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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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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.

27



(a)
Qal alluvium

Kft Fort
Terrett Limestone

Kh Hensell Sand

Crh Hickory
Sandstone

Rock unit

pCy younger
granites

pCtm Town
Mountain Granite

pCps Packsaddle
Schist

pCvs Valley
Spring Gneiss

T T T T 1
0 1 2 3 4 5

Average W7 deflection (mils)

(b)

Qal alluvium

Kft Fort
Terrett Limestone

Kh Hensell
Sand

Crh Hickory
Sandstone

Rock unit

pCy younger
granites

pCtm Town
Mountain Granite

pCps Packsaddle
Schist

pCvs Valley
Spring Gneiss

0 10 20 30 40
W2:W7 deflection ratio

QAc851¢c

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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