MY

(\./

N

5

‘\

60

)
= 2et®




RESOURCES & TRANSPORTATION:

318t

Annual

HicawAY GEOLOGY SYMPOSIUM
PROCEEDINGS

Joe C. Thompson Conference Center
The University of Texas at Austin
Austin, Texas

Sponsored by
Bureau of Economic Geology B The University of Texas at Austin
S in cooperation with
Texas Department of Highways and Public Transportation B Austin, Texas



THIRTY-FIRST
ANNUAL HIGHWAY GEOLOGY SYMPOSIUM
PROCEEDINGS

Contents

Karst problems along Tennessee highways: an overview . . . . oo oo 1
by H. L. Moore

Impact of evaporite dissolution and collapse on cultural features in
the Texas Panhandle and eastern New Mexico . . . . « . + .+ . . . 29
by W. W. Simpkins, T. C. Gustavson, A. B. Alhades,
and A. D. Hoadley

Microearthquake studies in Texas « « + +« ¢« « ¢ « « o« o o o o . 57
by J. W. Sansom, Jr., and D. H. Shurbet

Characterization of shales by plasticity Timits, point load strength,

and S.‘ake durabi]ity . L] * L) L] . L] » . . L] L] L] L] L] L] e . L ] 65
by R. A. Abeyesekera and C. W. Lovell

The Texas Natural Resources Information System .
by John Wilson

The Geotechnical Data Bank . . . . . . . . . e + + « + e« e« 105
by T. Y. K. Lo and C. W. Lovell

Engineering petrography: highway applications . . . . .

e e e . W 121
by T. S. Patty

Evaluation of channel stream bank erosion in urbanizing watersheds

in the Blackland Prairie, North-Central Texas .
by P. M. Allen

137

The type area concept: a practical method of integrating natural

resources with planning, development, maintenance, and landscaping

of transportation systems . . . . . . . . . . . . . e« + <161
by J. C. Yelderman, Jr.

Drumlins as potential sources of sand and gravel in glaciated regions

. o171
by G. R. Whittecar and W. W. Simpkins.






KARST PROBLEMS ALONG TENNESSEE HIGHWAYS:
AN OVERVIEW
by
Harry L. Moore
Division of Soils and Geological Engineering
Tennessee Department of Transportation

Knoxville, Tennessee 37901

INTRODUCTION

Through the years Tennessee highways have been plagued with
numerous sinkhole-type collapses and repeated flooding in areas of
karst terrain. Some of these collapses have been catastrophic and
have presented challenging geotechnical engineering problems which,
in some cases, have resulted in unique solutions. These problems
have become more acute owing to continued rapid, unplanned commercial
and residential expansion into less favorable geologic sites such
as active karst areas. |

The numerous construction and maintenance problems along
Tennessee highways involving collapse and/or flooding bf the road-
way and adjacent areas are directly attributable to alterations
in ground-water flow and surface runoff.

The hydrology of the geologic setting is most instrumental in
affecting the surface stability in karst terrain. It is also
easily and constantly manipulated by mechanical means. Typically,
ground-water flows from one minute fracture to another and
eventually to open cavities. A network of solution-enlarged
joints and cracks results and it eventually coalesces into caverns
of varying dimensions. Surface water enters the ground-water

regime by percolating through residual clay soils down into fractures

of the underlying bedrock.



Problems that usually occur as a result of changes in the
ground-water regime involve (1) development or'enlargement of
sinkholes, collapse features, and cave entrances; (2) flooding
resulting from alteration of both the surface and subsurface
drainage systems; and (3) alteration of ground-water levels, spring
and well discharge rates, and other problems that are combinations
of all the above. In addition, flooding and other drainage problems
must be recognized as significant both in litigation that may occur
as a result of the flooding damage and in the formulation of remedial

concepts.

GEOGRAPHIC DISTRIBUTION OF KARST PROBLEMS

Sinkholes, depressions, sinking creeks, and cave entrances
are the surface reflection of rigo?ous subsurface solution activity.
Figure 1 illustrates the geographic distribution of numerous zones
of karst-related characteristics across Tennéssee.

Karst-related geotechnical engineering problems in Tennessee
are confined to three major physiographic provinces: the Valley
and Ridge, the Highland Rim, and the Nashville Basin (fig. 2).
Within these provinces are disbribution zones that reflect areas
of intense solution activity.

In the Valley and Ridgé province, karst-related characteristics
are zoned into bands reflecting strike belts of carbonate strata
such as the Sequatchie Valley.

The next zone that can be delineated is a belt along and
parallel to the western Cumberland Plateau escarpment. It is a
few miles wide and runs longitudinally from the northern to the

southern Tennessee border.



@ Nashville 7 - o
~ Chattanooga - KARST AREA

- Knoxville

Figure 1. The geographic distribution of karst areas in Tennessee.
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Another zone of intense karst actiyity characterized by
numerous caves is along the eastern Highland Rim escarpment where
it joins the Nashville Basin. This area is parallel to the karst
zone along the western Cumberland Plateau escarpment.

The karst area to the west, which encompasses the Nashville
Basin and western Highland Rim, is arranged in belts coinciding
with the drainage areas of the Cumberland, Duck, and Elk Rivers.
The location of these karst belts may be related directly to the
general joint system of the Nashville Dome.

Generally, there is a geographic distribution of karst-type
problems and characteristics that correspond to specific topographic

features across Tennessee.

GEOLOGIC DISTRIBUTION OF KARST PROBLEMS

In addition to geographic distribution, karst problems also
have a geologic distribution across Tennessee. Certain geologic
formations contain more caves, sinkholes, depressions, and other
karst characteristics than do other geologic formations.

In areas of karst development, cave systems are the focus of
intense solution activity and are reliable indicators of areas
prone to karst-type geotechnical engineering problems. Using
cave location data from Barr (1961) Matthews (1971), and loore (1973), a
calculation can be made of the geologic distribution of caves.
Given a total of 1002 cave locations, the Monteagle Formation
contains 23.2 percent of the known caves in Tennessee (fig. 3).
Following the Monteagle Formation are the Knox Group (8.9 percent),
Bigby-Cannon Formation (8.2 percent), Catheys Formation (7.7 percent),
Bangor Formation (7.1 percent), Warsaw Formation (6.3 percent),
and the Saint.Louis Formation (5.3 percent). Small percentages

are found in a number of other formations.



GEOLOGIC FORMATION VALLEY & HIGHLAND NASHVILLE % OF KNOWN
AGE RIDGE RIM BASIN CAVES

Bangor X 7.1
Monteagle X 23.2

Mississippian St. Louis X 53
Warsaw X 6.3
Ft. Payne X 3.7
Lepiers X 2.0
Catheys X 7.7

Ordovician Bigby-Cannon X 8.2
Ridley X 2.3
Knox GP. 8.9

Cambrian Copper Ridge X 2.9

Pre ~Cambrian

Through

Mississippian (32 other formations) X X X 2.4

Figure 3.

General geologic distribution of caves in Tennessee.
involving highways and other types of construction can be expected when working
in the strata of these formations.

Karst problems



Karst-related geotechnical engineering problems in the Valley
and Ridge of East Tennessee are principally fouhd in either the
Knox Group (and equivalent formations) or the Holston Formation.
Along the Highland Rim, most karst problems are found in the
Bangor, Monteagle, and Warsaw Formations. In the Nashville Basin
the Bigby-Cannon, Catheys, Ridley, and Lebanon Formations contain
most of the carbonate solution problems experienced in geotechncial

engineering.

TYPES OF KARST PROBLEMS
Introduction

Karst-related difficulties documented by the Tennessee
Department of Transportation occur in both Middle and East
Tennessee. Sinkholes, caves, depressions, and other karst features
can greatly affect highways and are recognized as areas of
potential instability. Most of the karst-type problems in
Tennessee are grouped into collapse-type failures or drainage-
related problems. Additionally, there is always the potential for

litigation, which often accompanies these karst-related problems.

Collapse

Although collapse failures are usually the result of certain
karst drainage problems, they are unique in their immediate
effects.

Collapse failures along transportation routes in Tennessee
can be any of the following types: <collapse of roadway surfaces
and cutslopes, collapse in ditchlines and relocated creek
channels, collapse failures involving structure foundations, and

combinations of the above.



In most cases collapses of roadway surfaces (dropouts) occur
in cut sections of the highway, especially where excavation has
approached the soil-rock interface (fig. 4). These dropouts are
usually circular and of varying size with a lTimestone pinnacle
visable in the Tower parts of the dropout.

Collapse failures in the roadway surface are second only to
dropouts in ditchlines and relocated channels (fig. 5). These
are by far the most common of the collapse problems reported to the
Tennessee Department of Transportation.

Two factors seem to govern the actual jncidence of karst-
related dropouts in ditcﬁ]ines and relocated channels: first,
surface drainage being allowed to stand or to drain slowly from
unpaved ditches, and second, the exposure of suddenly large quantities
of water to freshly excavated ditches and relocated channels. In
addition to seepage and erosion, a third, lTess common, cause of
collapse is surface water piped directly into caves adjacent to
or in ditchiines.

In most cases these dropouts are éircu]ar to irregularly
shaped and involve solution cavities that intercept and drain
the ditch or channel. Solution cavities exposed in ditchline
dropouts are generally less than 66 to 95 cm (24 to 36 inches) in
diameter whereas the actual surface depression may be 3 to 4
m (10 to 12 ft.).

A less frequent occurrence of collapse features involves
structure foundations. Detailed Tocal drilling investigations
prior to construction usually delineate such potential problems.

In Tennessee the settlement of residual soil around piling
is the most common karst-type failure associated with structures

(fig. 6). Pilings, with point bearing on cavernous strata, act
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ROADWAY SURFACE
COLLAPSE

I-40
LOUDON COUNTY

Figure 4. This schematic drawing illustrates a typical roadway surface collapse

in karst terrain. These types of collapses have plagued a section of I-40 in
Loudon County.

DITCHLINE COLLAPSE

STATE ROUTE 34
HAMBLEN COUNTY

Figure 5. The occurrence of collapse failures in the ditchlines of roadways and
drainage channels in karst areas are usually the result of increased seepage
pressures which tend to weaken soil strength parameters.



KARST PIPING
FAILURE AROUND
FOUNDATION PILING
1-640

KNOX CO.

Figure 6. The collapse and/or settlement of bridge abutments and pier footings
into underlying voids in the soil created by the internal erosion of soil around
foundation piling can be a major problem in karst areas.
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as focus areas for infiltrating water. Extending to a "bottom

outlet" such as a cave or fracture in the rock, the erosion of

the residual soil occurs by way of the infiltrating water around

the piling. The collapse and/or settlement of bridge abutments and

pier footings into underlying voids in the soil is the result (fig. 7).
Most collapse-type karst problems along Tennessee highways

involve a combination of both ditchline and/or channel collapses

and roadway collapses. It has been the Department's experience

that usually a dropout will occur in the ditchline first; After-

ward, if the ditchline dropout is not corrected, a collapse in

the roadway adjacent to the initial collapse will occur. Experience

has shown that most of the collapse dropouts result after moderate

to heavy periods of precipitation, which may occur at any time

during the year but are more frequent in the spring.

Drainage

Understanding the surface and subsurface drainage patterns
and characteristics in karst areas is mandatory in developing
applicable remedial concepts for damaged highway sections.

Drainage problems experienced in karst areas along Tennessee
highways primarily involve flooding of depressions and sinkholes
(fig. 8). Secondarily, the drainage problems involve surface
drainage being directed into and away from sinkholes and depressions.
Flooding of the highway is the main result of karst drainage
problems, but collapses or dropouts can be precipitated from the
flood waters.

In recent years, commercial and residential development in
outlying rural areas has had a dramatic impact on the highways

constructed through depressions and sinkholes. One of the

11
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Figure 7. This series of schematic drawings illustrates a hypothetical karst
type collapse associated with structure foundations (Note the internal erosion
of soil around the piling).
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SINKHOLE FLOODING

~ STATE ROUTE 1
HAWKINS COUNTY

gram illustrates how a section of Tennessee
Yy is periodically flooded by elevated water table

This schematic block dia
conditions in sinkholes and depressions.

State Route 1 in Hawkins Count

Figure 8.
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greatest potential problems is flooding. Clogged cave entrances or
sinkholes and an elevated water table are usually the secondary
cause of flooding, the primary one being precipitation.

The sinkholes and depressions that affect highways are
variable in size and number. Most depressions and sinkholes are
usually 5 acres or less in size but a few have drainage areas of
over 50 acres.

Directing surrounding drainage into a nearby cave or sinkhole
adjacent to a roadway can lead to serious consequences. If the
cave entrance becomes obstructed, surface runoff can quickly back
up and flood the adjacent highway. Continued discharging of
surface runoff into sinkholes and caves can create extensive
subsurface voids, some located beneath highway surfaces, resulting
in collapses or dropouts in the roadway.

In summary, there are two main types okaarst problems
experienced along Tennessee highways. They 1nciude first,
collapses or dropouts, and second, drainage involving both flooding
and collapses. Collapse-type problems include roadway surface
collapses, ditchline or relocated channel collapses and structure
foundation collapses. Drainage problems usually include flooding
of highways constructed through depressions and sinkholes, and
directing surface drainage into and away from adjacent depressions

and sinkholes.

REMEDIAL MEASURES
Correcting karst-reltated geotechnical problems often involves
the use of innovative ideas that are modified to fit the site
conditions. Each karst problem will have a unique cause and

solution.

14



Identifying the cause of a karst problem is as fundamental as
correcting the problem itself. To develop proper remedial concepts
for karst-related problems, certain key information must be
acquired. This might include identifying: (1) source of surface
water; (2) direction of subsurface waterflow; (3) attitude of
rock strata; (4) water table elevation; and (5) drainage area.

Remedial measures used in correcting karst-related problems
may be divided into three areas: bridging, drainage,, and relocation.
The techniques used in bridging may include rock pads and fills,
rock backfill, concrete structures, and grouting. Remedial
measures used in drainage might include alteration of the existing
drainage by the use of paved ditches, special ditches, plastic
overlays, pumps, horizontal drains, and the maintenance of obstructed
sinkhole entrances. Although not widely used, relocation of the

highway facility around a karst area is a viable corrective measure.

Bridging

The most common type of remedial measure used in Tennessee
for karst problems is bridging. A bridging technique, commonly
recommended, consists of a limestone rock pad used to span an
area of intense solution activity. Such was the case on a section
of Tennessee State Route 1 (U. S. 11-W) in Hawkins County where
a new four-lane section of State Route 1 was constructed over
an area of active sinkholes (fig. 9). A 5 ft. thick rock pad
and a special drainage ditch were designed and constructed to
"bridge” this karst area (fig. 10). This rock pad provided
stability for the highway by allowing ground water to flow freely
from the sinkholes to a special channel and box culvert.

The rock pad constructéd over this sinkhole area has a

15



Figure 9. Limestone outcrops and sinkholes characterize portions of the
topography through which Tennessee S. R. 1 was constructed in Hawkins County.

717450

7n7+00

“ROCK PAD"

TYPICAL SECTIONS OF "ROCK PAD" TREATMENT OF DOLINE STRUCTURES
U.S. 1MW, HAWKINS COUNTY,TENNESSEE

RESIDUAL CLAY SOILS % 1260

GROUNDLINE

L ROADWAY FILL

PROPDSED RQADWAY SUBGRACE

“1270

1260
CARBONATE STRATA!

CHOKE STONE BLANKET RESIDUAL CLAY SOILS

“HOCK FAD®

SPECIAL DRAINACE
IHCORPORATED WITKIN RQCK PAD.

CARBONATE STRATA

SPECIFICATIONS FOR ROCK PAD:

. STONE FORROCK PAD CONSTRUCTION SHOULD BE Lmssmns FREE FNOM SHALE OR CLAY WITH HOT MORE THAN 0% PASSING THE 2" SCREEN;
AND WITH AT LEAST 50 % BEING BETWEEN | AND 3 FEET Al EATEST DIMENSIO

. A12" THICK CHOKE PAD OF NO 2 STONE IS RECOMMENDED YOSE ru\c:s ON TOP OF THE ROCK PAD. THIS CHOKE STONE BLANKET 1S TO PREVENT
FINES FROM OVERLYING CLAY FILL FROM BEING STOPED 3Y YIATER MOVING WITHIN THE ROCK PAD
THE DEPRESSIONS CENYEHED ARGUND STATION 717450 SHOULD, T IS RECOMMENDED, BE INTERCONNECTED WITH “FRENCH DRAIN" TYFE DRAINAGE
DITCHES. THESE 5™ SHOULL: BE CRANNELED INTO ONE SPECIAL DITCH, DRAINING TO THE LEFT SIDE OF THE FILL #HERE DRAINAGE WILL BE
CHANNELED INTO |'NE AD.IACEMY BOX CULVERT
IT 15 RECOMMENDED THAT A SPECIAL DITCH (* FRENCH DRAIN"-TYPE) E PROVIDED FOR THE ACTIVE SINKHOLE LEFT OF CENTERUNE. THE DRAINAGE
SHOULD BE DIRECTED TO THE LEFT SIDE OF THi
OUE 70 THE JARJABLE MATURE OF THE GEQLOGIC -‘\NU GEOMORFHIC SETTING, SPECIFIC STATION INTERVALS RECUIRING SPECIAL TREATMENT WL
VARY FROM WHET 1S SHOWR ON THE PLANS AND SHOULD BE AS DIRECTED IN THE FIELG BY THE ENGINEER.

w N -

>

Figure 10. These schematic drawings illustrate the use of free draining rock
pads for embankments constructed through karst terrain along a section of
Tennessee State Route 1 (US 11-W), Hawkins County.
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minimum thickness of 5 ft. and meets the following rock specifications:

Rock pad material shall consist of sound, non-degradable

limestone with a maximum size of 3 ft. and be free of

shale and/or clay; at least 50 percent (by volume) of

the rock shall be uniformly distributed between 1 foot

and 3 ft. in diameter, and no greater than 10 percent

(by volume) shall be less than 2 inches in diameter; the

rock material shall be roughly equi-dimensional; thin

slabby material will not be accepted.

Another type of bridging technique that is widely used for
correcting collapses involves the use of a chunk rock backfiltl.
The rock backfill differs from the rock pad material in that no
specifications are involved in the rock backfill. Small stone to
chunk rock may be used.

The rock backfill concept involves excavation of the failed
material. After the collapse is cleaned out, chunk limestone is
then backfilled into the excavation. Finally, the chunk backfill
is capped with a choker pad of smaller stone to prevent overlying
fines from filtering down into the chunk rock. Occasionally,

a concrete slurry is used to seal the backfill material.

Rock backfill is widely used in most of Tennessee where
limestone is readily available. Although this concept is not a
cure-all for collapse type karst problems, rock backfill has proven
to be the most cost-effective procedure to date.

Concrete grouting with high-slump slurry-concrete of karst--
type collapse as a remedial concept is often considered and some-
times employed. A common type of failure in which cement grouting
is used involves the removal of soil fines from around piling due

to piping into an underlying solution cavity. One such case

17



involved a bridge pier footing on a section of I-24 at the S. R.

76 interchange in Montgomery County (fig..11). - This section of
I-24 was constructed over an extreme karst area of upper Middle
Tennessee. On October 1, 1975, after a period of heavy
precipitation a collapse structure developed beneath the east

pier of the 1-24 structure over S. R. 76. Upon investigation, it
was discovered that the foundation piles (some on bedrock) provided
channels that facilitated percolation of surface water entering the
collapse area around the pile cap. |

It was decided that a series of deep, cement-grouted holes would
help seal off the solution cavities along the soil-rock interface.
Several holes were drilled into the soil beneath the pile cap and
then pressure grouted with a cement slurry. The cement grout
should prevent subsurface erosion above the water table due to
water table fluctuation. After the grouting was complete, a rock
backfill plug was installed at the base of the pier. Finally, soil
was backfilled around the exposed piling and compacted.

In some cases where field conditions warrant, a fourth type of
bridging, one involving the use of concrete structures, may be
used. This concept may entail the construction of (1) a free
spanning highway concrete bridge; (2) a concrete bridge with the
deck constructed right on the ground surface (commonly cai]ed a
"Muck Trestle"); (3) drilled cast-in-place concrete piers; or (4)

a concrete slab over the subsurface opening.

An often recommended but as yet untried concept in relation
to structure foundations in cavernous strata is the use of drilled
cast-in-place piers (caisson). Where soluble limestone strata
occur beneath a river channel, numerous cavities exist, some clay

filled and some void. In some instances a series of solution

18



Figure 11. Karst collapse failures around the piling of foundations. The
failure pictured above involves a bridge pier footing on a section of I-24 at
the S. R. 76 interchange in Montgomery County.

19



cavities may extend downward to depths of over 100 ft. Excessively
deep cavernous strata make excavation prohibifive.

Another technique that may be used in bridging a severe karst
problem entails the construction of a ground-level bridge called
a "Muck Trestle" (fig. 12). The "Muck Trestle" bridge is currently
being considered for a severe karst-related flooding and dropout

problem in Hamblen County along State Route 34 near Morristown.

It is envisioned that the "Muck Trestle" would span a 200-foot
section of highway plagued with collapse features. It is theorized
that when dropouts occur beneath the "Muck Trestle" the concrete
deck will span the collapse opening.

Another remedial concept developed for this karst problem in
Hamblen County entails the constrﬁction of an at-grade aquaduct
system spanning a 1 1/2-mile section of the karst area. This would
provide positive drainage from the overtaxed karst drainage area
to nearby Panther Creek. Either concept is considered costly;
estimates range to over one million dollars.

Another bridging technique that has been employed in Tennessee
karst areas involves the use of Time stabilization. One such case
involved the development of a collapse structure on the shoulder
of the westbound lane of I-24 in Montgomery County near Station
363+00 during the spring of 1976. It was found that surface
seepage pressures were responsible for this collapse. The soil
thickness, the apparent position of the water table, and the topo-
graphic expression relative to the roadway geometry led to this
situation.

The actual remedy consisted of undercutting 1.2 to 2 m

(4 to 6 ft.)-of soil through the sink area, treating the base of

20



"MUCK TRESTLE" BRIDGING CONCEPT
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THIS SCHEMATIC DIAGRAM DEPICTS THE USE OF A STEEL
REINFORCED CONCRETE STRUCTURE ("MUCK TRESTLE" CONCEPT) TO SPAN
AN AREA OF INTENSE SOLUTION ACTIVITY AND COLLAPSE STRUCTURES.

Figure 12. The "Muck Trestle" bridging concept considered for use in spanning a
severe collapse problem on S. R. 34 in Hamblen County.
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the excavation with 5 percent hydrated lime, backfilling and lime
treating two additional 0.6 to 1 m (2 to 3 ft.) 1ifts of clay soil,
crowning the entire sink area with 0.6 to 1.2 m (2 to 4 ft.) of
clay soil, re-routing the drainage around the sink, and finally
heavily seeding and mulching the entire area. Hydrated lime was
used to seal the sink area from surface seepage pressures. This
procedure, which used 48 tons of lime and treated three 13,000 ft.?2
Tifts, was completed in one day. To date the treated area remains

stable.

Drainage

The development of proper drainage systems for highways
constructed across karst terrain is fundamental in effecting
highway stability.

The most common technique used in drainage involves the
alteration of an existing drainage system. This may include
directing surface runoff into a sinkhole, re-routing runoff away
from a sinkhole, or constructing special channels or ditches to
do either.

Another common technique of drainage control involves the use
of paved ditches. It is estimated that over 90 percent of the
collapse type karst problems occur in sodded ditchlines (with a
gradient of less than 3 percent). Unpaved ditches provide for
increased seepage pressures, which may result in supsurface
erosion and finally collapse. During the past few years, geo-
technical design data provided to road designers have included
such items as paved ditches in karst areas or in areas underlain
by geologic formations known to be prone to cavity development.

This procedure of treating the problem before-the-fact should

22



help eliminate such karst problems.

Some drainage problems entail the use of ﬁ]astic polyethylene
overlays. This provides an impermeable barrier preventing seepage
pressures from developing and sealing the subsurface in that area
from direct moisture.

Although the use of self-actuating centrifugal pumps has
not been employed in Tennessee, the concept has merit. The main
drawback to using pumps to discharge collected runoff along
roadways located in depressions involves their maintenance. The
possibility of the pumps being neglected or overlooked due to
other maintenance projects has been the main issue in not utilizing
them.

In several karst areas across the State of Tennessee situations
require the continued maintenance of sinkhb]e cave entrances to
prevent flooding. Although this may seem to be troublesome or to
indicate poor engineering, there may simply be no other alternative.

Sinkholes clogged with debris such as garbage, car bodies,
discarded home appliances, and animal carcasses, are a hazard to
the public because they flood the highways and they also pollute
the ground-water regime from which drinking water is taken.

A serious situation involving highway embankments, if left
untreated, is the water damage generated by the activity of springs.
The purpose of any remedial concept dealing with springs is to
confine the water and provide an outlet. It has been the Department's
experience that using a crushed stone French drain, reinforced with
perforated under-drain pipe, is the most cost-effective method of
treatment of springs.

One such project involves a part of I-640 in Knox County where
a large six-lane embankment, some 19 to 22 m (60-80 ft.) high, was

23



constructed over an area underlain by numerous active springs.
These springs yielded flows varying from about 1 to over 10
gallons per minute (gpm). During the initial construction, 11
springs were located within the lTimits of the embankment, which
was 272 m (1,000 ft.) long. A series of French drains was installed
from the spring sources to areas that would be outside of the
embankment. These trenches were backfilled up to 1.3 to 1.8 m
(4 to 5 ft.) in thickness with 5-cm (2-inch) stone (common septic
drainfield stone). The trenches were again excavated, but only
through a part of the backfill stone so that perforated underdrain
pipe could be installed (fig. 13). After the backfill stone was
placed over the perforated pipe,embankment construction proceeded.
These perforated pipe-reinforced French drains are effectively
providing drainage for these springs (fig. 14).

Using drainage as a remedial measure for karst-related
problems can be most effective. For some conditions, it is the

only concept applicable.

Relocation

A number of highway problems involve karst situations in which
the best remedy would be relocation of the roadway facility.
However, economy must be considered, and as a result most established
highways constructed in karst areas cannot be economically relocated.
This is not to rule out the relocation concept. In Tennessee,
highway location programs are effectively using geotechnical data
for evaluating highway alignments situated in karst areas. As a
result, several proposed highway alignments that were initially
located in severe karst.terrain have been relocated.

As stated earlier, most remedial work on karst problems
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Figure 13. Perforated pipe reinforced
French drains have been used with great
success in draining springs along a part
of I-640 in east Knox County.

Figure 14. French drains reinforced with
perforated underdrain pipe are used
effectively to drain karst areas with
numerous springs. ITlustrated above is
the installation of a French drain which
will provide drainage for one of eleven
springs located beneath a fill section of
I-640 in Knox County.
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usually involves the combination of one or more of the techniques
or concepts discussed. Bridging, drainage and relocation have been
the three methods used by the Tennessee Department of Transportation

to correct or prevent karst problems.

SUMMARY

In Tennessee, karst features such as sinkholes, depressions,
ponors, uvalas, caves, and fluted-pinnacle-type limestone outcrops
are generally found in three physiographic provinces: the Valley
and Ridge, Highland Rim, and Nashville Basin. Karst-related
geotechnical engineering problems have been experienced in all of
the provinces.

Most of the highway-related karst problems experienced in
Tennessee have a specific geologic distribution pattern that
coincides with the incidence of known caves and sinkholes and/or
depressions. Geologic formations that are prone to intense solution
activity include the Knox Group and the Monteagle, Bigby-Cannon,
Catheys, Bangor, Warsaw, Saint Louis, and Holston Formations.

Karst-related geotechnical engineering problems in the Valley
and Ridge of East Tennessee are principally found in either the
Knox Group (and equivalent formations) or the Holston Formation.
Along the Highland Rim, most karst problems are found in the
Bangor, Monteagle, and Warsaw Formations. In the Nashville Basin
the Bigby-Cannon, Catheys, Ridley, and Lebanon Formations contain
most of the carbonate solution problems experienced in geotechnical
engineering.

Most of the karst-type problems experienced along
Tennessee highways are grouped into collapse-type failures or

drainage-related problems. Collapse problems may involve the
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roadway surface, ditchlines, structure foundations, or a combination
of the above. Drainage problems may include (T) the flooding of
sinkholes, depressions, and adjacent highways and residential and
commercial areas; (2) the manipulation of drainage into and away
from sinkholes and depressions resulting in f]ooding; collapse
features, and the effect on springs and wells; and (3) a combination
of drainage and collapse problems.

Remedial measures used by the Tennessee Department of
Transportation in correcting these karst problems can be classed
into one of the following categories: bridging, drainage, or
relocation. Bridging techniques may include the use of rock pads
and fills, rock backfill, concrete grouting, concrete structures,
and chemical stabilization. Drainage may include the alteration of
existing drainage features, the use of paved ditches, plastic over-
lays, pumps, horizontal drains, maintenance of obstructed sinkhole
entrances, and the appropriate treatment of springs. Relocation
entails moving a segment of roadway to bypass a karst area. In
many cases, combinations of the above techniques are required
for satisfactory treatment of karst-related problems.

In Tennessee the Department of Transportation is effectively
using geotechnical personnel to develop innovative remedies to
karst problems. In the past, geotechnical input into karst-
related highway problems was on an after-the-fact basis. At
present, geotechnical expertise is being utilized at the programming,
lTocation, and design phases as well as in the construction and
maintenance phases. This before-the-fact involvement in identifying
and controlling karst-related problems has heightened the effect-

iveness of highway engineering in Tennessee.
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IMPACT OF EVAPORITE DISSOLUTION AND COLLAPSE ON
HIGHWAYS AND OTHER CULTURAL FEATURES IN THE
TEXAS PANHANDLE AND EASTERN NEW MEXICO1

by

William W. Simpkins, Thomas C. Gustavson,
Alan B. Alhades, and Ann D. Hoadley
Bureau of Econom1c Geology
The University of Texas at Austin

INTRODUCTION

Thick sequences of Permian evaporites that are both highly soluble (halite)
and moderately soluble (anhydrite and gypsum) compose a significant part of the
sedimentary fill in the Permian Basin of the southwestern United States. The
Bureau of Economic Geology, The University of Texas at Austin, has been studying
evaporite dissolution in the Texas Panhandle since 1977 as part of a compre-
hensive analysis of Permian salt as a potential site for isolation of nuclear
wastes. As part of this study, Gustavson and others (1980b) have determined that
pre-Holocene and Holocene dissolution of Permian bedded salts of the Palo Duro,
Dalhart, and Anadarko Basins is a major factor in the development of the Texas
Panhandle landscape. Sinkholes, collapse depressions, fractures, and faults are
common surface manifestations of subsurface dissolution.

This process of dissolution and collapse directly affects highways that

traverse parts of the Texas Panhandle and eastern New Mexico. This first became

lPubhshed by permission of the Director, Bureau of Economic Geology, The
University of Texas at Austin, Austin, Texas 78712
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evident to us when investigating the faults along FM 2639 in Hall County, Texas.
Further investigations employing questionnaires and field work confirm highway
damage due to subsidence and faulting over the zone of salt dissolution. Large
reservoirs and stock tanks are also affected to a lesser degree.

Highways occupy only a small part of the total land surface in the Texas
Panhandle and eastern New Mexico. The number of collapse features and faults
observed near and on highway right-of-ways suggests that they are widespread in
fenced, privately owned land not traversed by highways. Thus, the phenomena de-
scribed in this paper are only a small fraction of the total number in the
region,

Major physiographic features in the study area include the Northern and
Southern High Plains surfaces (Llano Estacado), the Caprock Escarpment, and the
Rolling Plains and Pecos Plains to the east and west, respectively (fig. 1). The
High Plains is divided into north and south sections by the valley of the
Canadian River, termed the Canadian Breaks. The High Plains surface is developed
on the late Tertiary Ogallala Formation, the remnants of a large alluvial plain
that originated in the Sangre de Cristo Mountains and Pedernal Hills in New
Mexico and spread eastward across the Texas Panhandie (Seni, 1980). The Ogallala
Formation is now overlain in most areas by eolian cover sand. The High Plains
surface and underlying Ogallala Formation and Dockum Group are truncated by the
Caprock Escarpment, an erosional scarp which in Texas has retreated Westward to
its present position since Tertiary time. A similar escarpment, the southern
part of which is known as the Mescalero Ridge, forms the western rim of the High
Plains in eastern New Mexico. The Caprock Escarpment is supported by massive
caliche zones within the uppermost part of the Ogallala Formation and to some
extent by indurated sandstones in the upper part of the Triassic Dockum Group.

Vertical relief on the escarpment locally exceeds 300 m (1,000 ft). East of the
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Figure 1. Physiographic units of the Texas Panhandle and eastern New Mexico
(from Gustavson and others, 1980b).
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Caprock Escarpment lies the Rolling Plains, a gently rolling surface developed on
structurally disturbed Permian red beds. The Pecos River Plains lies west of the
Caprock Escarpment in New Mexico, and the Edwards Plateau merges with the High

Plains surface to the south.

GEOLOGIC SETTING

Major tectonic elements of the Texas Panhandle, eastern New Mexico, and
western Oklahoma (fig. 2) have been discussed elsewhere by Nicholson (1960) and
Johnson (1976). These elements, the Palo Duro, Dalhart, and Anadarko Basins, the
Amarillo-Wichita uplifts, Matador Arch, and Oldham Nose, were tectonically
active from Tate Mississippian to mid-Permian time. Fault displacements since
late Permian have been identified, but the total extent of post-Permian displace-
ments is unknown (A. Goldstein, personal communication, 1980).

Salt, gypsum, anhydrite, mudstone, sandstone, dolomite, and 1limestone make

up the Permian strata in the Palo Duro, Anadarko, and Dé]hart Basins (Dutton and
others, 1979). Apart from areas of dissolution, evaporites compose 50 to 75
percent of the Upper Permian section in the basins (M. Presley, personal com-
munication, 1980). This percentage of evaporites decreases toward basin margins
because of increased terrigenous sediment and extensive evaporite dissolution.
In the Panhandle, evaporite and associated carbonate rocks display facies that
grade from supratidal environments in the north to subtidal environments in the
south. From north to south Tithofacies include upper sabkha salts, lower sabkha
anhydrites, supratidal to subtidal dolomites, and subtidal carbonates. Red beds
occur as sheets of basin-edge mudstones and fine-grained sandstones that inter-
tongue basinward with dolomite-evaporites (Dutton and others, 1979).

There are seven salt-bearing units within the Anadarko, Dalhart, and Palo

Duro Basins. These are the Salado, Seven Rivers, upper and lower San Andres,
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Figure 2. Major structural elements of the Texas Panhandle (after Nicholson,
1960).. _
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Glorieta, and upper and lower Clear Fork Formations, which lie at depths between
150 and 757 m (500 and 2,500 ft). Stratigraphic names of some of these units
change from basin to basin (fig. 3). Except for the lower Clear Fork Formation,
all of the salt units are undergoing regional dissolution. Stratigraphically
higher (shallower) salt beds are dissolved progressively farther toward the
center of the Palo Duro Basin (fig. 4). Relatively fresh, undersaturated ground
water migrating down to the salt beds is the agent of dissolution; thus, the
shallowest salt beds have been the most affected by the dissolution process.
Anhydrite, hydrated to gypsum near the land surface, is also undergoing dissolu-
tion, but apparently gypsum dissolution occurs only at or near the surface

(Gustavson and others, 1980b).

PREVIOUS WORK

Subsurface dissolution of Permian bedded salt has been recognized since
Johnson (1901) first suggested that this process accounts for the structure of
the Meade Basin in southwestern Kansas. Lee (1923) and Morgan (1941) suggested
that the present course of the Pecos River in eastern New Mexico is a result of
the interconnection of solution troughs along that course. Fiedler and Nye
(1933) described solution phenomena in the Roswell Artesian Basin. Adams (1963),
Jordan and Vosberg (1963), Brown (1967), Hills (1968), Bachman and Johnson
(1973), and Johnson (1976) have all attributed the thinning of subsurface evapor-
ite sequences to the dissolution process.

Surface manifestations of subsurface dissolution have been described in
eastern New Mexico and the Téxas Panhandle. Kelley (1972) and Sweeting (1972)
discussed the geologic setting of Santa Rosa, New Mexico, which occurs in a large
collapse sink. Jones (1973) reported several depressions in the Los Medanos area

of southeast New Mexico, including the San Simon Swale, Nash Draw, and Clayton
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Basin. He attributed these depressions to the dissolution of salt, gypsum, and
anhydrite in the subsurface. Vine (1976) described breccia pipes ascribed to
salt dissolution in the same region. Anderson (1978) documented geomorphic
features such as domes, sinkholes, and depressions in southeastern New Mexico,
and attributed them to dissolution of salt and other soluble minerals within the
(Upper Permian) Ochoan Series.

In the Texas Panhandle, dissolution of Permian salt beds within the Palo
Duro, Dalhart, and Anadarko Basins has been discussed by Johnson (1976), Dutton
and others (1979), Gustavson and Finley (1979), and Gustavson and others (1978,
1979, 1980a, 1980b, 1980c). Karst features attributed mainly to gypsum dissolu-
tion have been studied by Miotke (1969), Smith (1969), and Baker (1977).

SURFACE DISSOLUTION FEATURES AND EFFECTS

Extensive Holocene karstification related to evaporite dissolution has been
documented in Hall County, Texas, by Gustavson and others (1980a), who used
several vintages of aerial photography to identify over 400 total sinkholes and
collapse depressions and 11 faults or fractures. Thirty-six sinkholes and two
depressions formed between 1940 and 1979 within a 307 km2 (120 miz) test area
defined by the availability of a sequence of aerial photography during that time
period. These sinkholes are generally circular to oval in plan view, and may be
100 m (330 ft) in diameter and 15 m (50 ft) deep. Sinkholes have vertical walls
when formed (fig. 5), but by mass wasting and siope processes the vertical walls
degrade to form a more stable, gentler slope. The stabilizing process is some-
what accelerated if the sinkhole is filled with water. Collapse depressions are
broad, shallow, internally drained depressions which, in contrast to sinkholes,
have no steep vertical sides and are generally larger and more oval in plan view.

Lengths up to 2.4 km (1.5 mi) have been observed in the study area. Fractures
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Figure 5.

Sinkhole located near U.S. Highway 287, 6.4 km (4 mi) northwest of
Estelline in Hall County, Texas.

The feature is approximately 10.6 m (35 ft)
wide and 7.5 m (25 ft) deep.
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and faults resulting from dissolution are recognized from aerial photographs as

offsets in highways (faults) and open fractures in cultivated fields. A1l
fractures and faults identified in Hall County trend between N 25° E and N 50° E.

To determine the extent of collapse features, fractures, and faults in other
areas of the Panhandle region, a questionnaire was sent to each county Soil
Conservation Service (SCS) and Agricultural Stabilization and Conservation
Service (ASCS) office in the Texas Panhandle and eastern New Mexico. Conversa-
tions with representatives of these agencies in Hall County, Texas, revealed
their thorough knowledge of sinkholes, collapse depressions, fractures, and
faults in that county. We hoped that in other counties these agencies would also
be familiar with such features. Of 54 counties in the study region, there was at
least one response by representatives of 98 percent of the counties and 2 re-
sponses were returned by representatives of 70 percent of the counties. In 37
percent of the reporting counties, SCS and ASCS agents knew of sinkholes,

collapse depressions, fractures, and/or faults.
Effect on Highways

For those counties in which collapse features, fractures, and faults were
recognized by SCS and ASCS personnel (37 percent of total counties), additional
questionnaires were sent to representatives of the Texas Department of Highways
and Public Transportation and the New Mexico State Highway Department. The
purpose of the second questionnaire was to determine if the development of
collapse features, fractures, and faults was a recognized problem among those who
construct and maintain highways. Results of that questionnaire, shown diagram-
matically in figure 6, demonstrate that such features are recognized by highway
personnel in 38 percent of those counties which responded positively to the first

questionnaire sent to SCS and ASCS personnel. The responses from highway person-
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EXPLANATION

SINKHOLES/FRACTURES

NO SINKHOLES/FRACTURES

Figure 6. Distribution of collapse features, fractures, and faults that affect
highways in the Texas Panhandle and eastern New Mexico, as recognized by highway
personnel responding to the second questionnaire. Hachured areas are those
counties whose SCS and ASCS representatives did not recognize collapse features,
fractures, and faults in the first questionnaire. Correspondingly, these
counties were not sent the second questionnaire dealing solely with impacts of
collapse features on highways. Salt dissolution lines in Texas after Gustavson
and others (1980a) and salt Timits in New Mexico after Foster and others (1972).
Line of section A-A' refers to figure 4.
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nel were particularly significant because highways cover only a small part of the
total area, but collapse features, fractures, and faults commonly were recog-
nized and conceived of as a significant problem in maintaining the Structura]
integrity of the highways. Counties in which highway personnel reported such
features all Tie within the zone of active salt dissolution (fig. 6) and within
outcrop belts of gypsum beds of the Permian Blaine Formation (see Barnes, 1967;
1968).

Areas in Texas were subsequently field checked with representatives of the
Texas Department of Highways and Public Transportation. Areas in New Mexico were
not field checked because of limited positive responses to the questionnaire.
Field checking verified several sites where sinkholes, collapse depressions, énd
faults have affected highways (fig. 7).

In July 1979, in the northern part of the study area, a sinkhole formed
beneath part of U.S. Highway 83 just north of the Interstate 40 overpass in
Shamrock, Texas (fig. 7; site 2). The sinkhole opened to a depth of 2.4 m (8 ft)
and a diameter of 3.0 to 3.6 m (10 to 12 ft). City water and sewer lines were
damaged and part of the northbound line of U.S. Highway 83 was closed. Gypsum
beds of the Blaine Formation are exposed in roadcuts throughout the area, but
whether gypsum dissolution is the sole cause of this sinkhole is not known. A
possible collapse depression occurs approximately 4 km (2.5 mi) west of Shamrock
on Interstate 40 (fig. 7; site 3). At the point where Interstate 40 passes over
Finley Creek, the pavement is depresséd about 5 cm (2 inches) over a distance of
approximately 9.1 m (30 ft), and the swale has developed since the highway was
built in June 1968. Evidence of previous subsidence at this site is shown by the
badly faulted old road (formerly U.S. Route 66), which now parallels Inter-
state 40 on the south. The old faulted road and the depressed sections of

Interstate 40 are generally aligned in a northeasterly direction. A sinkhole
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measuring 3.3 m (10 ft) in diameter occurs in a roadcut immediately west of this
site, which further confirms that the processes of dissolution and collapse are
active in this area.

In the central part of the study area, a small collapse depression was
identified on FM 1033 south of Kirkland, Texas, 1.6 km (1.0 mi) north of the
Childress-Cottle county line (fig. 7; site 9). Diameter of the feature is about
6 m (20 ft); about half of the depression affects the pavement surface. Several
generations of road patches attest to the fact that collapse has occurred over
several years. Repairs to this section of the highway have been made regularly
since 1966. Within the collapse depression, a smaller sinkhole in the highway
borrow ditch collapses periodically and must be filled (fig. 8). The effect on
the highway itself, however, is Mainly from the collapse depression.

A small-scale drilling operation was initiated at this site near Kirkland to
determine the depth of subsidence and whether this feature was due to shallow
gypsum dissolution. Drilling indicated that the center of the sinkhole contained
moist, silty clay (highway fill) to a depth of 4.5 m (15 ft), at which point
Permian bedrock was encountered. The second hole about 6 m (20 ft) away con-
tained about 2.7 m (9 ft) of dry, sandy alluvial sediment overlying Permian
bedrock. From the depth of fill in the center of the sinkhole, it appears that a
minimum of 1.8 m (6 ft) and maximum of 4.5 m (15 ft) of total subsidence has
occurred. More significant is the fact that no gypsum was encountered in either
hole. This suggests that shallow gypsum dissolution is not responsible for this
feature, at least not in the vicinity of the boreholes. The collapse depression
occurs in strata that are stratigraphically below a major gypsum unit (McQueen
Gypsum Bed) of the Blaine Formation (Barnes, 1968). Dissolution of deeper gypsum

or salt is probably the cause of this karst feature.
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Figure 8. View south along FM 1033 in Childress County showing collapse
depression. The depression affects most of the northbound lane and extends into
the borrow ditch. Different shades of road patches at this site attest to the
history of subsidence.

44



Numerous smaller sinkholes, commonly called "gyp sinks" by highway person-
nel, are recognized in borrow ditches throughout the study area (fig. 7; sites 1,
4, 8, 10, 11, and 12). Many sinkholes exist in outcropping gypsum bedrock
(fig. 9). Somewhat larger sinkholes in gypsum bedrock occur along Texas Highway
114/U.S. Highway 82, 4.8 km (3 mi) west of Guthrie, Texas (fig. 7; site 12). Two
holes with depths between 5.2 and 6.4 m (17 and 21 ft) have developed there
within the last ten years. A third sinkhole began as a very small hole in the
borrow ditch and eventually expanded unde? the highway along a N 30° W trend.
Subsidence was sufficiently rapid to require repairs at least twice a week for
the first year and a half after collapse began. A linear trend like that
displayed by this sinkhole 1is unusual. In this case the trend may_actually
comprise a much larger sinkhole that collapsed first where the surface was not
supported by highway pavement.

Another significant impact of dissolution and collapse on highways is
faulting. The best example of faulting occurs along FM 2639, 19 km (12 mi) west
of Estelline in Hall County, Texas (fig. 7; site 7). Here, six faults trending N
25° £ to N 50° E were recognized by displacement along the faults measured from 1
to 4 cm (0.4 to 1.6 inches). A prominent patched fault is shown in figure 10.
Although only a few inches wide when formed, the fault plane was visible to a
depth of 1.5 m (5 ft). Repairs have been necessary on the road about three times
per year since the fault appeared in 1979. Similar faults have been recognized
near Memphis, Texas (fig. 7; site 6), and 9.6 km (6 mi) south of Lutie, Texas
(fig. 7; site 5). The Lutie fault plane was visible to a depth of nearly 0.9 m
(3 ft) and the fault trace trended almost east to west across the northbound lane
of U.S. Highway 83. It has since been filled and has not recurred.

Although natural evaporite dissolution contributes most to collapse and

faulting, failure may be aggravated by highway construction practices and ‘high-
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Figure 9. Sinkhole in the borrow ditch adjacent to FM 1034 west of Arlie,
Texas. The sinkhole is approximately 0.9 m (3 ft) deep and 1.2 m (4 ft) wide.
Sinkholes of this type are common along highways in the Texas Panhandle.
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Figure 10. Fault trending northeast across FM 2639 in Hall County. Left side
of fault is depressed approximately 3 to-4 cm (1.5 to 1.8 inches) relative to
the right side. Fault extends into the cultivated field.
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way traffic. Pre-road weaknesses caused by salt and anhydrite/gypsum dissolu-
tion may be aggravated by use of heavy construction machinery and construction of
borrow ditch systems. Borrow ditches may concentrate water along preexisting
fractures in near-surface gypsum and promote further evaporite dissolution.
Subsequent automobile and truck traffic may promote further fracturing of gypsum
and compaction of the unconsolidated roadbed fill and alluvium whichvmay fill
irregularities on the gypsum surface. ATl these processes contribute to con-
tinuing subsidence in the immediate vicinity of the highway. However, in in-
vestigating individual cases of collapse, human impact is difficult to separate

from natural processes of evaporite dissolution and collapse.
Engineering Problems

In addition to highway construction and maintenance problems, othér
engineering problems resulting from evaporite dissolution were noted during con-
struction projects in the Texas Panhandle and eastern New Mexico. Eck and
Redfield (1963) and Bock and Crane (1963) identified 27 collapse chimneys during
excavations for Sanford Dam on Lake Meredith, 64 km (40 mi) northeast of
Amarillo, Texas. Collapse chimneys generally are circular to elliptical in cross
section and are typically filled with slumped and brecciated sediments from the
overlying Triassic Dockum Group, Ogallala Formation, or Canadian River terraces.
The largest collapse chimney exposed at the Sanford Dam site is approximately
305 m (1,000 ft) in diameter. Origin of chimneys is attributed to collapse due
to regional dissolution of Permian bedded salts (Gustavson and others, 1980b).

Eck and Redfield (1965) considered the problem of reservoir leakage through
collapse chimneys to be a serious geologic problem. Pressure tests within the
chimneys and adjacent formations indicated low permeability, and examination of

drill cores also indicated that most fractures were filled with silty clay and
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gypsum. No mention was made of the possible impacts of future evaporite dissolu-
tion and surface collapse at the dam site. McDowell (1972) and Spiegel (1972)
investigated structurally disturbed Permian strata at the Los Esteros Dam site,
north of Santa Rosa, New Mexico, which is within the zone of active salt dissolu-
tion.

It would be prudent to assess the potential impacts of evaporite dissolution
and subsequent collapse of overlying strata during the planning of large reser-
voirs and other projects in the two-state region. Ciear]y, development of large
sinkholes similar to the collapse chimneys at Sanford Dam could have a
catastrophic effect on a dam structure. Placement of a large reservoir over
zones of active dissolution might initiate further dissolution, possibly by
rerouting ground-water flow across the soluble beds or by adding more fresh,
undersaturated ground water to the system.

Although no problems associated with salt dissolution have been reported
for large reservoirs, gypsum dissolution is a problem where gypsum rock crops out
on the floor of the reservoir. A classic example of this is McMillan Reservoir
on the Pecos River north of Carlsbad, New Mexico (Esmiol, 1957). Since its
construction in 1893, the dam has continually cracked, subsided, and lost water
a]éng underground channels (Brune, 1965). To alleviate these conditions, as well
as to solve the problem of sedimentation which has occurred behind the dam since
construction, the Brantley Reservoir has been proposed to replace the original
reservoir (Redfield, 1967). Although the sedimentation problem may be solved by
the new structure, recent preliminary hydrogeochemical studies by the U.S. Geo-
logical Survey indicate that the bed of the reservoir will still contain a high
percentage of gypsum and that dissolution of gypsum will add significantly to the
downstream solute load of the Pecos River (H. Claassen, personal communication,

1979).
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Brune (1965) has noted that along the outcrop of the Blaine gypsum in
Childress, Cottle, and King Counties (see Barnes, 1967; 1968, for outcrop loca-
tion) in the Texas Panhandle an unusually large number of stock tanks (farm
ponds) lose large amounts of water because of fractures and sinkholes in surface
and near-surface gypsum. Stock tank failure also occurs in Collingsworth and
Stonewall Counties, according to ASCS and SCS representatives. The Soil Conser-
vation Service now requires preliminary coring at proposed stock tank sites to
determine local extent of gypsum, and subsequent construction of either a posi-
tive cutoff to bedrock or a mud blanket on the bottom of the reservoir to help
prevent water loss (Brune, 1965).

Evaporite dissolution related to human activity (such as solution mining)
is not well documented in Texas or New Mexico but it does occur. On July 25,
1978, a sinkhole opened near an abandoned brine well owned by Phillips Petroleum
Corporation in the vicinity of Borger, Hutchinson County, Texas (Borger News-
Herald, 1978). The hole grew to 33 m (100 ft) in diameter directly adjacent to a
Phillips Petroleum Corporation tankfarm. The site is about 45.5 m (150 ft) from
U.S. Highway 270. Collapse of a large sinkhole near Wink in Winkler County,
Texas, in June 1980 probably resulted from salt dissolution caused by natural and

human activities in the region (Baumgardner and others, 1980).

RESPONSE TO THE PROBLEM

Dissolution and collapse pose difficulties for geologists, highway
engineers, and maintenance crews. Areas of active subsurface evaporite dissolu-
tion have been identified, but development of collapse features and faults at the
surface in those areas generally follows no predictable pattern. The trend of
faults caused by dissolution along FM 2639 in Hall County is, however, consistent

with the lineament trend analyses in the region (Dutton and others, 1979).
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In any case, attempts to control or prevent damage to highways and other
structures over the long term have been ineffective. Sinkholes, collapse depres-
sions, and faults are dealt with on a regular basis with short-term remedial
measures. Sinkholes in borrow ditches are generally filled with sand or similar
fill material. Depressions in an asphalt pavement are filled with asphalt mix,
bladed with a road grader, and rolled out. On rigid concrete pavements such as
Interstate 40, holes are drilled through the pavement surface and grout
(normally soil and cement mixed into a slurry) is forced through tubes under the
depressed part of the highway until the pavement is forced upward to its original
level. This process is commonly known as "mud-jacking." Faults in the pavement
are generally treated by filling with sand or other fill and patching with
asphalt mix. Smaller tension cracks or faults may be mitigated to some degree by
the use of a more expensive rubberized asphalt, which would allow the pavement to

stretch before cracking.

SUMMARY

Dissolution of Permian evaporites and collapse of overlying strata are
major processes that alter the landscape in parts of the Texas Panhandle and
eastern New Mexico. Sinkholes, collapse depressions, fractures, and faults are
the common surface expressions of these phenomena. These features were first
recognized in Hall County, Texas. Responses to questionnaires sent to repre-
sentatives of the Soil Conservation Service and Agricultural Stabilization and
Conservation Service in the region indicate that at least 37 percent of the
counties in the Texas Panhandle and eastern New Mexico contain similar features.

Evaporite dissolution has a significant effect on highways, reservoirs, and
stock tanks. Highways have sustained the most reported damage to date, with

several sections of roads having been patched or filled on a regular basis

51



because of faulting or subsidence. Collapse chimneys, which were identified
during excavations for the Sanford Dam, are evidence of past evaporite dissolu-
tion. Small stock tanks frequently lose water to fractures and solution cavities
within surface and near-surface gypsum beds.

Long-term methods to predict and thus mitigate the effects of collapse have
been unsuccessful. The problem, however, is of large scope and potential impact.
We suggest that in future construction of highways, reservoirs, stock tanks, and
other structures, care should be taken to investigate the history of, and poten-
tial for, evaporite dissolution beneath the construction site. Areas with high
densities of collapse features, fractures, and faults should be avoided when

possible.
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MICROEARTHQUAKE STUDIES IN TEXAS

by

J. W. Sansom, Jr., and D. H. Shurbet

Texas has generally been considered aseismic, but in 1969 Shurbet (1969)
reported that 20 earthquakes had been located in Texas from 1882 to 1969. Nine
of those earthquakes occurred between 1957 and 1969. Two additional earthquakes
have occurred since 1969. Therefore, a total of 22 earthquakes have been located
in the past 98 years, and 11 of these have occurred since 1957. These later
observations probably do not represent increased seismic activity, but rather,
an increase in instrumentation capable of detecting seismic events.

The above numbers include only earthquakes large enough to be felt by local
people and/or recorded at several permanent seismograph stations. It is well
known that hundreds of small earthquakes have occurred in Texas within the last
few years and that most, if not all, of these were man-made. There is an
increasing awareness of earthquakes and their potential hazard to man-made
structures such as bridges, buildings, and large reservoir impoundments. Texas
is more seismically active than it had previously been thought to be, and design-
ers of large structures have a particular need to know the probable risks asso-
ciated with seismic activity in their areas of concern.

In recent years there have been reports of both small and large earthquakes
following the filling of new reservoirs in regions where there had been no
previous earthquakes documented. For example, in 1962 more than eight earth-

quakes followed the filling of Kogna Reservoir in India, an area not known to be
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Figure 1.

EARTHQUAKES LOCATED
IN AND AROUND TEXAS
882 to 1980
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Figure 2.

EARTHQUAKES LOCATED
IN  TEXAS

iI957 to 1980
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active before construction of the dam and impoundment of water (Carder, 1968).
There were similar occurrences soon after completion of Lake Mead in Arizona
(Carder, 1968), Lake Kariba on the Rhodesia-Zambia border (Carder, 1968), and
Lake Meredith in Texas (Shurbet, 1969). Widespread damage and fatalities re-
sulted from some of these occurrences; however, no damage and fatalities were
reported at Lake Meredith. Shurbet reported a large number of microearthquakes
in the vicinity of Lake Meredith, but only one or two were felt by local people.

Since 1973 the Texas Department of Water Resources (TDWR) has been conduct-
ing microseismicity studies with Professor D. H. Shurbet of Texas Tech Univer-
sity Seismological Observatory in areas of the State where new storage and
conveyance systems have been proposed and where existing facilities are concen-
trated. Shurbet's studies, performed through an interagency contract, have
utilized TDWR's seismograph, which is a portable microearthquake seismograph
system built by Spregnether Company. The purpose of these studies has been
threefold: (1) to determine the natural seismicity of those areas of the State
in which water facilities are planned; (2) to provide seismic data for developing
sound engineering design cr%teria for the construction of dams and reservoirs;
and (3) to collect data for the determination of possible man-made earthquakes.
Thus far the study areas have been in the south-central and northeast sections of
the State. Data have been collected at Mount Pleasant, Victoria, San Marcos,
Riviera, Silverton, Austin, Three Rivers, Huntsville, Commerce, Conroe Dam, and
Livingston Dam,

To date, TDWR's seismograph has not detected natural microearthquake ac-
tivity at any of the locations where it has been placed. A microearthquake was
recorded when the seismograph was located near Commerce, Texas, but the event was
believed to have occurred in Oklahoma. Data co]lected'at the Livingston Dam site

indicated that a microseismic event possibly occurred in the area, but the
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Figure 3.

TDWR SEISMIC DATA
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information was insufficient to be conclusive. In other studies Shurbet has
recorded microearthquakes along the Rio Grande in both Texas and New Mexico, in
the northern Texas Panhandle, near Kermit, Texas (Shurbet, 1969), in the Big Bend
region, and near Snyder, Texas (Shurbet, 1979).

Aubrey D. Henley (1966) reported that in 1964 more than 70 microearthquakes
occurred near Hemphill, Texas. Five earthquakes occurred that were of sufficient
magnitude to be recorded by permanent seismograph observatories at considerable
distance. This area had no history of earthquakes prior to 1964. Henley, who
happened to be working in the area, detected these 70 microearthquakes; most of
these events might not have been detected if he had not been working there.

Numerous microearthquakes were recorded by Shurbet in the vicinity of
Kermit prior to the earthquake that occurred there in July 1966. The same
sequence of events occurred preceding an earthquake that occurred north of
Snyder, Texas (Shurbet, 1979), in June 1978 that had a magnitude of 4.6 on the
Richter scale.

Shurbet's study for TDWR is part of his project to ¥etermine total natural
seismicity in the State of Texas. Basic seismic data are a pertinent considera-
tion in the total geologic investigation of any proposed construction project.
The growing practice of considering seismic data during the design of a project
is a step forward in preventing catastrophic failures and mankind's activities
from triggering earthquakes.

While there is no history of large earthquakes in Texas, there is a history
of small earthquakes that indicate areas of instability. Human activities might
cause large earthquakes in unstable areas by changing the crustal loading. De-
sign engineers need to know which areas are seismically acfive and which are
stable so that they can adequately design structures. Dams and other engineering

structures constructed in stable areas normally have less stringent design re-
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quirements than do those in unstable areas. The seismic record may be a deter-
mining factor in selecting, for instance, a dam site from among alternative sites
as well as the design criteria to be considered.

Projects other than building dams and reservoirs might also benefit from
studies of natural seismicity. Earthquakes have also been triggered by injection
wells through which fluids are pumped under high pressure into the subsurface
rocks. These problems have been reported at the Denver Rocky Mountain Arsenal
disposal well and Rangely, Colorado, where secondary petroleum recovery took
place. Secondary petroleum recovery methods are suspected to have caused the
earthquakes near Kermit and Snyder, Texas. Earthquakes related to injection
wells are not known to have caused any major damage; however, the damage earth-

quakes do to mankind is a function of their proximity to populated areas.
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CHARACTERIZATION OF SHALES BY PLASTICITY LIMITS,
POINT LOAD STRENGTH, AND SLAKE DURABILITY
by

R. Aubrey Abeyesekera and C. William Lovell

School of Civil Engineering

Purdue University
West Lafayette, Indiana 47907
INTRODUCTION

During the last decade significant progress was made in developing
individual tests and classification systems for the use of shales in
highway embankments. Almost all the systems use some test to evaluate
the durability of shale to cycles of wetting and drying. These tests
provide an index that reflects the long-term durability of shale placed
in an embankment or fill after it has been excavated, broken down, and
recompacted. The tests are performed on pieces of shale not subject to
any load; the index does not reflect the strength of the shale. Cementa-
tion bonds usually make the shale more durable but they may not contribute
as much to the strength of the shale.

Characterizing the strength of shales is equally important as this
property has a direct bearing on any difficulties that might be encountered
in excavating the shale, breaking it down, and compacting it to a suitable
density. The type of equipment required to perform various tasks, as well
as the construction costs, would largely depend on the strength of the
shale. Hence, a classification system that takes into consideration the
strength of the shale, in addition to its durability, would have a signif-

icant advantage over those systems based solely on durability.

65



Some classification systems use the plasticity index of the material
comprising the shale. When the test sample is obtained from shale that has
naturally disintegrated in water, the use of the plasticity index in a classi-
fication system is meaningful because it reflects the character of the shale
after it has degraded. On the other hand, the more durable shales do not
disintegrate naturally in water, and material suitable for performing the
Atterberg Timits tests has to be artificially prepared by mechanicg]]y break-
ing down shale pieces to fine particles passing a No. 40 sieve. For such
shales the plasticity index is not as meaningful, and its inclusion in a
classification system would appear to be questionable.

This paper examines engineering classification systems shown in
Table No. 1. The systems proposed by Chandra (1970), Deo (1972), and Hudec
(1978) rely solely on slaking indexes. But the test for evaluating an index
is different in each system, which is unfortunate. The system proposed by
Gamble (1971) uses the plasticity index and the slake durability index for
classifying all shales regardless of their durability and strength. The
system proposed by Strohm and others (1978) uses the jar-slake test and the
slake durability test with descriptive supplements for the retained material.
A new system has been tentatively proposed by Franklin Trow Associates (1979),
that rates low durability shales based on their plasticity index and their
durability index, and rates high durability shales based on their point Toad
strength index and their slake durability index. The essential features of
the test conditions for evaluating the indexes are shown in table 1.

Some Midwestern shales have been classified using the Franklin system and
the other systems of classification wherever such a comparison is possible. A
non-1inear equation correlating one-cycle and two-cycle slake durability in-

dexes is developed in this paper using data from Chapman (1975) and Hale (1979).
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Table 1.

Comparison of tests and systems for classifying shales.

Source
Description of Test Gamble Deo Strohm Hudec | Franklin
(1971) (1972) | (1978) (1978) | (1979)
Simple Slaking Test or
Wet/Dry Deterioration Test No Yes Yes No No
Slake Durability Test Yes Yes Yes Yes Yes
Dry Samples 200 rev. Yes No Yes Yes Yes
500 rev. No Yes No No No
Soaked Samples 500 rev. No Yes No No No
Number of Cycles/Test 2 1 2 3 2
Number of Pieces/Test 10 10 10 n.a. 10
Aggregate Mass (g) or 40-60 50-60 40-60 - 40-60
Size (in) - - - P3/4R1/2 -
Total Sample Mass/Test (g) | 450-550 | 500-600 | 450-550 500 450-550
Description of Partially No No Yes No No
Slaked Material Retained
Point Load Strength Test No No No No Yes
Plasticity Index Yes No No No Yes
Table 2.

Durability Classification - 5 cycle slaking loss, +% inch (13 mm) sample size
(after Hudec, 1978)

Classification ::§E::s (éingz) Nature of Loss
Rock-1ike 20 0-5 No discernible effect.
Low Loss 6 5-25 Minor spalling along bedding planes.
Intermediate Loss 3 25-60 Spalling and disintegration.
High Loss 14 60-100 | Disintegration into mud-1like consistency.
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It is shown to be applicable to shales tested by Gamble (1971) as well, indi-
cating that the relationship may be similar for many Midwestern shales.
However, the relationship for Ontario shales tested by Hudec (1978) appears to
be different, and the correlation equation proposed in the paper must be veri-
fied experimentally before use. The data presented by Hudec (1978) also indi-
cate that the variation of the slake durability index with the number of
cycles depends not only on the type of shale but also on the size of the
pieces of shale used in the test.

In regard to the point load strength index, it is shown in this paper that
the size correlation chart proposed by the International Society for Rock
Mechanics (ISRM, 1972b) is not generally applicable for Midwestern shales. The
variation of the point load strength index with the size of the specimen appears
to be dependent on not only the type of shale but also the shape of the speci-
men and the orientation of the loading points with respect to any bedding
planes. Data presented by Bienjawski (1975) for the variation of the point
load strength index with the diameter for diametrically loaded specimens are
also at variance with the size correlation chart (ISRM, 1972b). Data presented
by Bailey (1976) and Hale (1979) on irregular pieces of shale loaded perpendi-
cular to the bedding planes yield similar conclusions, although the data refer
to relatively small sizes of specimens, some of which are outside the size
1imits shown on the (ISRM, 1972b) correlation chart.

The writers support the recommendations of the International Society of
Rock Mechanics (outlined in ISRM, 1972a) in regard to the evaluation of the
slake durability index for classification purposes. In addition to recording
the slake durability index, it is absolutely essential to record the condition
of the retained material as proposed by Strohm and others (1978). Evaluation

of the point load strength index requires standardizing the shape and size of
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the specimen as well as the mode of Toading with respect to any bedding
planes in the shale, if this index is to be used to classify shales. Experi-
mental data obtained from standardized specimens should be generated to deter-

mine whether the rate of loading should be standardized as well.
REVIEW OF SHALE CLASSIFICATION SYSTEMS

Shales have been distinguished from other argillaceous rocks by geologic
classification systems such as those proposed by Mead (1936), Gambie (1971)
and others. For example, by observing the breaking characteristics of mud-
rocks, those that are fissile are classified as shales whereas those that are
massive are classified as mudstones. Further subdivisions of shale have been
made depending on the predominance of silt (silty shale) and clay (clayey
shale). Shales have been subdivided further into soil-Tike and rock-Tike de-
pending on the cementation bonds between the primary particles of silt and
clay. These cementation bonds usually make the shale more durable, but they
depend greatly on the chemical composition of the cementing agents and of the
water in the shale.

These classifications of shale are inadequate for engineering purposes, and
several engineering classification tests and systems based on the physical and
mechanical properties of shale have been developed. The nature of the tests
selected to characterize the shale was influenced to a great degree by the
type of engineering project or activity envisaged.

Underwood (1967) was mainly concerned with sTope stability and tunnel
support problems and assigned ranges of values for physical properties for
favorable and unfavorable in-situ behavior with respect to pore pressure de-
velopment, bearing capacity, tendency to rebound, slaking, erosion, slope

stability, and tunnel support. With regard to slaking, shales that reduced to
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flakes under cycles of wetting and drying were considered favorable whereas
those that reduced to grain sizes were considered unfavorable. This criterion
may be acceptable for slope stability and tunnel support, but it is clearly
unacceptable for use of broken up shale in embankment construction. Under-
wood's (1967) tests, though valuable from an engineering point of view, are too
complex and costly for routine testing and classification of shales, espe-
cially for embankments.

Gamble (1971) also proposed an engineering classification systém based on
the plasticity index and the two-cycle slake durability index in the Frankiin
test. Figure 1 shows Gamble's 1limits for slake durability and plasticity,
which are identical to those proposed earlier by Chandra (1970).

The classification system developed by Deo (1972) for use of shales in
embankments is shown in figure 2, and it has been used by the Indiana State
Highway Commission for a number of years. Although figure 2 indicates that
four classification tests have to be performed, in practice only some of them
are needed. For example, if a shale slakes comp]eteTy in the simple slaking
test in water, it is immediately classified as "soil-Tike," and the remaining
tests are not necessary. If it does not slake completely, the 500-revolution,
single-cycle slake duraEilfty test is performed on dry samples. If the value
of the resulting index (Id)d is less than 90, the shale is classified as
"soil-1ike" and the remaining tests are omitted. Whenever (Id)d is greater
than 90, the 500-revolution, single-cycle slake durability test is performed
on soaked samples. If the value of the resulting index (Id)s is less than
75 the shale is classified as "soil-T1ike," and if it lies between 75 and 90
the shale is classified as “intermediate-2." The last test, namely the 5-
cycle modified soundness test is performed only when (Id)s is greater than 90.

If the modified soundness index (IS) is less than 70, the shale is classified
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as "soil-like;" when (Is) is between 70 and 90, the shale is classified as
"intermediate-2;" when (IS) is between 90 and 98, the shale is classified as
"intermediate-1;" and when (IS) is greater than 98, the shale is classified as
"rock-Tike." A revision of Deo's (1972) classification system is under con-
sideration as none of the Indiana shales tested thus far classify as inter-
mediate-2 or intermediate-1.

Strohm and others (1978) recommended the jar-slake test and the slake
durability test to assess shale durability. Figure 3 §hows a schematic flow
diagram taken from their report. They point out that it is necessary to con-
sider the condition of the retained particles in the slake durability test,
in addition to the value of the slake durability index (ID) in order to clas-
sify a shale. Shales that soften but sometimes do not degrade appreciably
(T1S, fig. 3), and shales that break down significantly but do not become
smaller than the No. 10 sieve (T3, fig. 3) may have a deceptively high dura-
bility index.

Hudec (1978) and Franklin Trow Associates (1979) proposed new classifi-
cation systems for use of Ontario shales in embankments. Hudec (1978) used a
single parameter, namely the percent mass loss (M) in the Franklin s]ake dura-
bility apparatus, to classify a shale into four categories: rock-like
(0 <M < 5), Tow lToss (5 <M < 25), intermediate loss (25 <M < 60), and high
Toss (60 <M < 100), as shown in table 2. The percent mass loss is evaluated
after five standard cycles of wetting and drying. Franklin Trow Associates
(1979) use three parameters in all, namely the plasticity index (Ip), the two-
cycle slake durability index (IdZ)’ and the point load strength index (IS)50
as shown in figure 4. The slake durability index is evaluated first for all
shales. The plasticity index is evaluated only for those shales whose slake

durability index (Id2) is less than 80, and the point load strength index is
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evaluated only for those shales whose slake durability index (Idz) is greater
than 80. Thus only two parameters are really required to characterize a
single shale. The two parameters applicable to a shale are plotted on the
chart shown in figure 4 and a single parameter called the shale rating (RS) is
obtained. The shale rating (Rs) has been correlated (using field data) with
some important construction parameters for shale embankments, such as 1ift
thickness, excavation method, compaction equipment, and compacted field densi-
ty necessary for satisfactory performance. Figure 5 shows a tentatiQe chart

proposed by Franklin Trow Associates (1979).
SLAKE DURABILITY CHARACTERISTICS

When pieces of shale are subjected to cycles of drying and wetting,
slaking takes place to varying degrees depending on the type of shale, the
size and shape of the pieces, the chemical composition of the slaking fluid,
and the duration and number of cycles. The degree of slaking is also depen-
dent on whether the pieces of shale are at rest, as in the simple slaking
test, or whether they are subjected to an abrasive action as in the slake
durability test in the Franklin apparatus. The very nondurable shales weaken
and disintegrate almost totally to a mud or soil-like consistency. The highly
durable shales, on the other hand, are hardly affected and retain nearly their
original dimensions and mass. Between these extremes of behavior, one finds
a number of shales which spall along bedding planes and partially disintegrate
to various sizes. The very nbn—durab]e shales and the very durable shales
attain an equilibrium condition of slaking after two or three cycles of drying
and wetting, whereas intermediate shales may not reach an equilibrium condition

even after five cycles.
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Effect of Aggregate Size and Cycles
An extensive study of the effect of aggregate size and the number of
cycles of drying and wetting on the mass loss of several Ontario shales was
investigated by Hudec (1978). His tests were performed on initially oven
dried pieces of irregular shape in a standard Franklin slaking apparatus with
the drum rotated at 20 revolutions per minute for a total of 200 revolutions
per cycle, as outlined in ISRM (1972b). The following trends may be observed.
(1) The effect of aggregate size on mass loss is greatest in tﬁe
first few cycles, and after the fifth cycle the losses for
all sizes tested are similar.

(2) For highly nondurable and highly durable shales the change
in percent mass Toss beyond the third cycle is negligible
for all particle sizes, whereas for intermediate shales, ap-
preciable lTosses take place between the third and fifth
cycles, for all sizes tested.

(3) For most shales, the mass loss is more or less complete after

the fifth cycle, but some shales show a tendency to lose weight
beyond the fifth cycle for all sizes tested.

In a recent study concluded by D'Appolonia Consulting Engineers (1979)
for the Bureau of Mines, fragment size was shown to be important for all types
of durability tests. In general the coarse fragments developed greater break-
down for all slaking fluids examined and temperature conditions. The most
noticeable changes occurred for thinly bedded, anisotropic sedimentary rocks,
such as siltstones and shales. The study suggests that fragments sized approxi-
mately one inch or larger be used and states that some modification of the
standard slake durability apparatus may be required to accommodate this recom-

mendation.
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Effect of Shape

The slake durability test is usually performed on irregular pieces of
shale, arbitrarily prepared by breaking down larger lumps to the required
size or weight (see fig. 9). However, in the D'Appolonia Consulting Engineers
(1979) study, cy]iﬁdrica] samples of shale and other rocks were subjected to
the simple slaking test, the cycle wet/dry test, and the slake durability
test. In all these tests the initial slaking took place along the bedding
planes and resulted in disc-shaped pieces which subsequently broke across the
bedding planes. As no tests appear to have been performed on irregular pieces
of the same shales, no conclusions can be drawn at this point on the effects
of shape (cylindrical vs irregular). However, considering the way in which
mass loss is defined, namely material passing through a No. 10 mesh, it is rea-
sonable that more mass loss would take place for irregular pieces than for
cylindrical specimens, particularly in the first few cycles. This factor needs

more study.

Gradation and Strength after Slaking

The partially slaked shale aggregate retained in the drum of the slake
durability apparatus can have widely different gradation and strength, depend-
ing on the shale tested. In regard to the gradation it is recommended that an
index of slaking be determined from a knowledge of the initial and final grada-
tions in a manner similar to calculating the index of crushing used by Bailey
(1976) to quantify degradation during compaction. In regard to strength it is
recommended that a qualitative description similar to the "T*" rating of Strohm
and others (1978) be used.

The slake durability index measures neither the change in gradation nor

the change in strength caused by slaking, and sole reliance on its value is not
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advisable. The value of the proposed index of slaking and the conditjon and
strength of the pieces retained in the drum of the slake durability apparatus

should also be considered in assessing the durability of the shale.

Correlation of Two Cycle and One Cycle Slake Durability Index

To classify shales according to the rating system proposed by Franklin
Trow Associates (1979) it is necessary to establish values for the two-cycle
sTake durability index (ISRM, 1972a). At the present time, values of slake
durability for many Indiana shales are available for only a single cycle of
drying and wetting, as it is this index which was used by the Indiana State
Highway Commission for classifying shales following the system developed by
Deo (1972). When Chapman (1975) reviewed and extended the work of Deo (1972),
the two-cycle slake durability index had already been accepted by the Inter-
national Society for Rock Mechanics (1972a) and also had been adopted in the
classification systems of Chandra (1970) and Gamble (1971). Evaluation of both
indexes for Indiana shales appeared to be advisable, pending a decision as to
which index to use for classification purposes. Both indexes are presently
being measured by the Indiana State Highway Commission.

For Indiana shales the relationship between the one-cycle slake durability
index (Id)d,] and the two-cycle slake durability index (Id)d,2 is given by the

equation

[(1,)4 q + 201% + [(I)g.p - 12012 = g2

2

where R2 = 120 + 202 = 14800. This is an equation of a circle of radius

R = /14800 = 121.65, and its center had coordinates corresponding to hypotheti-
cal values of (Id)d 1= -20, and of (Id)d 5 = 120. The center of the circle
and its trace for 0 < (I4), 4 (I4)4 , <100 is shown in figure 6, along with the

data points for the Indiana shales tested by Chapman (1975) and Hale (1979).
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This equation seems to be applicable for the shales tested by Gamble
(1971) as well, as evidenced by his limits for slake durability based on one-

cycle and two-cycle values given below:

Slake Durability 1-Cycle 2-Cycle
Very Low 0 to 60 0 to 30
Low 60 to 85 30 to 60
Medium 85 to 95 60 to 85
Medium High 95 to 98 85 to 95
High 98 to 99 95 to 98 -
Very High 99 to 100 98 to 100

When the one cycle values are plotted against the two cycle values in figure
6 the points Tie almost exactly on the circle.

The equation may be used to obtain values of the two-cycle slake dura-
bility index (_Id)d’2 from values of the one-cycle slake durability index
(Id)d,1 for those Indiana shales for which only one-cycle values are presently
available. In particular, it will be used herein to assign values for the
two-cycle slake durability index of some Indiana shales tested by Bailey (1976)
for the purpose of classifying them using the rating system proposed by Frank-
1in Trow Associates (1979).

The relationship between the one-cycle and two-cycle values of the slake
durability index for the Ontario shales tested by Hudec (1978) are shown for
small samples in figure 7. It is apparent that the relationship is non-linear,
as is the case for the shales tested by Gamble (1971), Chapman (1975), and
Hale (1979). However, the difference between the one-cycle and two-cycle
values is generally greater for the large and medium pieces of Ontario shales
than for the Targe pieces of Midwestern shales. As shown by figure 7, the

correlation equation fits the data for the small pieces of Ontario shales much

better.
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A common feature for both Ontario and Midwestern shales is that the dif-
ference between the one-cycle and two-cycle values of slake durability is
greatest for the intermediate shales and it tends to zero for the very non-

durable and very durable shales.
POINT LOAD STRENGTH CHARACTERISTICS

The compressive strength of rock is usually characterized by thg uncon-
fined compressive strength of right circular cylinders having a length to
diameter ratio (L/D) approximately equal to two. This test is usually carried
out in a laboratory due to the complexity of the equipment required to prepare
the specimen and to load it axially to failure.

The point load test was used by Franklin (1970) so that an index of rock
strength could be obtained in the field by means of a portable apparatus. The
details of the loading platens are shown in figure 8. This index is a measure
of the tensile resistance of the rock. Figure 9 shows three variations of
the test, diametrical, axial, and irregular lump (ISRM, 1972b). The point
load strength is defined as P/D2, where P is the load and D is the initial
distance between the loading points. The value of P/D2 for D=50mm has been
defined by ISRM as the point load strength index, (IS)SO.

Bieniawski (1975) pointed out that the internationally recognized core
size for site inyestigation drilling is 54 mm (NX) and that it is this size
which is used for standard rock quality designation (RGD) determinations
(Deere, 1968), as well as for standard unconfined compression strength tests
(ASTM, 1971; ISRM, 1972b). Consequently, Bienawski recommends that the point
load strength index should preferably be obtained by testing NX cores in the

diametrical mode.
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Figure 9. Variations of point load strength test
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Figure 10 shows the size correlation chart proposed by ISRM (1972b) for
obtaining the point load strength index (15)50 indirectly from values of
P/D2 determined by testing specimens having D not equal to 50 mm.  Each curve
represents the variation of the value of P/D2 with D regardless of rock type,
and the dashed 1ines show how the value of (15)50 is evaluated.

The size correlation chart is not applicable for all types of rock. To
illustrate this, results by Bieniawski (1975) are plotted on the chart for EX
core (21.5 mm), BX core (42 mm), and NX core (54 mm) sizes for four rock types,
namely, a sandstone, a quartzite, Marikana norite, and Belfast norite. It is
evident that the relationship between the point load strength P/D2 and the core
diameter D is different from the relationships in the size correlation chart
for all four rock types. Table 3 gives the numerical values.

Further evidence that the correlation is not generally applicable is
illustrated using data reported by Hale (1979) for irregular Tump specimens
of New Providence and Attica shales from Indiana. Hale's data are tabulated
in table 4, and the average values of point load strength are plotted against
the average size of the specimen in figure 11. It is to be noted that the two
curves for the two rock types approach each other as the size of the specimen
increases, whereas the correlation chart curves (figure 10) run more or less
parallel to each other. Data points falling within the range of the correla-
tion chart are shown in figure 10, for comparison with Bieniawski's (1975)
data.

A Timited number of point load tests was carried out by the first writer
on irregular Tump specimens of Osgood shale from Indiana. Out of a total of
twelve specimens, nine were loaded perpendicular to the bedding planes and
three were loaded parallel to the bedding planes. The results are shown in

figure 12, in which the point load strength is plotted against the initial
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Nominal core sizes

Figure 10. Size correlation chart for point load strength test
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Table 3.

Effect of specimen size on point Toad strength values in
diametrical test (after Bieniawski, 1975).

Point Load Index in Diametrical Test
Rock Material Core Si;ﬁ No. of ‘Mean Standard Deviation
Specimens (MPa) (MPa) (%)

Sandstone NX 54.0 70 2.33 0.22 9.8
BX 42.0 65 2.56 0.23 8.8

EX 21.5 70 2.83 0.22 9.8

Quartzite NX 54.0 45 8.30 1.35 16.2
BX 42.0 40 9.47 2.10 22.4

EX 21.5 40 10.37 1.82 17.5

Marikana norite NX 54.0 40 10. 84 1.57 14.5
BX 42.0 20 11.16 2.19 19.6

EX 21.5 20 13.05 1.16 8.9

Belfast norite NX 54.0 70 13.13 1.21 9.2
BX 42.0 35 13.77 2.10 15.2

EX 21.5 40 15.92 0.86 5.4

Table 4. Effect of specimen size on point load strength values 1in
irregular Tump test (after Hale, 1979)
Point Load Strength in Irregular Lump Test

Foihal?on Size Range No. of Mean Standard Coefficient

ma Specimens | Value | Deviation | of Variation
i (MPa) (MPa) (%)
New Providence 5.0 to 12.7 25 18.79 6.59 35
12.8 to 19.0 29 8. 81 3.55 40
19.1 to 25.4 14 4.17 1.77 42
25.5 to 31.8 5 3.03 1.28 42
31.9 to 38.1 7 1.81 0.54 30
Borden 6.3 to 12.7 12 8.21 2.54 31
12.8 to 19.0 22 4.74 2.10 44
19.7 to 25.4 19 2.82 0.88 3]
25.5 to 31.8 9 1.95 0.39 20
31.9 to 38.1 5 1.43 0.41 29
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thickness of the specimen between the loading points. The tabulated values are
shown in table 5 along with the moisture contents of the specimens. Samples 1
to 8 had moisture contents ranging from 1.06 to 1.35 percent, whereas samples
9 to 12 had moisture contents ranging from 3.45 to 5.08 percent. Samples 5, 6,
and 9 were loaded parallel to their bedding planes and the others were loaded
perpendicular to their bedding planes. The results show the following trends:
(1) For samples having approximately the same moisture content, the
point load strength decreases with increasing sample thickﬁess
when loaded perpendicular to the bedding planes, and the rate
of decrease is very much higher for the drier samples.
(2) For samples having approximately the same sample thickness,
the point load strength decreases with increasing moisture
cdntent, when loaded perpendicular to the bedding planes.
(3) For samples loaded parallel to the bedding planes, the effect
of sample thickness and moisture content on the point load
strength is relatively much smaller than for samples loaded
perpendicular to the bedding planes.
(4) Samples loaded parallel to the bedding planes fail at much
smaller strains than samples loaded perpendicular to the bed-
ding planes.
(5) The point load strength is dependent on the direction of load-

ing with respect to any bedding planes.
CHARACTERIZATION OF SOME INDIANA SHALES

Table 6 shows the characterization of some Indiana shales according to
the classification systems proposed by Gamble (1971), Deo (1972), and Franklin

Trow Associates (1979). The shale rating values (Rs) were obtained from
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Table 5.

Point load strength data for Osgood shale (79-55199).

Sample | Peak | Sample Point Load Strain at Sample | No. of
Number | Load | Thickness | Strength Moisture | Broken
P D 2 Peak Load |Rupture | Content | Pieces
() | (o) oD : : o
(kPa) % % %
1 5582 37.28 4014 10.22 20.44 1.29 6
2 2117 46. 36 985 2.74 14.79 1.35 3
3 1539 24.43 2578 5.20 36.38 1.33 7
4 6159 23.44 11206 11.92 11.92 1.18 2
5 2309 43.59 1216 0.70 0.70 1.16 2
6 1347 37.06 981 Q.82 2.33 1.12 2
7 3464 27.69 4519 11.93 11.93 1.06 3
8 1925 17.78 6088 11.43 11.43 1.14 2
9 770 40.01 48] 1.33 1.75 5.07 2
10 770 28.70 934 1.77 5.30 4.26 2
11 577 25.60 881 0.99 3.47 | 3.45 2
12 577 20.50 1374 6.20 9.29 | 4.12 Zi
Note: Samples 5, 6 and 9 loaded parallel to the bedding planes

Remaining samples loaded perpendicular to the bedding planes
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Table 6.

Classification of some Indiana shales by various systems.

Gamble Deo Franklin ISHC
No Geologic (1971) (1972) Trow Laboratory
’ Formation Degradability | Assoc. Number
‘ Durability| Plasticity (1979)
Shale
Rating
1 | Mansfield V. Low Medium Soil-1ike 2.75 74-45878
2 " Low Medium Soil-1ike 3.35 74-54684
3 | Clore V. Low Medium Soil-like 2.00 75-55653
4 | Palestine Low Medium Soil-1ike 3.30 74-54716
5 " V. Low Medium Soil-like 2.50 74-54836
6 " Medium Medium Soil-1ike 3.8 75-55044
7 | Wal tersburg Soil-1ike 74-54767
8 | Hardingsburg Medium Soil-1ike 73-51703
9 | Big Cliffty Medium Soil-1ike 74-54973
10 | Haney Low Medium Soil-Tike 3.25 74-54972
11 | Borden Medium Medium Soil-Tike 4.30 75-55564
12 " Medium Medium Soil-1ike 75-55316
13 " Med. High | Medium Rock-1ike 75-55315
14 | New Providence | Medium Medium Soil-1ike 4.25 75-55731
15 " Medium Medium Soil-Tike 4.22 75-55505
16 | New Albany Rock-T1ike 9.00 74-54621
17 ! V. Low Medium Soil-Tike 1.85 75-55718
18 " High Medium Rock-Tike 75-55486
19 " V. High Medium Rock-Tike 75-55487
20 | Kope Low Medium Soil-like 3.14 75-55018
21 | Dillsboro Medium na Soil-1ike 75-55291
22 | Whitewater Low Medium Soil-1ike 2.98 76-55014
23 | Hardinsburg V. Low Medium Soil-1ike 2.25 73-51703
24 | New Albany V. High Medium Rock-Tike 74-54621
25 | Mansfield Medium Medium Soil-1like 4.25 74-54684
26 | Palestine Low Medium Soil-like 3.25 74-54716
27 | Kope Low Medium Soil-Tike 3.20 75-55018
28 | Borden V. High Medium Rock-11ike 75-55315
29 | New Providence | Med. High | Medium Soil-Tike 5.77 79-55198
30 | Osgood Medium Medium Soil-like 3.21 79-55199
31 | Borden Low Medium Soil-Tike 3.65 79-55204
(Attica)
Note: For more information on shales 1 to 22 see Bailey (1976).

For more information on shales 23 to 28 see Chapman (1975).

For more information on shales 29 to 31 see Hale (1979).
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figure 4. For some of the shales tested by Bailey (1976) the tabulation is
incomplete, as values of the 200-revolution single-cycle slake durability in-
dex for dry samples are not available. These are needed to estimate the two-
cycle values by using the correlation equation presented earlier. The reason
these values are not always available is evident from table 1, where it is seen
that they are not used in the classification system adopted by Deo (1972) and

followed by the Indiana State Highway Commission.
CONCLUSIONS

The characteristics of shales in regard to durability and strength is
fundamentally important when the material is to be used in highway embankments.
The plasticity index is a suitable descriptor for soft shales, but it is in-
appropriate for the harder ones. The slake durability index is not an adequate
indicator of shale durability when used alone. It should be combined with a
qualitative description of the strength of the pieces retained in the drum of
the slake durability apparatus. The change in gradation of the retained pieces
can also be measured and expressed as an index of slaking (similar to the index
of crushing for mechanical degradation), which may be more appropriate than
the slake durability index to quantify the durability of shales. More research
needs to be done to study the effects of shape of test specimen on the slake
durability index and the proposed index of s]akiﬁd, particularly for irregu-
lar and cylindrical specimens. In regard to the point Toad strength index, it
is clear that the size cwrrelation chart proposed by the International Society
for Rock Mechanics cannot be used for all rock types, and particularly not for
all shales. It is probably necessary to standardize the dimensions, shape, and
mode of loading of the test specimen, if this index is to be used for classifi-

cation purposes.

94



ACKNOWLEDGMENTS

The data pertaining to Indiana shales were generated under the sponsor-
ship of the Indiana State Highway Commission and the Federal Highway Admini-
stration through the Joint Highway Research Project, Purdue University. The
data pertaining to other shales and rocks were obtained from the references

cited.
REFERENCES

American Society for Testing Materials, 1971, Standard method of test for
unconfined compressive strength of rock core specimens: ASTM Book of
Standards, 30. Sect. D2938-71, pp. 918-919.

Bailey, M. J., 1976, Shale Degradation and Other Parameters Related to the
Construction of Compacted Embankments: Purdue University, Master's thesis,
230 p. See also Joint Highway Research Project Report No. 76-23.

Bienjawski, Z. T., 1975, The point-load test in geotechnical practice:
Engineering Geology, v. 9, p. 11.

Chandra, R., 1970, Slake durability test for rocks: University of London,

Master's thesis, and Imperial College Rock Mechanics Research Report,
55 p.

Chapman, D. R., 1975, Shale classification tests and systems: a comparative
study: Purdue University, Master's thesis, 90 p. See also Joint High-
way Research Project No. 75-11.

D-Appolonia Consulting Engineers, Inc., 1979, Environmental effects of slaking
of surface mine spoils, eastern and central United States: Draft report
prepared for United States Department of Interior, Bureau of Mines,
November, 219 p.

Dec, P., 1972, Shales as embankment materials: Purdue University, Ph.D. dis-
sertation, 202 p. See also Joint Highway Research Project No. 72-45.

Deere, D. U., 1968, Geological Considerations, Rock Mechanics in Engineering
Practice, Stagg, K. G. and Zienkiewicz, 0. C. (eds), London, Wiley,
pp. 1-20.

Franklin, J. A., 1970, Classification of rock according to its mechanical
properties: Imperial College, London, Ph.D. dissertation.

95



Franklin Trow Associates, Ltd., 1979, Field evaluation of ‘shales for construc-
tion projects, research and development project no. 1404: Final Report,
Phase II Study, Prepared for Ontario Ministry of Transportation and Com-
munications, Research and Development Division, Downsview, Ontario,
Canada, March, 45 p.

Gamble, J. D., 1971, Durability-plasticity classification of shales and other
argillaceous rocks: University of I11inois of Urbana, Champaign, Ph.D.
dissertation.

Hale, B. C., 1979, The development and application of a standard compaction-
degradation test for shales: Purdue University, Master's thesis, 180 p.
See also Joint Highway Research Project No. 79-21.

Hudec, P. P., 1978, Development of durability tests for shales in embankments
and swamp fills: Ontario Ministry of Transportation, and Communication,
Research and Development Division, Downsview, Ontario, Canada, April,

RR 216, 51 pp.

International Society for Rock Mechanics, Commission on Standardization of
Laboratory and Field Tests, 1972a, Suggested methods for determining the
uniaxial compressive strength of rock materials and the point Toad strength
index: Document No. 1, Final Draft, Committee on Laboratory Tests,
October, 12 p.

International Society for Rock Mechanics, Commission on Standardization of
Laboratory and Field Tests, 1972b, Suggested methods for determining
water content, porosity, density, absorption and related properties
and swelling, and slake-durability index properties: Document 2, Final
Draft, Committee on Laboratory Tests, November, 36 p.

Mead, W. J., 1936, Engineering geology of damsites: Transactions, 2nd Inter-
national Congress on Large Dams, v. 4, p. 171-192.

Strohm, W. E. Jr., Bragg, G. H. Jr., and Ziegler, T. W., 1978, Design and con-
struction of compacted shale embankments: Federal Highway Administration,
Offices of Research & Development, December, Volume 5, Technical Guide-
Tines, Report No. FHWA-RD-78-141, 216 p.

Underwood, L. B., 1967, Classification and identification of shales: Journal
of the Soil Mechanics and Foundations Division, ASCE, v. 93, no. SM5,
p. 97-116.

96



THE TEXAS NATURAL RESOURCES INFORMATION SYSTEM
by

John Wilson
Texas Natural Resources Information System
P. 0. Box 13087
Austin, TX 78711

INTRODUCTION

The Texas Natural Resources Information System (TNRIS) is a part of Texas
government that indexes, stores, processes, and disseminates information about
the State's natural resources. TNRIS is a cooperative effort among 13 of the
State's natural resource-related agencies governed by a Task Force composed of
one representative from each agency. A major TNRIS objective is to make natural
resource and related data more easily accessible to individuals and organiza-
tions.

This document provides a brief history of TNRIS, an overview of its organ-
ization, a description of the variety of data types contained in the System, and

an explanation of capabilities and services provided and System usage.

HISTORY OF TNRIS

TNRIS originated in the mid-1960's in response to legislation establishing
the Texas Water Oriented Data Bank (TWODB). Eight State agencies participated in
this project. Initial activities of the Data Bank included cataloging water-
related data in concert with the U.S. Geological Survey's Office of Water Data
Coordination. These efforts resulted in the first comprehensive inventory of

water-oriented data in Texas State agencies.
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In addition to assisting users to locate hydrologic information, TWODB
eliminates duplication in data procurement. It was found, for example, that
several State agencies were purchasing similar National Weather Service informa-
tion on a recurring basis. Once identified, areas of duplication such as this
were easily eliminated.

By the early 1970's it was apparent that a broader, more comprehensive
information system was needed, and in 1972 work to establish the Texas Natural
Resources Information System was begun. State agency participation was expanded
to include 15 State agencies; representatives from each agency compose the TNRIS
Task Force, whose purpose is developing the System. In 1977 the three State
water agencies were merged, which reduced the number of participating agencies to

13.

SYSTEM ORGANIZATION AND OPERATION

TNRIS primarily serves the participating agencies by helping them carry out

their functions. The System encourages coordination among member agencies by
participating in joint projects aimed at developing new capabilities for natural
resource management. This constitutes one of TNRIS' significant strengths.
TNRIS was not designed to take away control, nor was it designed to be a massive
data bank. Instead of attempting to centralize all natural resources data, TNRIS
ties together the information systems already existing in the State and elsewhere
in order to make the data more accessible.

The organization of TNRIS consists of: (1) a linked network of users who
acquire and maintain natural resources data; (2) a staff which provides informa-
tion on data availability, procurement, and analysis; and (3) a central computer
facility to handle storage, retrieval, processing, analysis, and, where appro-

priate, presentation of natural resources data and information.
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The 14-member TNRIS staff is housed within the Texas Department of Water
Resources, which receives budgetary support from the State Legislature for ad-
ministration of the System. It is made up of systems analysts, computer program-
mers, remote sensing specialists, and user service specialists.

The Task Force elects a chairman and vice-chairman biennially. The Task
Force Secretary, designated by the Executive Director of the Department of Water
Resources, is a staff member in the program area that includes TNRIS staff
support.

The estimated expenditures relating to TNRIS establishment from 1969
through 1979 total $2.469 million. Personnel costs of participating agencies are
estimated at $0.520 million of this total figure. TNRIS Systems Central staff
personnel costs total $1.111 million. Other operating costs, including computer -

time and supplies, are about $0.838 million.

SYSTEM DATA

TNRIS data are indexed among the following six categories: hydrological,
meteorological, geological, biological, socioeconomic, and base data (maps and
remotely sensed data). Currently more than 300 automated files and over 150
manual files are indexed in the System.

Files available online include daily and monthly precipitation, minimum
temperature, maximum temperature, wind movement, and pan evaporation data from
the National Weather Service and State agencies. Other online data files are:
State agency gross and net lake-surface evaporation and daily and monthly rela-
tive humidity data; daily and monthly precipitation and evaporation data from the
United States Section of the International Boundary and Water Commission; State
agency coastal-zone biological information; and daily and monthly USGS stream-

flow data. Daily and monthly State agency suspended sediment-load data, and
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daily USGS surface-water temperature and surface-water conductance data are
accessible through the Monitor System described in the section on System usage.

Additional files include State agency coastal-zone hydrographic informa-
tion, USGS surface-water quality data, daily and monthly United States Section
International Boundary and Water Commission streamflow, sediment-load, reser-
voir content, and daily and monthly USGS reservoir-content data. State agency
ground-water quality and water-level measurement data from observation wells
throughout Texas are likewise available online through remote terminal-access.

As previously mentioned, TNRIS has frequent contact with a number of Federal
data systems. For example, TNRIS is an assistance center for USGS's National
Water Data Exchange (NAWDEX) and was the first state affiliate of the National
Cartographic Information Center. Since early 1976, TNRIS has been a Summary Tape
Processing Center recognized by the U.S. Census Bureau.

Additional Federal system contacts are maintained with (1) the Environ-
mental Protection Agency's Storége and Retrieval System (STORET); (2) the USGS's
Water Data Storage and Retrieval System (WATSTORE), and EROS Data Center (EDC);
(3) the U.S. Department of Commerce's National Technical Information Service
(NTIS), and National Weather Service (NOAA-NWS); (4) the U.S. Department of
Agriculture's Federal Assistance Programs Retrieval System (FAPRS); and (5) the
Water Resources Council's Water Resources Scientific Information Center (NRSIC);

Bibliographic data are available to TNRIS usersvthrough two online private
sector sources: the System Development Corporation's ORBIT system and the
Lockheed Corporation's DIALOG system. Access to data and information from cer-

tain Federal systems is accomplished through private contractors.
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SYSTEM CAPABILITIES AND SERVICES

TNRIS capabilities and services are varied and extensive. They include
(1) computer-printed reports; (2) graphic output; (3) interface with remote
terminals; (4) statistical packages; (5) computer-generated microform; (6) geo-
coding/geographic information handling; (7) analysis of remotely-sensed data;
(8) catalogs/indexes; (9) responses to inquiries concerning the availability of
(a) computerized data, (b) aerial photography, (c) satellite imagery/data,

(d) cartographic products, and (e) technical publications; and (10)-order1ng
services.

TNRIS indexes sensed, monitored, measured, and collected data existing in
both machine-processable form as computer cards, tapes, and disks and in non-
machine-processable form existing as documents, maps, and remotely sensed
imagery. In addition to providing data from its own centralized information
base, TNRIS disseminates data from other data bases with which it is intercon-
nected, refers inquiries to other data sources, and adjusts and organizes data
into forms suited to storage/retrieval and analysis. It also provides services
for manipulating and processing data into graphic representations, models, and
study plans. TNRIS may lead to the development of specifications and inventory-
ing and monitoring systems for natural resources management.

An ongoing educational program on TNRIS includes short courses on methods of
accessing the TNRIS data files and on other aspects of the system. TNRIS
regularly publishes several items, including a newsletter.

TNRIS remote sensing/cartographic activities can be classified into four
areas: (1) indexing and cataloging, (2) data retrieval, (3) education and con-
sultation, and (4) data analysis. As a state-level affiliate of the National
Cartographic Information Center (NCIC), TNRIS has been indexing all known
sources of imagery for the State, including Federal and State agencies, univer-

sities, and the private sector.
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In retrieving data on remote sensing and cartography, TNRIS assists many
users in procuring imagery and map data. The TNRIS computer terminal interface
with the EROS Data Center and the 16 mm browse file of the Data Center's prin-
cipal holdings are particularly helpful. This equipment makes several hundred
thousand frames of imagery covering the State of Texas available to TNRIS users.

In education and consulting, TNRIS offers several short courses in image
interpretation and remote sensing for State and private agency personnel. A
four-part series given throughout the year includes "Fundamentals of Remote
Sensing," "Air Photo Interpretation,” "Landsat Image Interpretation," and "Prin-
ciples of Landsat Digital Processing."

In data analysis of remote sensing and cartography, TNRIS has been involved
in a number of activities using Landsat data to assist Texas State agencies in
natural resource-related projects. One such project led to use of Landsat
digital data for updating the Dam Inventory maintained by the Texas Department of
Water Resources. TNRIS has also been involved in a long-term project to develop a
generalized Geographic Information System for storing and reproducing map-
related data. The System manipulates data in topological (polygonal) form as
well as grid cell form.

Using the Geographic Information System, data can be extracted from carto-
graphic products in the form of areas, lines, and points; stored on computer
files, along with textual information associated with the data; and reproduced in
the form of map overlays. Base information such as soil type locations, biologic
assemblies, oil and gas wells, pipelines, highway locations, and dam locations
have been stored in the System. Using the TNRIS Geographic Information System, a
TNRIS user can extract data from several different base maps at any scale or

projection and can subsequently combine them on a single plot.
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SYSTEM USAGE

As TNRIS evolved, it has come to serve quite a large user community, includ-
ing State agencies, industries, individuals, private businesses, educational
institutions, municipalities, county governments, councils of governments, river
authorities, water districts, and Federal agencies. The basic goal of the TNRIS
Systems Central staff is service to the users. TNRIS staff assist users in
obtaining natural resources data, either that readily available through computer
linkages, or that which must be retrieved from material located in sévera]
different places.

As TNRIS has developed, its staff has provided users with quick turnaround
on data requests submitted by letter, telephone, or personal visit to TNRIS
Systems Central. Depending on the form of the request and the source of the
data, answers may be provided the same day or within several days.

To assist users who require direct, immediate access to data, the TNRIS
Monitor has been developed. The Monitor is a system by which users can access
the data base through remote terminals in different parts of the State. It is
designed for easy operation by non-technical users. It provides ready access to
over 50 percent of the more than 300 TNRIS automated natural resource and related
data and information files. Files accessible through the Monitor include those
held by the TNRIS Systems Central facility and also those available from other
entities on computers located at a distance from TNRIS which can be linked up to
users through TNRIS computer facilities.

TNRIS Monitor users receive top computer priority to ensure fast turn-
around. Previous experience at using computer terminals is not necessary in
order to use the Monitor. Monitor users mistakenly asking for data they do not

want may revise their requests.
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During the year ending August 31, 1979 (State fiscal year 1979) 772 users
made 2,546 different data requests generating 3,494 accessions to TNRIS files.
These accessions produced a total of 4,088 sets of output products. Output
formats include: one or more computer-printed reports in 1,914 instances; mag-
netic tapes in 190 intances; 59 sets of punched cards; one or more graphs or
plots in 76 instances; 615 aerial photography indices; various numbers of aerial-
photo paper prints in 295 instances; one or more aerial-photo transparencies in
66 instances; varying quantities of microfilm output in 10 cases; and 863 outputs
in other format (file documents, published reports, maps, etc.). About 13
percent of the accessions to TNRIS results in more than one type of output
product; in many instances a single accession created large numbers of one type
of output product. Eighty-nine percent of the data requests for fiscal year 1979
were made either by telephone, letter, or in person, while the remainder were

processed by computer terminal.

CONCLUSION

Over thé years the TNRIS has been effective in making information more
readily available, in reducing duplication in data acquisition, and in fostering
cooperation among Texas State agencies. The success of the System may be
attributable to a number of factors; most important among them is perhaps the
obvious need for and benefits of such a system. It is also noteworthy that the
System has evolved slowly rather than being developed full blown over a short
period of time. It is also important that the System uses existing facilities
instead of additional expensive computer equipment.

In response to numerous requests for information on TNRIS, a considerable
amount of documentation is available on the System. Inquiries should be made to

TNRIS, P.0. Box 13087, Austin, Texas 78711.
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THE GEOTECHNICAL DATA BANK '

by
Terence Y. K. Lo and C. William Lovell
School of Civil Engineering
Purdue University

West Lafayette, Indiana 47907
INTRODUCTION

Geotechnical information generated by field and laboratory measurements
for various geotechnical projects in Indiana exists in subsurface investiga-
tion reports and is retained in the files of public agencies and private con-
sultants. To encourage use of this information, a computerized, user-oriented,
information storage and retrieval system has been developed (Goldberg, 1978).
This data bank has many uses, including planning, route or site selection,
design, construction, and teaching and research. Since the body of data as
well as the number and types of users will increase with time, every effort has
been made to keep the system both inclusive and flexible.

The Indiana data have been collected from private consulting firms, pri-
vate soil testing firms, and from tests conducted by the Indiana State Highway
Commission (ISHC). A1l of the data collected to date (some 10,000 sets) were
generated for the purpose of building modern highways and bridges in the state.
The data bank is quite new; this is the second of a series of papers(Goldberg
and others, 1979) to discuss various uses with a number of potential user
groups.

Two principal types of information are generated with a geotechnical data

bank: distributions of materials parameters and correlations among these
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parameters. Common statistics of the distributions are of particular in-
terest in sensitivity analyses and in probabilistic models. Correlations have
multiple uses also: among these are the predictions of parameters values,
which are relatively few (because of the cost of obtaining them) from more
simple (and abundant) values. Common examples of the latter are predictions

of strength and compressibility from classification tests.

Data Stored
The Data Input Form (DIF) of figure 1 was developed to fit the data
sources for the Indiana bank. Not all items are available for all samples,
but the 1isting includes the following:
(1) Project identification -- a. project number, b. contract
number, c. road number, d. data collection agency; - —
(2) Sample location -- a. county, b. highway district, c. township,
d. range, e. section, f. Tine number, g. station number, h. off-
set and the left or right direction from the center Tine;
(3) Sample identification -- a. boring number, b. laboratory
number, c. sampling procedure;
Date the sample was taken from the hole;

Physiographic region;

)
)
6) Parent material from which the soil has been derived;
) Ground surface elevation;

) Depth from which the sample has been removed;

) Depth to the bedrock;

(10) Depth to groundwater;

(11) Standard penetration resistance (SPT);
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(12)

Using the

Pedological soils information -- a. soil association name,

b. soil series name, c. horizon, d. slope (topographic)
class, e. erosion class, f. natural soil drainage class,

g. generalized permeability, h. generalized flooding potential,
i. generalized frost heave susceptibility, j. generalized
shrink-swell potential, k. generalized pH;

Gradational characteristics based on standard sieve sizes and
hydrometer analysis;

Atterberg limits;

Visual textural classifications;

Color based on moist conditions;

Organic content (loss on ignition);

) In-situ moisture content;

In-situ dry and wet densities;

Specific gravity;

Compaction test results;

California bearing ratio (CBR);

Unconfined compressive strength and failure strain;
Strength data from triaxial and direct shear tests; and
Consolidation test results.

above information from (13) to (16), a computer program classifies

the samples by the American Association of State Highway and Transportation

Officials
1978).

(AASHTO) and Unified Soil Classification (UNIF) Systems (Goldberg,

A user's manual, explaining in detail the operation of this data storage

and retrieval system, is now available (Goldberg, 1978), and a revised manual

is in preparation.
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Uses of Data Bank
As mentioned previously, data bank uses can be divided into two cate-
gories, the reduction of raw data to a usable form via descriptive statistical
methods, and the generation of correlation and prediction equations via sta-

tistical inference. Each use will be illustrated by examples.

Reduction of Raw Data

To measure the variability of selected soil characteristics numerically,
the frequency distributions of these characteristics are examined and de-
scribed. The distributions are sometimes normal but frequently they are
skewed or bimodal. This suggests that non-parametric (distribution-free)
methods be employed. 1In fact, Snedecor and Cochran (1969) state that when the
investigator does not know the type of distribution being sampled the nonpara-
metric methods are always helpful. They are highly efficient relative to
classical techniques under the assumption of normality and are often more ef-
ficient in other situations (Hollander and Wolf, 1973; Larson, 1973). A com-
plicated distribution is that of the ground water level; table 1 shows this
sort of analysis for the total state and for some of the 13 physiographic re-
gions within the state.

Table 2 summarizes an ambitious effort to reduce distributional data on
all possible soil parameters to “statistical soil profiles." The best popul a-
tion grouping for this purpose seems to be the pedologic soil association.
Another approach is shown in table 3, where the population groups are AASHTO
classifications within physiographic units. The primary purpose of each of
these tah]eé is to give expected values for reasonably large but grossly homo-
geneous soil groupings by non-parametric estimates, such as median and other

order statistics.
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Data Correlations and Prediction Models
Two types of prediction equations were used: (1) median models, and
(2) regression models. The median model was used to describe the data struc-
ture or distribution, rather than the conventional constant mean model. The

form of the median model is

where t.50 is the median value and €5 is a random varijation.

If the distribution is asymmetrical, the median model gives more reason-
able values than the mean model in most cases. If the distribution is sym-
metrical about its mean, the two models give essentially the same value. When
the objective is to predict, the value of €y 0, or Xi P KT t.50'

Only past values of the variable being predicted are used in the median *“*

model, and a considerable population of values for this variable is required.
Regression models define empirical relationships among variables and may be
based on Timited data fields. Regression models often correlate the soil pro-
perties that are difficult or costly to measure with simple soil indices.

Regressions for certain dependent variables for the Indiana soil data have

been undertaken and reported by Goldberg (1978) and Goldberg and others (1979).

These include: (1) compression index (C.) and compression ratio (C

c - which

equals CC/(l + eo), where e. is the initial void ratio); (2) unconfined com-

o

pressive strength (qu); and (3) standard Proctor maximum dry ( ) and wet

pdmax

(pmmax) densities and optimum moisture content (w

Opt). Additiopa] correlations

for the compression index are shown in figures 2 and 3.
The independent variables uses in these regressions included: (a) initial
void ratio (eo), natural moisture content (wn), natrual dry density (pd); (b)

liquid 1imit (wL), plastic Timit (wP), plasticity index (Ip), shrinkage 1imit
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(ws), and (c) percent sand, percent sjlt, and percent clay.
SUMMARY

The data bank provides secure storage of geotechnical information
generated for a specific project and often lost after project completion. Data
may be retrieved by many users for a variety of purposes.

In some instances, the non-parametric statistical methods are more satis-
factory than the classical ones for describing the distributional characteris-
tics of soil parameters. Examples of distributions have been given for ground
water levels within physiographic subsections, statistical soil profiles with-
in pedologic soil associations, and selected soil parameters within the same
AASHTO soil classification group in a physiographic unit.

Some regression models have also been presented. As moré data are
stored, it is possible to improve the statistical credentials of coarsely
divided data groupings and to develop correlations for smaller and more homo-

geneous groupings.
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ENGINEERING PETROGRAPHY: HIGHWAY APPLICATIONS

by

Tom S. Patty
Materials and Tests Division
Texas State Department of Highways
and Public Transportation
Austin, Texas 78703

INTRODUCTION

Petrography is the study of the classification and composition of rocks. In
a general sense, engineering petrography attempts to explain the behavior and to
relate the engineering properties of construction materials such as rock, soil,
cement, lime, concrete, fabrics, metals, and plastics to optical characteriza-
tion by means of a microscope. For the purpose of this paper, engineering
petrography involves the application of petrography to the examination of con-
struction materials, both natural and synthetic, used in engineered structures.

Construction materials are required to comply with specifications relevant
to the job. Testing is necessary to determine if a material meets specification
requirements. Often the reason materials pass or fail a test can be determined
through microscopic examination. Most inorganic substances (minerals) have
crystalline structures that can be identified optically. Even the mineraloids,
amorphous glasses, and inorganic compounds display optical features that can be
recognized and compared using optical (polarizing or petrographic) microscopes.
A stereoscopic microscope, equally indispensable in a petrographic laboratory,

is shown along with a polarizing microscope in figure 1.
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Figure 1. A polarizing microscope (right) equipped with
transmitted- and reflected-1ight accessories along with
a stereoscopic microscope (left) are essential for
petrographic analysis of constructional materials.
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The petrographic microscope can be used to identify rocks and concrete,

paint pigments, and extenders, such as asbestos, fiberglass, mica,' and an assort-

ment of other common minerals and additives, such as fly ash for concrete.
Various thermoplastic fabrics such as polypropylene, nylon, and polyester
exhibit optical features under polarized light that aid identification and pro-

vide the basis for comparative studies.

HIGHWAY APPLICATIONS
Bridge Deck Deterioration

Petrographic analysis was first applied to highway materials by the Depart-
ment's Materials and Tests Division during the 1960's. The Division's research
section undertook an extensive bridge-deck sﬁrvey to determine the causes of
deterioration in Texas structures and to recommend corrective measures (Elmore,
1967). As a part of this project, 224 concrete cores were subjected to petro-
graphic examination. Results of these petrographic studies were combined with
other laboratory and field observations to provide significant information about

distressed concrete.
Industrial Mineral and Resource Assessments

In 1968, the Materials and Tests Division established a geologic and petro-
graphic research section to undertake a thorough assessment of our statewide
aggregate sources and to provide a complete petrographic laboratory equipped for
microscopic examination of all types of aggregate material.

By the early 1970's, several studies had been conducted as industrial
mineral and specific aggregate assessments (Patty, 1968a, 1968b, 1971, 1972,

1973). Each study incorporated petrographic analysis as a basis or as a comple-
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mentary part of the study. Figures 2 and 3 demonstrate a typical use of trans-
mitted polarized light for identifying sand-grain mineralogy as well as the
nature of the cementing compounds in a sandstone.

In searching for, testing, and evaluating new deposits of rock materials for
proposed highway use, petrographic studies have been applied to limestones,
rhyolite, scoria, sandstone, caliche, and river gravels in an effort to explain
and predict their behavior when used as coverstone, hot-mixed asphaltic paving
materials, asphalt stabilized base, and portland cement concrete (Patty, 1971,

1974a, 1974b).
Reactive Aggregate

Studies of the petrography of portland cement concrete reached a turning
point in 1940 when failure and deterioration of hardened concrete were found to
be the result of reactive aggregate. Since the early 1950's certain types of
aggregate from West Texas have been suspected to cause alkali-silica reactions in
concrete structures (Holland and Cook, 1953; Mielenz, 1954). 1In 1970, Patty
(unpublished report) identified evidence of alkali-silica reaction from three
IH-10 structures in West Texas that had been open to traffic for only five or six
years. Subsequent studies found evidence of reactive aggregate in other areas of
the State. Silica gel deposits from alkali-reactive siliceous aggregates are
illustrated in figure 4. An exampie of a mechanically unsound aggregate is shown
in figure 5.

Specific petrographic studies applied to concrete aggregate include the
identification of iron pyrite and lignite as potentially deleterious to the
physical and aesthetic qualities of structural concrete (Patty, 1970). Results
from this examination were used to denote objectionable mineralogical and

organic materials. When these results were coupled with field performance,
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Figures 2 and 3. Photomicrographs of sandstone aggregate proposed
for use in an asphaltic paving mixture as viewed in plain 1light
(top) and polarized light (bottom). The sand grains are composed
of quartz, feldspar, and chert whereas the cementing materials are
opal and fibrous chalcedony. (Magnification 125X)
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Figure 4. Alkali-silica deposit formed as the result of certain
siliceous aggregates chemically reacting with the alkalies in port-
land cement concrete. Expansive forces capable of disrupting and
cragking concrete may result from these reactions. (Magnification
25X '

Figure 5. Mechanically unsound rock materials incorporated in concrete
mixtures can have pronounced effects on strength and durability of
structures. Aggregate particle exhibiting high shrinkage characteris-
tics which disrupt the bond with the cement paste. (Magnification 8X)
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recommendations were made to restrict the use of aggregates with these dele-

terious components in certain concrete mixtures.
Expansivity, Secondary Mineralizations, and Admixtures

Application of petrography to samples from concrete structures has also
revealed conditions associated with unsound cement (Patty, 1972b). Unaccom-
modative expansion of the cement paste resulted in a network of microcracks and
complete disruption of bridge deck slabs and retaining walls.

Condition of the cement paste, air-void system, aggregate-bond interface,
relict cement particles, hydration products, solid admixtures (such as fly ash),
and secondary or abnormal chemical deposits and mineralization are well defined
through petrographic observations and examinations. Figures 6 and 7 illustrate
fly ash admixtures as found in concrete. A well-developed hexagonal crystal of
portlandite (calcium hydroxide) removed from an air void in concrete with higher
than normal water cement ratio is shown in figure 8.

Other in-depth reports on reactive aggregate have relied on pétrographic
support for cause-and-effect relationship of hostile environments, such as the
Gulf waters, and incorporation of synthetic glass into concrete batches (Patty,
1973, 1974a).

In addition to the problems of concrete deterioration from alkali reactiv-
ity, documentation of abnormal chemical reaction from sulfate attack has been
delineated through petrographic analysis. Radially formed needle-like crystals
of calcium sulfoaluminate taken from a sample of deteriorated concrete caused by

sulfate reaction are shown in figure 9.
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Figures 6 and 7. Industrial by-products from power generating plants in
the form of spherical glass fly ash particles have found uses as pozzo-
lanic admistures in portland cement concrete. The glassy beads, about
the size of cement grains, can have subtle as well as pronounced effects
on the properties of concrete mixtures. (Vertical illuminated reflected

1ight, magnification 200X and 400X)
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Figure 8. Hexagonal crystals of portlandite (calcium hydroxide) form in
void spaces in portland cement concrete mixes generally when excessive
water is used during batching. (Magnification 500X)

Figure 9. Delicate clumps of needle-like crystals of ettringite (calcium
sulfoaluminate) occur as secondary mineralizations in portland cement
concrete which has experienced chemical alteration or deterioration from
sulfate reaction. (Magnification 30X)
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Linear Traverse Examination

Microscopic examination of the air-void system of hardened concrete pro-
vides subtle and conclusive comparisons of concrete samples from the same job or
samples of variously designed concrete. Comparisons of concrete samples with
widely differing air contents are shown in figures 10 and 11. Graphic presenta-
tions of the air void parameters, namely, air content, voids per linear inch,
average chord length, specific surface area, and void-spacing factor, visually
represent quantitative measurements. These graphic measurements provide a
"fingerprint" of a specific piece of concrete, and several pieces of concrete can
be compared'in a repeatable and specific test procedure that can easily be
conducted if the equipment is available (ASTM Designation: C 457).

Plotting the mathematical interrelationship between the various measurable
air void parameters provides a method for comparing a sample to a standard or,
as previously stated, to other cores or pieces of concrete. Graphs of the air
void parameters measured for the concrete samples illustrated in figures 10

and 11 are compared in figure 12.
Skid Resistance

A number of reports and investigations outlining the behavior of aggregates-
have revealed that petrography can explain relationships between composition,
rock fabric, and performance. This is especially well demonstrated with poten-
tial skid resistance of aggregates (Patty, 1971a, 1973a, 1974b, 1974c, 1975).
Petrographic evidence can relate to freeze-thaw susceptibility, soundness,

abrasion, and polishing characteristics.
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Figure 10. An entrained air system measuring 3.2 percent by volume.
The spacing factor is 0.75 inches. (Magnification 20X%)

Figure 11. An entrained air system measuring 14.5 percent by volume.
The spacing factor is 0.002 inches. (Magnification 20X)
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Figure 12. Air-void parameter graphs showing relative values of the
internal void system as measured by linear traverse methods outlined
in ASTM Designation: C 457. Five selected parameters, air content
(A), voids per linear inch (n), average chord length (1), specific
surface area (a), and void spacing factor (L), are graphed for the
two concrete samples illustrated as figures 10 and 11 respectively.
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Non-Minerals

Epoxy and polymer substances represent exotic material that was used either
to fill cracks in concrete or to seal against weathering and solutions by means
of impregnation or by the placement of polymer sealcoats. Polymer treatments
have primarily been applied to bridge decks but have other practical applica-
tions.

Detection and identification of polymers in hardened concrete by petro-
graphic techniques are useful in evaluating bridge deck sealing or impregnation
procedures. The normal method of examining conérete for the presence of an
applied polymer involves coring the structure, dipping the cores into an acid
bath for about one minute, rinsing, and drying. Color enhancement of the cement
paste with phenolphthalein aids in locating the paste that was not affected by
the polymer impregnation. The polymer "acid-proofs" the paste and the phenol-
phthalein will not stain the impregnated areas. The definitive examination is
always conducted with the aid of a binocular microscope. A study of polished
sections viewed from 200 to 400X, as illustrated in figure 13, was found to be
the most effective means of identifying and determining the homogeneity of im-

pregnated polymer systems in hardened concrete (Patty, 1978).

CONCLUSIONS

Engineering petrographers often use microscopes to examine both rocks and
minerals and exotic construction materials. Although greatly expanded during
the past three decadeﬁ, petrographic studies of portland cement concrete have
come of age and become more important in view of optional mix designs, admix-
tures, reactive aggregates, and specification changes. Petrography has wide

application in selecting, testing, and processing concrete-making materials and
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Figure 13. Photomicrograph of a polish section of polymer impregnated
concrete. The large particles are quartz sand grains. The cement
paste shows a darkened zone of polymer compared to the impregnated
Tighter colored paste. (Vertical illumination, magnification 200X)
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in evaluating concrete in service, particularly in investigating causes of
damage or failure. Many petrographic observations are such that they are used
unilaterally to support important engineering decisions. Applied microscopy
is used to relate textural properties to potential skid resistance of paving
materials as well as to help explain the service behavior of bituminous mixes,

metals, and polymers.
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EVALUATION OF CHANNEL STREAM BANK EROSION IN

URBANIZING WATERSHEDS IN THE BLACKLAND PRAIRIE,
NORTH CENTRAL TEXAS

by
Peter M. Allen
Department of Geology

Baylor University
Waco, Texas 76798

INTRODUCTION

Problems associated with urban development and streams can be
classed into four categories: (1) flooding, (2) channel bank erosion,
(3) Towering water quality through pollution/sedimentation, and (4)
Toss of aesthetic quality (Leopold, 1968). This paper focuses on the
problems and potential solutions for channel erosion in urbanizing
watersheds, Dallas, Texas.

The City of Dallas has spent $500,000 in recent years on
measures to halt the loss of private structures and yard areas due
to streambank erosion (City of Dallas, 1979, p. 31). Similarly,
lateral migration of stream channels caused an estimated loss of
300 bridges and problems in 1,000 others in the State of Texas
(F.H.A., 1978, p. 19).

Study Area

The study area lies at the apex of a triangie formed by Dallas
to the north, San Antonio to the southwest, and Houston to the
southeast that contains over half the population of the state
(fig. 1). Conversion of rural to urban land is occurring at a rate
of approximately 3,500 acres a year in the City of Dallas, a rate
representative of the rapid growth in and adjacent to the metropoli-

tan centers with the region. The study area lies within the
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Figure 1. Location of study area in Texas.

Blackland Prairie physiographic province of Texas, a fertile band of
black clay and brown silty clay soils, underlain by chalk and shale

bedrock. These geologic units strike north-northeast and dip gently

toward the Gulf Coast at 40 to 60 ft/mile (fig. 2).

__— [TARRANT [DALLAS 1
' |

~BOSQUE
\

Kta Taylor marl’
Kau Austin chalk

Kef Eagle Ford sha{g A

v

Figure 2. Geology of the Blackland Prairie,
north-central Texas.

The landscape is typlified by flat to gently undulating prairie

which is intermittently dissected by west to east flowing streams.
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The study area lies within the extreme northern part of the
humid subtropical belt that extends northward from the Gulf of Mexico.
Average seasonal témperatures range from 46 to 85°F, and annual
precipitation is about 36 inches. Rainfall in the area is produced
from various types of storms. During the fall and winter, long dura-
tion, low intensity storms triggered by the southward moving con-
‘tinental polar fronts are common. The most common storm occurring
from April to September is the squall line thunderstorm. Individual
excessive rains causing serious flooding occur most frequently during

the spring (Smith and Welborn, 1967).

Methodology

Analysis of channel erosion in the Dallas area involved four
interrelated areas of study (fig. 3): (1) an overview of stream
channel geomorphology and its relationship to the areal extent of
channel erosion within urban and natural watersheds, (II) analysis
of the magnitude and processes of channel erosion within urban and
natural watersheds and related hydrology of urbanizing watersheds,
(IIT) analysis of the geology, soils, and their engineering pro-
perties in relationship to channel erosion in the study area, and
(IV) evaluation of guidelines proposed by the City of Dallas for

channel erosion.
(I) Overview of stream channel geomorphology

Before introducing a geomorphic classification of streams
developed for urbanizing watersheds, the genetic factors differen-
tiating one stream from another must be cited: (1) stream discharge,

(2) longitudinal slope, (3) sediment load, (4) resistance of banks
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IDENTIFY THE PROBLEM
STREAMBANK EROSION

N
EXTENT OF PROBLEM
STREAM CLASSIFICATION

I
N N2 N2 I
TYPE || TYPEN || TYPE il || TYPE IV

N
GEOMORPHOLOGY ENGINEERING
HYDROLOGY GEOLOGY

o ——

GUIDELINES

Figure 3. Methodology followed in evaluation
of streambank erosion.

and beds to movement of flowing water, (5) vegetation, (6) tempera-
ture, (7) geology, and (8) works of man (Lane, 1957, p. 8). A
stream system, fully developed within its drainage basin, has under-
gone a long period of adjustment of its geometry. The actual profile
of a stream is determined by the geology and local base level.
Within this profile, individual streams and their tributaries are
joined together into a drainage net. A1l surface waters discharge
from the watershed through the drainage net and the mouth of the main
channel. Horton (1945) showed that streams within the drainage net
could be ordered within a hierarchy from fingertip tributaries to
major channels. Within this hierarchy Horton (1945) found channels
of the same order to have similar lengths and drainage areas.

Given these general similarities in drainage morphology
illustrated by Horton (1945) and others, it is here assumed that

streams within é region of homogeneous geology and climate can be

140



classed into four basic types based on similar readily identifiable
gebmorphic, geometric, and hydrologic characteristics. Because each
stream type described differs over a definite range in its physical
and hydrologic characteristics, it can be assumed to present similar
problems to the city with subsequent urbanization. Therefore, the
basic premise under which this classification is proposed is that:
(1) natural stream channels provide the least expensive means for
carrying away surface water, (2) that there is a hierarchy of stream
channel types within every drainage basin, (3) in each stream type
the magnitude of ongoing processes of erosion, deposition, and channel
form are similar, and (4) once identified, these channel types allow
prescription of proper safeguards and guidelines for urban develop-
ment within a watershed along those parts of the stream channel,

These assumptions were tested through field reconnaissance 6f
known problem areas, conversations with city hydrologist (N. Maier,
personal communication, 1977) and work with the City Planning
Department (R. Stanland and M. Krout, personal communication, 1977).
Results of these discussions are presented (fig. 4, tables 1 and 2):
figure 4 and table 1 describe the geomorphic characteristics of
stream types in Dallas and table 2 indicates the relationship of
stream types to urbanization.

Stream types were delineated on topographic maps (1" = 400 ft.,
five foot contour interval), of the City of Dallas. The 100-year
water surface was superimposed on this map from past drainage studies.
The areal extents of stream types (as described in fig. 4, table 1)
were tabulated by laying a standarized grid over each floodplain
area (fig. 5). Of the approximately 45 m12 of floodplain land

within the City of Dallas, 25 percent falls within those stream
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Figure 4. Plan view and stream profile indicating

approximate boundaries of stream types.
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Figure 5. Percentage of floodplains within City of

Dallas according to stream classification.

142



b e it bptias 4 b e

:

e O G S [

"0130q |suueyd sajeulwop aduanbas |ood ¢(sasunoo

3106 ¢saAudsaud m;:pmcw SOLILALIOR |eUOL]RIUIDL UO4 PASh 40 sade|d ul pawJdey
urejdpooyy ¢siiLsodap |aaed JLwouodd 4o uorzedo| fAdoued pado|aAsp [|amM sidoddns
93B1S |ednjeU UL ULe|dPOO[4 $SeaUP PB3AS| UL S9343 1sow 40 padea|d uie|dpoo|y
flauueyd jo dol puokaq |[om peauads (4A QQT) 423eM poo|y ‘wniAnjp|e ojuL 3nd
[auueys <(+ 34 Of) swollo0q [auueys OPLM Yy3ilm s|auueyd |epLozaded} paj|Lem daals
©SS3| 40 LW/1} G) sjuaipedb [suueyd Mol <°bs (QGI JO SS8IX2 UL Seade 9beuLeup

Puringtruazuos fsure|dpool|4 (34 000°9-000°T) optLm UILM SJUBALJL BuLdapuyeaw abue

e e s i s

o, S

Al

"S®1J44Lt4 03 OL3ed T 03 zZ slood ¢3duanbas 9l44La-100d padojanap

LLdM f*s°d*y 8-G S311100|3A |auueyd t°s*d*y py-g wouy abued s3L31D0|9A jueq
=4dA0 °S*4°D 000°0F 03 00091 punoue wou4y dbueua sabuaeyossip *uhk-goI ‘uiLe|dpooyy
pado|sAap [|am ® Ojuo0 sdoj SAUBQ |duuRYD Byl puOAdq ||9M Speauds 8JBJUNS J3]EM
"4A-00T ¢su43puesw 40 8pLsIno ay3 uo S44L1O )O04p3Q [BUOLSEID0 YILM WNLAN||®
AlLedo1LdA1 sjyueq jauueyd ‘WNLAN{|® 40 Y204p3q O3UL 3ND Swo3110q |auueyd ¢spauueyd
LepLozadeal pajLem daals ‘(Lw/34 0T-z) siuatpeuab [auueyd desjs A|ajedapou

ttlw *bs QGI-0T punode wody abued Seade dbeuredp BuLINGLUZUOD ‘suretdpooyy

(34 000°1-002) 9ptLM A191ed9pow 03 ||ews Yy3Lm s[auueyd wesdls abue| A|ajzedapoy

JERNYRS.

LTI i oy,

-,

ITI

"s*d"} §I-/ SOLILOO[3A |auueyd clood T 03 sa[jitd

§ oljed fsjood M3y fwo3loq |auueyd ayz 8}eulLwop s3aduanbas a[J4LYy °*°S°4°D
000°9T1-000°T wou4 abueu sabueyostp *uk-001 ‘(14 00g ueya SS9L) s)yueq [auueyod
9yl jo dol ay3z 03 A3Lwrxodd 9S0|2 A4®A ULYILM pautejuod Ay peaLdAy SL 8dejuns
4931eM 4e3L-0QQT fwniAnjle 4o (a|eys 4o ALBYD) }204paQ 03UL 3NOD SwWol30q Lauueyd
$daals A|aALjelad yueq Louueys jo dol puoksaq s|Lem Aa[|ea !s|auueyd (eprozadeuy
Pallem-daals “deap ¢[]ews ‘(tw/314 + 01) sauaLpedb Leuueyd dasls ¢-rw *bs gr-z2°Q
wouy burbued sesue abeupeap buringiraauoo y3tm s|auueys wesauss Lhiyanoke | euwg

T4 T e A i e e -

II

A £ ik et . S g e e bt e«

*ueaf ayz jo 3souw Aup Swesadls fsajeutrwop

90UaNbas 441y *S°*4°d 000°T ueyy ssa| A|Led1dAy sabuaeyosip *uk-001 Syueq

9yl 40 dol 8yl jo 31994 0Z-0I Uutyaim A 1eotdA] si adetluns J4ajem *uf-001 ¢(sAeyd
KyLLs-skeo AL1edo1dA]) sptos LeNpLSad ojul sjyueq [sauueyd pue (@leys uo d1Leyd)
4204p3q oj3uL Ind A[[edtdA1 swoljoq |auueyd UILM SUOL]O9S-SSOJUD [dUURYD Weaudls
leptozadedy |[ews S(Lw/34 + 9T-€1) SjuaLpedb [auueyd dssgs ¢ ‘Lwebs z-0) saude
0€T UeYy} SS3| 40 seade abeuredp buLangrazuod U LM satdelnqiul dizusbury |pews

SOILSIYILIVEVHI JIHA¥0W0IS

IdALl WY3IYILS

sodA] weauls Jo soL1SLU93dRARY) dtyduowoasy 1 upnm»

143



e A M BV it 4 n = e 3T e L Se L LATE R T G e ¢ bk b

*sque(d juawjesad) abemas weadsisdn 03 anp MO| AUBA AL leadudb siL adf3
Wesa43s SLYa ui A3rL{enb Jud3eM "UOLIINUISUOD 33Ad| 03 JoLdd sedde ul
BuLilt4 03 pue €s3Ld -|9Aedb pauopuege jJo Julawiesdl ‘urejdpools 3yl ul
uoLgLstnbae (|3Aeab-pues) [edduLu 40 uoije(nbad 031 33e|3d4 swa|qodd 43yip
‘ure|dpool4 9yl JO UOLIBUDI|® puR UOELIONAISUOD d3Ad| Aq padnpad usa(q
aARY pJ4eRZRY POO[4 40 SWAD] UL edJe SLY} Y3LM pajerdosse swd|qodd Joley

Al

*qusawiJaedag sydeqd ayiz Aq aseyouand |erLjuslod 40} pue|

uire|dpool4 SS9sse 03 43puo ur pado|dAdp uUd3q dAeYy S3LHO|OPOYIBK IUBWSSISSY
Y9949 ¢90oURULPJAQ LLOuno) A3L) Aq poarenbada mou siL uie|jdpooly 3yl ul

BuLpLl4 °@o4nosad juejaodwr A||ed2133Yy3sd pue A[|edt60l 023 SLYyl 3o sso|
97BWLI LN 3Yyz pue wedaJdisumop pue dn adejuns udzem ‘uak-pol/uteldpools 3y3

UO LLt4 YdNS 40 $309443 0160|04PAY BY3 Y3 LM pajerdosse ade swdjqodd Joley
*940@ UR SJUR|LOP 000°02 40 Sp4emdn yjuaom SL pue| pawLe|ddy °3deJdNs J3}eM
4e3K-00T 9Yl 9A0Qe 3L d@SLed pue ure|dpool) 3yl |Ll} 03 d4nssadd JudwWdo{dA3p
shopuawad) J4apun Ajlensn si eade uLe|dpoo|} 43pLtM S3L Yyaitm adAl weadls sLyl

ITI

ke NS N R S T 7% TS £ R APPSRV D/ SRR ;L SRR LA ol L4

*S$S34N22NU41S JO 3dseyduand 40 €SUOLIIBS

[ouueyd paul[ °s||em HBururerad SALSUIdXd jo uolLje|leISul 0} sped|
A1ezewL3in siyl -burdwnis 40 uoLSO4® 03 dnp A3L|Lqejisul jueq |suueyd o3}
ajea4 adAy |auueyd sLyl o3 juddelpe Hurdo|aasp swa|qouad Jofel “[eLIABWWOD
40 ALtwegr3nw A3Lsusp ybLy oq pLnom suoL3dsdxs fsjudwdo|dASp Isou 404
A9M3S WJ01S e o3uL and A{|edLwouods 3q 03 3bae] 003 sL edde |[3uUuRYD SLy]l

I1

B s v g e iy 5 s i e SOR— - e e i . s e A

*buLp[Lhq 40} puel WLE|DdJ 03 J43p40 UL (ur g/ 03 dn) sadid ojul 1nd sdJe
SweaJdls 9sayy ‘sejleq uL ‘Arpeostdf] -adrd e uL weauzs buriind jo 3s0d
SNSAdA [duueyd d|ems uado jJo ddueusjuiew Jo 3S0D YjLM pajeLdosse swd|qodd

GIHSYILYM 40 NOILVZINVEYN OL NOILVIIY

e m——— e e ———

3dAl WV3IHLS

*pays4slepM 8yl 40 uorjeziueqdn o3 sadAl weadlS 40 uoLjeiay .N;u_ﬁmk

144



types in which channel erosion has been observed to be a problem:

type II streams. The remaining undeveloped (unplatted) area located
along these streams types indicates that a large part of the city has

the potential for future channel erosion problems.

(II) Analysis of the magnitude and processes of channel erosion

The volume of runoff from a given storm event is controlled
primarily by infiltration characteristics of the soil cover complex:
slope, soil-bedrock, and vegetation. The flow regimen of'the stream
is controlled by the characteristics of the soil cover complex and
the rate at which water is transmitted across the land to the
channel. Urbanization affects the flow regimen in that it both
increases the percentage of impermeable surface within the watershed
(Nelson, 1970; Dempster, 1973; Leopold, 1968) and changes the size,
density, and characteristics of tributary channels (Leopold, 1968).
Since stream channels form in response to the flow regimen, changes
in this regimen cause adjustments in thé stream channels: urbanized
channels should be expected to adjust to greater total runoff, de-
creased channel lag, and related increased peak discharge. Dempster
(1973) found urban watersheds in Dallas had flood peaks from 1.2
to 1.4 times those of undeveloped watersheds.

Leopold, Wolman, and Miller (1964) and Hammer (1972), among
others, have suggested that stream channels tend to maintain a state
of quasiequilibrium with the flow regimen of the stream such that
there is a constant frequency of bankfull flows. These are estimated
to occur approximately once every 1.5 years. Urban development of a
watershed is known to cause changes in this streamflow regimen
(Leopold, 1968; Hammer, 1972; Fox 1976; among others).

Park (1977) outlined three approaches to the identification and
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testing of such humanly induced changes to the stream channel:

(1) monitoring the actual channel changes at monument sites through
time, (2) monitoring the changes in discharge and sediment yield
which accompany urbanization and using theories such as the regime
theory to predict channel changes, and (3) using some form of spatial
interpolation technique in which channel form properties observed
under modified conditions can be compared with estimates of the form
properties of the same site under natural conditions. In this study,
the third method was chosen and modified from Fox (1976), Hammer
(1972), and Robinson (1976). Twenty-six watersheds ranging in

size from 0.23 to 46.5 m1'2 were chosen. Twenty rural watersheds

and six urbanized watersheds were evaluated (fig. 6). Although more
urban watersheds were investigated, only five proved to contain

unaltered channels in the study area at selected cross sections.

Figure 6. Location of basins utilized in
analysis of channel erosion.

Although both chalk and shale bedrock crop out in the study area,
areas underlain by shale bedrock were chosen for detailed evaluation
based on the assumption that maximum channel enlargement would occur
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in these channels. While this assumption is supported by engineering
tests and field evaluation; work is currently being done by Narramore
(personal communication) to test this assumption.

Aside from choosing areas with similar bedrock, soils, drainage

areas, slope and vegetation, sites chosen for indirect determination

of channel capacity were also based on criteria indicated in figure 7.

erosion

channel

measure

Figure 7. General criteria for measuring
stream channel cross sections.

Methods used in measuring channel cross sections were defined
by Leopold and Dunne (1978) and Hammer (1972) and consisted of
stretching a thin nylon string across the top of the channel section.
Measurements were then taken at one-foot intervals or at significant
breaks in slope across the channel from the string to the channel
bottom with an extendible range pole, thus establishing the channe]
configuration.

Because one of the objectives of the study was to correlate
the cross sectional area of bankfull stage of urban versus naturai
watersheds, a uniform criterion had to be devised to determine
bankfull elevation. The top of the lowest bank was used to define

bankfull stage (after Fox, 1976)

[
-

The percentage of basin urbanized
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was determined from analysis of recent (1978) air photographs of
the study area. Since the majority of the area (80 percent) proved
to be residential uses, no differences were noted in computing the
percentage of different land use types within basins. Based on the
U.S. Geological Survey's 7.5-minute quadrangle maps, the majority
of the surveyed area was urbanized prior to 1973. This is significant
because as Hammer (1972) noted there may be a lag time between
urbanization of the watershed and channel enlargement of up to four
years.

Table 3 lists the data corresponding to cross sections measured.
The relationship of channel width, depth, and cross-sectional

area for urban and natural watersheds are shown (figs. 8 and 9).

SECTION NUMBER DRAINAGE AREA BANKFULL AREA TOP WIDTH MEAN DEPTH PERCENT URBAN

(sq.mi.) (sq.ft.) BA (£t.) W (£ft.) 1/

1 0.23 10 8 1.17

2 0.29 6.7 15 0.4 -
3 1.09 32.5 12 2.5 -
4 1.12 57.5 29 2.1 -
bS] 1.23 58.75 22 2.7 -
6 1.54 47 22 2.1 -
7 1.82 55 19 3.7 -
8 2.01 49.5 22 2.6 -
9 2.25 37.5 20 1.6 -
10 2.5 55.8 29 2.7 -
11 2.76 55 24 2.2 -
12 2.93 95 36 2.6 -
13 3.54 66 20 3.3 -
14 5.73 108 44 2.5 -
15 8.67 137 55 2.3 -
16 11.09 156 48 3.3 -
17 13.5 340 43 7.6 -
18 16.04 240 42 6 -
19 40.41 280 57 S -
20 46.5 314 65 4.8 -
21 0.6 50 2 1.8 51
22 1,06 95 25 3.8 53
23 1.3 137.5 49 2.8 95
24 3.6 126.25 49 2.6 62
25 8.6 122.5 34 3.6 13
26 20.9 190 36 1/ Degtgz BA/W 39

Table 3. Measurement data for streams
' shown in figures 8 and 9.
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Figure 8. Channel width and depth plotted as a function of drainage
area. (Dashed lines are after Leopold and Miller, 1978).
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Best-fit lines were drawn through the points in order to estimate

the general relationship between the variables. Measurements given by
Leopold and Dunne (1978) are shown for comparison. It can be noted
that recorded data have a similar siope but appear to plot consistently
higher than those of Leopold and Dunne (1978). This fact seems
consistent with the greater point rainfall events (inches per hour)

and annual precipitation norms (34 to 36 inches) of the study area

in contrast to those studied by Leopold and Dunne (1978), where

annual rainfall cited was 30 inches.

Although results should be viewed with caution owing to the
small available number of measured urban channels, the following
inferences are probably justified (figs. 8 and 9):

(1) VUrban channels tend to be wider and deeper than

natural channels with ratios of urban to natural
channel width (1.3 to 2.3) being slightly greater
than depth ratios (1 to 2.0).

(2) Urban channel cross-sectional areas are from 1.7
to 3.7 times greater than predicted bankfull
channel areas for similar size watersheds, in
the rural state.

(3) The greater the precent of urbanization recorded
within the watershed, the greater the increase in
channel cross section area for drainage areas up
to approximately 5 square miles.

(4) Larger watersheds showed no comparative increase
in channel dimensions with measured degrees of
urbanization (13 percent and 39 percent).

The greater observed increase in channel erosion in small
channels (less than 5 sq. miles drainage area), is attributed to:
(1) greater alteration of channel sections in these areas, (such as
channelization and straightening of channel reaches), owing to the
fact that it is less costly; (2) increased storm sewer discharge
density and discharge per unit length of channel, thus augmenti