austin District.

Geologic?
atlas  Geologic Elevation Reference = ————— Normalized FWD deflection (mils)

County sheet unit (ft) marker W1 W2 W3 W4 W5 W6 W7
Llano . LLN pCps 1065 450.0 1246  8.53 5.12 3.10 1.96 1.28 0.87
Llano LLN pCps 1065 450.5 3143 18.04 7.40 3.35 1.73 1.17 0.87
Llano LLN pCps 1070 451.0 31.74 1401 4.38 2.21 1.49 1.09 0.87
Llano LLN pCps 1080 451.5 39.21 16.94 441 1.45 0.71 0.59 0.40
Llano LLN pCy 1090 452.0 38.15 13.81 2.14 0.77 0.48 0.32 0.23
Llano LLN pCps 1090 452.5 4335 2148 7.07 3.38 2.05 1.38 1.18
Llano LLN pCy 1130 453.0 36.55 15.32 443 2.10 1.39 1.07 0.83
Llano LLN pCps 1150 453.5 4529 19.12 6.14 3.00 1.66 1.00 0.68
Llano LLN pCps 1270 456.0 58.23 30.11 12.00 6.05 3.55 2.28 1.52
Llano LLN pCps 1310 456.5 56.29 2443  17.57 3.87 2.24 1.53 1.12
Llano LLN pCps 1320 457.0 33.66 1525 490 2.21 1.26 0.84 0.63

2 LLN=Llano
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Site C: Texas 71 between reference markers 528 and 542, Burnet County, Austin District.

Geologic?
atlas  Geologic Elevation Reference Normalized FWD deflection (mils)

County sheet unit (ft) marker Wi W2 W3 W4 W5 W6 W7
Burnet LLN Oh 1120 528.0 1579  8.66 3.68 1.86 1.15 0.81 0.56
Burnet LLN Oh 1135 528.5 18.14 10.57 4.77 2.40 1.31 0.82 0.51
Burnet LLN Oh 1110 529.0 13.63  6.05 1.98 0.57 0.44 0.33 0.15
Burnet LLN Og 1100 529.5 16.36  9.31 3.83 1.77 0.98 0.68 0.53
Burnet LLN Og 1085 530.0 13.48  6.68 2.43 1517 0.75 0.61 0.45
Burnet LLN Oh 1080 530.5 1459 7.52 2.62 0.83 0.34 0.21 0.18
Burnet LLN Og 1110 531.0 11.98  4.70 1.72 1.11 0.90 0.78 0.68
Burnet LLN Oh 1050 531.5 13.80 4.67 1.67 0.90 0.56 0.36 0.26
Burnet LLN Oh 1035 532.0 1822 742 2.84 1.63 1.05 0.73 0.48
Burnet LLN Oh 1070 532.5 15.18 5.82 1.90 0.88 0.40 0.18 0.09
Burnet LLN Kh 1030 533.0 2043 1022  4.13 2.34 1.56 1.22 0.97
Burnet LLN Oh 970 533.5 2048  9.06 3.22 1.47 0.69 0.42 0.29
Burnet LLN Oh 950 534.0 19.20 6.88 2.22 0.88 0.50 0.30 0.15
Burnet LLN IPmf 920 534.5 20.75 10.52 525 3.24 2.20 1.58 1.12
Burnet LLN Oh 960 535.0 1435 4.24 1.69 1.23 0.99 0.83 0.70
Burnet LLN Oh 950 535.5 14.64 594 2.45 1.59 1.20 0.97 0.76
Burnet LLN Oh 1000 536.0 15.08 3.93 1.47 0.90 0.53 0.33 0.18
Burnet LLN Oh 970 536.5 10.17  2.55 1.06 0.67 0.46 0.33 0.22
Burnet LLN Oh 915 537.0 16.02  8.40 3.19 1.16 0.47 0.30 0.25
Burnet LLN Qal 880 537.5 1143 475 2.25 1.33 0.80 0.49 0.30
Burnet LLN Ksy 870 538.0 27.09 13.61 6.02 3.47 1.87 1.77 1.42
Burnet LLN Ksy 850 538.5 27.40 1429  7.00 421 2.94 2.06 1.59
Burnet LLN Ksy 820 539.0 3596 16.85 7.51 4.34 2.83 1.93 1.50
Burnet LLN Qal 800 539.5 8.77 3.74 2.25 1.70 1.36 1.15 0.92
Burnet LLN Kh 840 540.0 11.02  3.69 1.53 091 0.60 0.43 0.31
Burnet LLN Kh 870 540.5 13.97 5.78 2.81 1.72 1.14 0.81 0.58
Burnet LLN Kh 900 541.0 8.76 4.15 2.33 1.54 1.09 0.80 0.62
Burnet LLN Kerl 930 541.5 7.56 2.95 1.79 1.29 0.95 0.78 0.61
Burnet LLN Kgru 1060 542.0 20.25 6.90 1.48 0.48 0.30 0.29 0.28
Burnet LLN Kgru 1010 542.0 8.07 2.47 1.03 0.63 0.48 0.40 0.33

Site D: U.S. 290 between reference markers 536 and 563, Blanco and Hays Counties, Austin District.

Geologic*
atlas  Geologic Elevation Reference Normalized FWD deflection (mils)

County sheet unit (ft) marker Wi W2 W3 W4 W5 W6 W7
Blanco LLN Kgrl 1260 536.0 9.26 3.56 1.21 0.74 0.52 0.40 0.34
Blanco LLN Kerl 1250 536.5 13.05 5.73 2.78 2.12 1.43 0.89 0.72
Blanco LLN Kerl 1220 537.0 9.21 3.26 1.14 0.60 0.40 0.31 0.23
Blanco LLN Qal 1180 537.5 1042  4.62 2.22 1.25 0.86 0.64 0.52
Blanco LLN Kerl 1180 538.0 11.78  4.63 1.73 1.04 0.78 0.58 0.45
Blanco LLN Kgru 1210 538.5 6.05 3.47 2.22 1.50 1.03 0.78 0.59
Blanco LLN Kgru 1230 539.0 11.27  5.67 2.52 1.38 0.87 0.65 0.46
Blanco LLN Qal 1120 539.5 1585 7.56 3.45 1.94 1.25 0.90 0.68
Blanco LLN Kgru 1260 540.0 1232 495 1.95 1.16 0.78 0.57 0.44
Blanco LLN Kerl 1170 540.5 14.81 7.41 2.78 1.25 0.65 0.46 0.40
Blanco LLN Kgrl 1160 541.0 9.66 4.09 1.31 0.41 0.13 0.06 0.05
Blanco LLN Kgru 1220 541.5 1478  4.86 1.60 0.94 0.71 0.56 0.49

3 LLN=Llano; AUS=Austin
4 LLN=Llano; AUS=Austin
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Blanco LLN Kgru 1325 542.5 14.18 7.05 333 1.83 1.14 078 0.57
Blanco LLN Kgru 1330 543.0 1427 8.08 427  2.55 1.67 1.20  0.84
Blanco LLN Kgru 1330 543.5 10.80 545 227 1.11 0.63 039 025
Blanco LLN Kgru 1360 544.0 11.26 510 2.14 1.20  0.81 0.65 048
Hays LLN Kgru 1360 546.0 9.25  4.60 1.65 075 054 043 033
Hays LLN Kgru 1380 546.5 8.67 453 223 1.45 1.09 086  0.67
Hays LLN Kgru 1340 547.0 709 269 070 034 026 021 0.18
Hays LLN Kgru 1320 547.5 942 430 145 044 0.15 009 0.07
Hays LLN Kgru 1360 548.0 1258 597 227 1.14 077 055 043
Hays LLN Kgru 1300 548.5 874 391 128 0.60 043 034 0.30
Hays LLN Kgru 1320 549.0 997 519 258 1.66 1.28 1.05  0.87
Hays LLN Kgru 1330 549.5 1326 656 252 1.25 073 048 029
Hays LLN Kgru 1300 550.0 9.04 339 122 063 047 029 022
Hays LLN Kgru 1290 550.5 1290 7.05 282 1.31 0.78 059  0.50
Hays LLN Kgru 1300 551.0 12.10 566 204 079 034 0.18 0.11
Hays LLN Kgru 1280 551.5 7.44  3.29 128 076 054 043 036
Hays LLN Kgru 1290 552.0 1500 7.87  3.15 1.37 073 053 041
Hays LLN Kgru 1245 552.5 1091  4.87 1.84 1.08 0.74 053 040
Hays LLN Kgru 1210 553.0 1121 6.83 3838 242 1.61 1.11 0.80
Hays LLN Kgru 1190 553.5 17.08  8.01 2.83 .15 062 040 0.29
Hays LLN Kgru 1200 554.0 6.76  3.25 1.31 058 030 0.18 0.14
Hays LLN Kgru 1200 554.5 445 230 1.04  0.61 045 034 029
Hays LLN Kgru 1165 555.0 11.45 6.06 2.53 1.31 0.78 0.50 0.32
Hays LLN Kgru 1155 555.5 10.88  6.81 3.48 1.84 1.1IS 078  0.55
Hays LLN Kgru 1190 556.0 1060 597 237 086 030 0.13 0.07
Hays LLN Kgru 1260 556.5 7.39 4.57 2.28 1.04 0.42 0.17 0.05
Hays LLN Kgru 1240 557.0 11.08 6.77 3.21 1.60 091 0.73 0.59
Hays LLN Kgru 1210 557.5 9.08 4.89 193 098 070 0.62 0.52
Hays LLN Kgru 1249 558.0 565  3.21 148 0.69 035 023 0.16
Hays LLN Kgru 1245 558.5 1094 395 1.55 085 049 033 025
Hays LLN Kgru 1240 559.0 1829 947 323 1.01 0.33  0.21 0.14
Hays LLN Kgru 1250 559.5 11.44 579 241 125 082 060 047
Hays LLN Kgru 1240 560.0 8.42 4.53 2.01 1.06 0.68 0.51 0.40
Hays LLN Kft 1244 560.5 784 469 2.14 1.02 054 035 025
Hays AUS Kgru 1195 561.0 7.86 4.17 1.57 0.78 0.56 0.46 0.42
Hays AUS Kgru 1205 561.5 545  3.05 1.21 059 037 026 0.21
Hays AUS Kgru 1173 562.0 18.62  6.32 1.88 1.10  0.71 047 037
Hays AUS Kgru 1180 562.5 11.59 544 1.81 098  0.71 0.56 045
Site E: Texas 71 between reference markers 590 and 598, Bastrop County, Austin District.
Geologic?
atlas  Geologic Elevation Reference Normalized FWD deflection (mils)

County sheet unit (ft) marker Wi W2 W3 w4 W5 W6 W7
Bastrop AUS Qt 415 590.0 2896 1445 649  3.37 2.21 1.76 1.50
Bastrop AUS Qt 415 590.0 1353 959 615 414 294 223 1.80
Bastrop AUS Kknm 460 590.5 2280 14.02 8.10 521 3.81 3.05 252
Bastrop AUS Kknm 460 590.5 22.14  15.12 9.35 5.88 3.86 2.79 2.17
Bastrop AUS Qt 420 591.0 2485 1516 837 518 379 3.08 253
Bastrop AUS Qt 420 591.0 20.77 1541 10.14 680 462 336 263
Bastrop AUS Emi 425 591.5 1349  8.61 529 343 2.44 1.91 1.50
Bastrop AUS Emi 425 591.5 2792 1893 11.12 660 4.16 3.0l 2.35
Bastrop AUS Emi 460 592.0 1707 8.89 448 284 1.99 1.57 1.27
Bastrop AUS Emi 460 592.0 18.57 13.17 850 5.53 365 257 1.89
Bastrop AUS Emi 450 592.5 3857 23.67 1095 529 3.13 242 1.99

5 AUS=Austin
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