TRANSPORTATION RESEARCH Recorp 612

Subsidence Over
Mines and
Caverns, Moisture

and Frost Actions,
and Classification

TRANSPORTATION RESEARCH BOARD

COMMISSION ON SOCIOTECHNICAL SYSTEMS
NATIONAL RESEARCH COUNCIL

NATIONAL ACADEMY OF SCIENCES
WASHINGTON, D.C. 1976



Transportation Research Record 612
Price $3.60
Edited for TRB by Frances R. Zwanzig

subject areas

21 photogrammetry

33 construction

61 exploration-classification (soils)
62 foundations (soils)

64 soil science

Transportation Research Board publications are available by order-
ing directly from the board. They may also be obtained on a regular
basis through organizational or individual supporting membership in
the board; members or library subscribers are eligible for substantial
discounts. For further information, write to the Transportation Re-
search Board, National Academy of Sciences, 2101 Constitution
Avenue, N.W,, Washington, D.C, 20418.

Notice

The project that is the subject of this report was approved by the
Governing Board of the National Research Council, whose members
are drawn from the councils of the National Academy of Sciences,
the National Academy of Engineering, and thc Institute of Medicine.
The members of the committee responsible for the report were cho-
sen for their special competence and with regard for appropriate
balance.

This report has been reviewed by a group other than the authors
according to procedures approved by a Report Review Committee
consisting of members of the National Academy of Sciences, the
National Academy of Engineering, and the Institute of Medicine.

The views expressed in this report are those of the authors and do
not necessarily reflect the view of the committee, the Transportation
Research Board, the National Academy of Sciences, or the sponsors
of the project.

Library of Congress Cataloging in Publication Data

National Research Council, Transportation Research Board.
Subsidence over mines and caverns, moisture and frost actions,

and classification.

(Transportation research record; 612)

Twelve reports prepared for the 55th annual meeting of the
Transportation Research Board.

1. Subsidences (Earth movements)—Congresses, 2, Earth
movements and building—Congresses. 1. Title. II. Series,
TE7.H5 no.612 [QE600] 380.5°08s (551.3] 77-23116
ISBN 0-309-02588-5

Sponsorship of the Papers in This Transportation Research Record

GROUP 2-DESIGN AND CONSTRUCTION OF TRANSPORTA-
TION FACILITIES
W. B. Drake, Kentucky Department of Transportation, chairman

Construction Section
Robert D. Schmidt, lllinois Department of Transportation, chairman

Committee on Earthwork Construction

David 8. Gedney, Federal Highway Administration, chairman
Joseph D’Angelo, Edward N, Eiland, L. F. Erickson, Charles H.
Haney, Jv., Erling Henrikson, William P. Hofmann, John R. Kohnke,
W. F. Land, Charles H. Shepard, Edgar H. Stickney, Walter C.
Waidelich, Glen R, Watz

Soil Mechanics Section
John A. Deacon, University of Kentucky, chairman

Committee on Subsurface Drainage

George W. Ring III, Federal Highway Administration, chairman
Charles C. Calhoun, Jr,, Harry R. Cedergren, Barry J. Dempsey,
Ernest L. Dodson, Edward N. Eiland, David S. Gedney, Alfred W.
Maner, Glen L. Martin, K. H. McGhee, Lyndon H. Moore, Lyle K.
Moulton, William B. Nern, Travis W. Smith, W. T. Spencer, William
D. Trolinger, Walter C. Waidelich, Clayton E. Warner, Thomas F.
Zimmie

Soil and Rock Properties and Geology Section
L. F. Erickson, Idaho Department of Highways, chairman

Committee on Exploration and Classification of Earth Materials
Robert L. Schuster, U.S. Geological Survey, Denver, chairman
Martin C. Everitt, Edward A. Fernau, Frank L. Jagodits, Robert B.
Johnson, Robert D. Krebs, Donald E. McCormack, Olin W. Mintzer,
R. Woodward Moore, Frank R. Perchalski, David L. Royster, Alex
Rutka, J. Chris Schwarzhoff, Robert B. Sennett, Preston C. Smith,
Sam I. Thornton, J, Allan Tice

Committee on Soil and Rock Properties

T. H. Wu, Ohio State University, chairman

William F. Brumund, Richard W. Christensen, George B. Clark,
Charles L. Emery, James P, Gould, Ernest Jonas, Charles C. Ladd,

G. A. Leonards, Victor Milligan, John D. Nelson, Gerald P, Raymond,
Hassan A, Sultan, David J. Varnes, Harvey E. Wahls, John L. Walkin-
shaw

Committee on Frost Action

Arthur L. Straub, Clarkson College of Technology, chairman

Barry J. Dempsey, Wilbur J. Dunphy, Jr., L. F., Erickson, Wilbur M.
Haas, Glenn E. Johns, Thaddeus C. Johnson, Alfreds R. Jumikis,
Miles S. Kersten, Clyde N. Laughter, George W. McAlpin, Richard
W. McGaw, Stephen F, Obermeier, Marvin D. Oosterbaan, Robert
G. Packard, Edward Penner, Harold R. Peyton, Alex Rutka

Committee on Engineering Geology

David L. Royster, Tennessee Department of Transportation,
chairman

Robert C. Deen, Ernest Dobrovolny, Martin C. Everitt, Leonard H.

Guilbeau, Robert B. Johnson, John D. McNeal, Adrian Pelzner,

Charles S. Robinson, Dwight A. Sangrey, Jerome R. Saroff, Robert

L. Schuster, Robert B. Sennett, Travis W. Smith, Berke L. Thomp-

son, J. Allan Tice, A. Keith Turner

John W. Guinnee and William G, Gunderman, Transportation Re-
search Board staff

Sponsorship is indicated by a footnote on the first page of each re-
port. The organizational units and the officers and members are as
of December 31, 1975.



Contents

Part 1. Subsidence Over Mines and Caverns

MECHANISMS OF SUBSIDENCE DUE TO UNDERGROUND
OPENINGS
GEOTEE T, :SOWEOTB oy e mugiie: vt wisss @5 o8 HAE G0 $3006 ok bl § 2

INDUCED AND NATURAL SINKHOLES IN ALABAMA - A
CONTINUING PROBLEM ALONG HIGHWAY CORRIDORS
Jio 1G, NOWLOD . ww o o s siom s st » s o o o & w0 wamiss) Sarss By s ey 8 9

SUBSIDENCE CONTROL FOR STRUCTURES ABOVE
ABANDONED COAL MINES
R. E. Gray, H. A. Salver, and J. C. Gamble ....... P T |

GROUND SUBSIDENCE ASSOCIATED WITH DEWATERING
OF A DEPRESSED HIGHWAY SECTION
Joseph B. Hannon and Barry E. McGee . . . ........ s Wi e s 20

GEOLOGIC INDICATORS OF CATASTROPHIC COLLAPSE
IN KARST TERRAIN IN MISSOURI
James H. Williams and Jerry D. Vineyard ....... Y T 31

SUBSURFACE CAVITY DETECTION: FIELD EVALUATION
OF RADAR, GRAVITY, AND EARTH RESISTIVITY METHODS
Lewis S. Fountain .. ... STGY e TS ST I e Bee Emde S a 38

Part 2. Moisture and Frost Actions and Classification

MATHEMATICAL MODEL FOR PREDICTING MOISTURE
MOVEMENT IN PAVEMENT SYSTEMS
Barry J. Dempsey and Atef Elzeftawy . . ... ............... 48

UNSATURATED TRANSIENT AND STEADY-STATE
FLOW OF MOISTURE IN SUBGRADE SOIL
Atef Elzeftawy and Barry J. DempsSey . . . v v v v v v v v v v v v v e nnn 56

EVALUATION OF FREEZE-THAW DURABILITY
OF STABILIZED MATERIALS
Marshall R, Thompson and Barry J. DempsSey . . . .. ..o v oe o 62

DESIGNATIONS OF EXCAVATION CHARACTERISTICS FOR
MATERIALS IDENTIFIED IN FIELD INVESTIGATIONS
David L. Royster ............c00. s wEE R B T 1 |

PORE STRUCTURE OF SELECTED HAWAIIAN SOILS
R. A. Lohnes, E. R. Tuncer, and T. Demirel . . ............ 76

INSULATED ROAD STUDY
E: PeMNEr o o o o 5 wbce piace s s se@naly. sisse & SiiE WU B A B 80

iii






Part 1
Subsidence Over Mines
and Caverns




Mechanisms of Subsidence
Due to Underground
Openings

George F. Sowers, Department of Civil Engineering, Georgia Institute of

Subsidence from underground defects is an increasing problem, and ef-
fective preventive or corrective measures depend on knowing the mecha-
nism causing the failure. Too often, however, the mechanism is ignored
or diagnosed from the appearance of the ground surface, leading to rou-
tine indiscriminate treatment such as filling the depression or draining
any water, which can be successful, ineffective, or harmful, depending on
the mechanism involved. A number of types of openings are involved:
open excavations, leaking sewers and culverts, solution channels in lime-
stones, enlarged joints, faults, mines, tunnels, porous lava, erosion caves,
voids between boulders, and voids between large debris. The mechanisms
responsible include stratum thinning {including consolidation, collapse,
or plastic flow), chemical and biochemical action (including burning),
lateral strain, toss of lateral support, collapse of an opening, and raveling
or erosion. Various combinations of openings and mechanisms can pro-
duce similar effects, but the necessary corrective measures are often dif-
ferent. Moreover, subsidences due to other mechanisms often resemble
those from openings. This paper briefly discusses these to show their
similarities and differences.

On June 22, 1975, both the eastbound and westbound lanes
of Interstate 4 northeast of Lakeland, Florida, suddenly
collapsed. Fortunately, no one was hurt and it was pos-
sible to fill the openings, repave the surface, and put
the highway back in operation with little inconvenience

to the public.

Aerial reconnaissance of the area disclosed a saucer-
like circular depression that was centered in the median
with its perimeter extending beyond the right-of-way,
and an elongated system of similar depressions leading
toward the area on both sides of the highway. The cause
of the subsidence had been the collapse of underground
cavities in the sandy soil that had developed by roofing
and doming action above solution channels in the porous
limestone 16 m (50 ft) below.

Unfortunately, this is not an isolated case. Failures
due to sinkhole action in areas underlain by limestone
are well known, In such areas, their frequency of oc-
currence is such that they are almost ignored as engi-
neering problems. Sinks also occasionally occur in

Publication of this paper sponsored by Committee on Engineering
Geology.
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areas underlain by volcanic rocks, and are common in
iron and coal mining regions. While the locations, mech-
anisms, the rates of failure, and warnings of trouble
available to the public vary greatly, there is one thing
in common among many of these failures—nearby open-
ings in the soil or rock, These openings may be natural
or man-made; they may be large or small, They take
many forms: pores between solid particles, covered
openings such as tunnels and caves, and open cuts.
Failure occurs through numerous independent and in-
terdependent mechanisms. The surface effects of many
of these mechanisms are so similar that the cause of a
subsidence is sometimes misdiagnosed and the remedial
action is then ineffective. This paper summarizes the
forms of openings that have been the focal points for sur-
face subsidences, describes the various mechanisms by
which failure eventually develops, and points out places
where confusion in diagnosing the type of opening and the
mechanism of failure has led to continuing trouble.

TYPES OF OPENINGS

There are numerous types of openings beneath the ground
surface that have been the focal point of ground surface
subsidence. These are illustrated by diagrams in Fig-
ure 1.

Cuts and Open Excavations

The simplest underground opening is a nearby excavation
or cut (Figure 1a), There is no general relation between
the depth and size of the excavation, the material, and
the distance to the point of subsidence, although there is
generally little trouble if the distance from the excava-
tion is several times the excavation depth. However,
quarries less than 60 m (200 ft) deep near Birmingham,
Alabama, have been related to sinkhole development as
far as 1.6 km (1 mile) away.

Sewers and Culverts

Leaking sewers and culverts (Figure 1b) are common
and underrated sources of trouble, Most city sewers
are beneath the streets; culverts are necessary for



Figure 1. Types of underground openings.

a. Open excavation

¢. Solution channels

b, Culvert and sewer

CULVERT

el

e. Joints opened by stress relief along

eroded cliff f. Fault

h. Tunnels

COLUMN
JOINTS

drainage under railroads, highways, and airport run-
ways. There appears to be no relation between the size
of the sewer or culvert and the size of a related subsi-
dence. For example, a dropout 2.5 m (8 ft) in diameter
and 6 m (20 ft) deep occurred directly over a 15-cm (6 -
in) sewer below a poorly consolidated fill. The only re-
quirement for trouble is a leak or opening into the sewer
through which soil can be eroded.

Solution Channels

Solution channels in soluble formations, in particular
limestones and dolomites, and also to some extent cal-
careous sands and gypsum, are the most familiar form
of underground opening leading to serious subsidences.
These channels can arise in two ways: from primary
porosity between mineral grains (Figure 1lc) and from
solution-enlarged joints and bedding planes that form
slots and underground caves (Figure 1d). The softer,
poorly consolidated limestones of the southeastern
coastal plain and the margins of the Caribbean Sea ex-
hibit primary porosity: They have voids between spher-
ical oolitic particles, irregular channels between coral
fragments, and lens-like openings between fragments of
shells, and water can circulate through the pores to
enlarge them and give the rock the texture of petrified
sponge, This creates numerous interlaced solution
channels, ranging from 1 mm (a small fraction of an
inch) to as much as 1 m (3 ft) in diameter. When the
rock is highly soluble and there is some concentration
of flow, as near Ocala, Florida, the solution channels
may become caves 10 m (33 ft) or more in diameter.
The more indurated limestones, as well asthe porous
limestones, can become cracked or jointed from differ-
ential consolidation, flexure, folding, and faulting. The
rock mass then consists of a series of discrete blocks,
the size of which depends on the joint and bedding plane
spacing. Water circulating around these blocks will then
enlarge the openings to form vertical slots and horizontal
lenticular cavities, and vertical chimneylike channels will

|. Hollow debris: automobiles, cans,
drums, appliances

k. Voids between boulders or
openwork gravel

develop where the slots intersect. The rapid circulation
of water may enlarge the channels to form caves as wide
as 10 m (33 ft). Some of these caves, such as the Luray
Caverns in Virginia, Mammoth Cave in Kentucky, and
Carlsbad Caverns in New Mexico, are well known, How-
ever, these cave systems are but a fraction of the solu-
tion openings thatare found throughout limestones (7, 8).

These openings are of greatest potential danger when
they are covered by a blanket of residual soil or subse-
quent deposits such as the old beach sands in Florida.
The cavity (the source of trouble) is hidden from view,
but if it is close enough to the ground surface, it can
easily become the focal point for a subsidence. If the
solution channels are hidden by thick deposits of reason-
ably competent rock, as occurs in the Appalachian ridge
and Shenandoah Valley, or if some of the limestones are
covered by younger shales and sandstones, the potential
for future subsidence is much less severe, There ap-
pears to be no simple rule for establishing the degree of
risk in each case. Experience in the area is the most
reliable index.

Open Joints

Joints that have become enlarged due to local flexure or
stress relief are another type of opening (Figure 1e).
These are generally much smaller than the previously
described openings and occur in localized belts adjacent
to deep valleys or zones of severe structural distress,
or adjacent to deep, steep cuts (1).

Faults

Faults (Figure 1f) may similarly produce networks of
underground openings; however, the grinding and sliding
action associated with faulting seldom produces large
open voids, In some instances of normal faulting where
the earth is subject to tension, or in irregular strike slip
faulting, localized narrow openings sometimes develop.
Faulting in limestone can lead to enlarged solution chan-



nels similar to those that develop along joints and bedding
planes, but the weathering of the fractured materials in
many fault surfaces may produce zones that are less po-
rous than any of the surrounding formations.

Mines

Mines (Figure 1g) are a major source of both sudden
and continuing subsidence (2). The risk depends on a
number of factors (3): (a) the width and height of the
mine openings, (b) the percentage of pillar left to sup-
port the mine roof, (c) the thickness of rock and soil
above the mine compared to the size of mine opening,
and (d) the engineering properties of the soils and rocks
present.,

Small, deep mines seldom cause ground surface sub-
sidence, but large, shallow mines can produce major
areas of subsidence. There are, however, exceptions:
The gold mines near Johannesburg, South Africa, sev-
eral hundred meters below the surface, have triggered
disastrous subsidences, although the intervening rocks
fully support the mine opening. These subsidences have
been triggered by drainage from the mines and resemble
the cave collapse that occurs in shallow limestones or
the raveling failures that occur in residual soils.

Tunnels

Tunnels (Figure 1h) are similar to mines, However,
except for urban subways and sewers, there is seldom
great risk of damage above them because they are gen-
erally built beneath inaccessible areas. Thus, the col-
lapse of a tunnel is of less consequence to the general
public than it is to those who are using it. On the other
hand, failures of tunnels in cities have produced large
local subsidences.

Lava Cavities

Cavities of many forms occur in lavas (Figure 1i). There
are blow holes from gases in the harder lavas, enlarged
joints due to cooling, scoriaceous zones of high primary
porosity, and tension cracks from movement of the solid-
ifying lava, all of which create zones of localized high
porosity. The larger openings are seldom more than a
few meters (about 10 ft) across. The primary porosity
of scoriaceous lava generally occurs in strata 1to 2 m

(3 to 6 ft) thick between more competent rock layers with
well-developed joints perpendicular to the layer.

Erosion Caves

Caves produced by erosion (Figure 1j) are another type
of localized underground opening and are generally
formed by the action of wind, waves, or underground
streams on poorly indurated formations. For example,
weak sandstones along the sea coast are frequently un-
dercut to form sea caves, and wind erosion in desert
areas produces similar enlarged underground openings.
These openings are seldom serious hazards to construc-
tion, although they can cause localized subsidence if they
are subsequently buried by younger formations, They
occur in areas of old sea and river terraces or shifting
sand dunes that bury the old caves beneath younger de-
posits,

Concentrated seepage through enlarged joints or solu-
tion channels in limestone can cause erosion of adjacent,
poorly cemented formations. For example, in a small
cave system in north Alabama, water flowing under pres-
sure through the limestone has produced narrow, tall,
wedge-shaped channels in the soft sandstone above,

Some of these channels lead to the surface and have

been the cause of local subsidence.

Voids Between Large Solid Bodies

The voids between large solid masses in fills are a man-
made system of underground openings. One example of
this is that of large boulders obtained from blasting rock
having insufficient fine fragments tofill the voids between
the boulders (Figure 1k). A second type is that of the ir-
regular voids between fragments of debris, stumps, and
other rubbish that make up waste fills, A third type is
that of large, hollow metallic bodies (such as cans, bottles,
oil drums, old refrigerators, stoves, and even railroad
tank cars) that have been buried in the ground (Figure 11).
Thus, there is a wide variety of underground open-
ings—some are geologic, others are man-made. The
mechanisms by which they cause subsidence are de-
scribed in the following section. Various combinations
of these mechanisms may combine with different types
of openings to create complex subsidence conditions that
are difficult to anticipate and just as difficult to treat.
Regardless, the understanding and treatment of a sub-
sidence must begin with knowledge of the character of
the opening that is the ultimate source of the subsidence,
and of the failure that created it.

MECHANISMS OF SUBSIDENCE

There are many mechanisms of subsidence. In most
cases, water is involved in some way. It weakens many
soils and some poorly cemented rocks and serves as an
agent of internal erosion; conversely, loss of moisture
destroys the apparent cohesion that holds some fine-
grained cohesionless soils together.

In each situation, the combination of mechanisms that
might be involved must be carefully evaluated. Blaming
a subsidence on a single factor may be an oversimplifica-
tion and lead to misdirected corrective action.

Local Thinning of Formation

Settlement, as a process (in contrast with a sudden
event), is sometimes caused by a local thinning of a for-
mation that has been overstressed adjacent to one of the
types of openings described in the previous section (4).
In some cases, these openings are of primary or en-
larged primary porosity; in others, large openings are
involved, This process is often confused with subsi-
dence due to large openings.

Of course, the classic consolidation produced by that
reduction of the primary voids of soils and similar ma-
terials is the most frequent cause of thinning. This pro-
cess is not related to large openings.

One of the more mysterious of the thinning phenomena
is the crushing of highly porous rock. For example, in
south Florida and the humid tropical areas surrrounding
the Caribbean, the poorly consolidated limestones have
been reduced to a skeleton of their former mass hy con-
tinued solution. This has been aggravated by water
drainage, groundwater use, and changing sea levels,

If the effective stress on these limestones is increased,
as by a highway embankment, their porous skeleton
locally fractures, which produces a phenomenon analo-
gous to the consolidation of clean sand (Figure 2a). This
mechanism has been responsible for the settlement of
several structures in the Miami area and could be re-
sponsible for some of the solution depressions found in
central and south Florida (5,6). Similar crushing con-
solidation is observed in scoriaceous lava and shale-
sandstone fills.

The collapse of a loose cemented soil due to deterio-
ration of interparticle bonding is a major mechanism of



thinning subsidence in loess soils and the valley fill de~
posits of arid regions. This is not related to openings
although it has sometimes been blamed on caves.

The plastic flow of soft rocks such as shale and mud-
stones under high stress can similarly cause a local
thinning of formations and subsidence above. Concen-
trations of stress adjacent to excavations, as shown in
Figure 2b, are responsible for the subsidence of steep
cliffs of sandstone underlain by shale. If the shale de-
teriorates and weakens upon exposure, the subsidence
can become a landslide with shear failure across the
shale and through the sandstone joints. Again, openings
are sometimes blamed,

In mines in which the roof support is provided by coal
pillars resting on soft underclays, the pillars may punch
downward and extrude the clay into the mine opening.
This results in a reduction of the mine opening and con-
tinuing subsidence of the ground surface. The mine pil-
lars themselves may also bulge plastically. This is seen
in coal and salt formations.

Plastic flow can also occur at the heading of a tunnel
that is inadequately supported in soft clays. If the rate
of excavation at the tunnel face exceeds the rate of for-
ward progress of the tunnel lining and bracing, there
will be a trough above the tunnel at the ground surface.
Similarly, the upward squeezing of soft clay on the bot-
tom of an open excavation, even if the sides are supported
by bracing, can cause subsidence outside the excavation,
This is frequently unseen because the soil movement oc-
curs while excavation is taking place. Local squeezing
also occurs at the trailing edge of a tunnel shield. It is
impossible to measure the volume of soil excavated ac-
curately enough to compare it with the theoretical volume
of an excavation unless the discrepancy exceeds 10 per-
cent. These forms of subsidence are sometimes termed
lost ground.

Chemical and biochemical action, including decay,
chemical attack of groundwater on soil and rock min-
erals, and the burning of coal, bituminous shale, and
certain waste fills, is a third mechanism of local thin-
ning of formations (Figure 2c¢). For example, either as
the result of spontaneous combustion or lightning, cer-
tain soft coals of Ohio, Pennsylvania, and the Dakotas
have burned for years, and from time to time both slow
surface settlement and sudden collapse occur.

Mine wastes consisting of carboniferous shale and
coal frequently ignite by spontaneous combustion and
burn slowly, converting the shale to bricklike fragments
of soft rock, and producing large voids, Eventually,
those voids collapse, causing localized subsidence. The
burning of waste materials in fills, either by spontane-
ous combustion or by fires intentionally set to reduce
the waste volume, has been responsible for localized
settlement of roadways and light structures. Similarly,
chemical interaction between minerals within waste fills
has caused subsidence. For example, the acids from
cinders have produced galvanic reactions, accelerating
the corrosion and collapse of open metallic bodies such
as refrigerators and automobile bodies.

Extrusion of soft soils (Figure 2d) is a fourth possi-
ble mechanism. It does not appear to occur often.

Lateral Strain

A certain amount of strain (Figure 3a) accompanies any
excavation, whether it is man-made or is a natural de-
velopment of an underground opening. The increase in
stress caused by the reduction in the amount of solid ma-
terial present produces a readjustment of the solid mass
involved. Frequently, the extent of the mass involved is
far greater than might be suspected from simple theories
of earth pressure involving shear of the soil. For ex-

ample, the lateral strain and vertical subsidence adja-
cent to an excavation sometimes extend from the face of
the excavation as much as five times the excavation
depth. This strain occurs even though the structural
supports for the excavation are capable of resisting
shear failure within the soil mass. In fact, excavation
support designed on the basis of active earth pressure
inherently requires sufficient strain to mobilize a signif-
icant part of the shear strength of the soil supported,
Thus, movement within the mass is inherent in most ex-
cavation bracing designs.

Loss of Support

Still larger subsidences are produced when the excava-
tion supports in mines, tunnels, or open excavations are
not adequate to prevent continuing shear failure (Figure
3b). The soil or rock moves downward and inward, pro-
ducing large lateral and vertical strains, and sharp dis-
continuities along surfaces of shear. This occurs be-
cause the load is greater than had been anticipated or
because the supports are inadequate.

There are three major factors in the support loading.
First, the rigidity and strength of the soil and rock de-
termine what part of the ambient stress field must be
provided by the support system. Any structural defects
in the soil and rock, such as joints and faults, play a
major part in reducing the mass rigidity and strength
compared to that of intact rock, Design loads based on
tests of small intact laboratory specimens can be mis-
leading.

Second, the design and installation of the support de-
termine the degree of load transfer as well as the ability
of the support to carry the load safely. A rigid (as com-
pared to the soil or rock) support may receive more load
than one that deforms readily. On the other hand, a sup-
port that permits excessive deformation can allow dis-
ruption of the mass that will be followed by even greater
loads on the support.

Third, the excavation produces reductions of the ef-
fective confining stress on the soil or rock and of its
strength. The design of supports should initially be
based on the undrained strength, which represents the
strength as it exists under ambient conditions —generally
the maximum. After excavation and reduction of the ef-
fective stresses, the effective strength is necessarily
lower. Many an excavation failure, mine collapse, or
tunnel blow-in has been caused by neglect of the drained
strength of the material.

Two factors may be responsible for a decrease in sup-
port strength. An unforeseen load from localized move-
ments in the mass can produce overstress and excessive
bending or buckling, and damage from impact or deteri-
oration of the material can reduce its ability to carry the
load for which it was designed. For example, coal pil-
lars in mines (Figure 3c¢) deteriorate from the exposure
of shale seams or pyrite inciusions,

The failure of a man-made support or a portion of the
intact soil or rock produces a transfer of load to the re-
mainder of the support system. If this is already
stressed to levels approaching its strength, adjoining
supports may also fail, and failure propagates outward,
generating extensive subsidence. On the other hand, if
the initial support stresses are low, the failure of one
part of the system may not cause subsidence.

Overexcavation in advance of support is also a major
cause of subsidence (Figure 3d). As with bracing, de-
signers and builders are often lulled into a false sense
of security by the undrained strength of intact samples
of material, but an unsupported excavation face in soil
or soft rock that is stable one day may become unstable
the next, due to reduction in the effective stress or to



Figure 2. Mechanisms of stratum thinning.
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Figure 3. Loss of support.
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deterioration of cementing agents, Localized zones of
weakness, such as faults, can also aggravate the prob-
lem.,

Failures due to lack of lateral support ordinarily can
be evaluated in advance by a thorough understanding of
the stress-strain and shear strength properties of the
materials, Both must be considered: (a) as they exist
at the time of excavation, and (b) as altered by the ex-
cavation, In most instances, environmental changes
brought on by excavation, such as biochemical deteriora-
tion, altered seepage patterns, or loss of strength due
to loss of effective confining stress, are responsihle for
ultimate failure. Finite element analyses of elastic
strain and limited analyses of shear failure can provide
some indication of the possibility of subsidence due to
loss of support.

Collapse of Unsupported Openings

The sudden collapse of an unsupported opening is the
most dramatic of the subsidence mechanisms. Regard-
less of the chain of events leading to collapse, such fail-
ures are the result of the enlargement of the opening be-
yond the ability of the materials above to bridge it, A
truncated cone or trapezoid of material above drops into
the opening below, as shown in Figure 4. Immediately
after the failure, it is possible to see the intact mass of

Figure 4. Collapse of opening.
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Figure 5. Raveling or soil erosion into openings.

b. Dome dropout (1) followed
by rim collapse (2)

a. Dome formation by raveling:

c. Hourglass erosion

soil or rock below, with trees and grass continuing to
grow. (This is dangerous; the face of the opening slopes
inward so that viewing the collapse from its rim involves
standing on an overhang.) Eventually, the overhanging
face sloughs or subsides, and the final opening is a trun-
cated cone with its side slopes reversed from the initial
direction (Figure 4b), If there is then erosion of the
dropout cone due to surface water entering the hole from
above or seepage from below, an open hole will eventually
develop, sometimes with water at the bottom as shown in
Figure 4c.

Collapse can be triggered by the blow-in of the unsup-
ported heading of a tunnel or an unbraced cut, The un-
supported soil caves, frequently impelled by unbalanced
groundwater pressure. In low-cohesion soils, the sud-
den in-rush leaves a gaping hole in the soil mass imme-
diately adjacent to the underground opening. This is fol-
lowed by successive small collapses or raveling as de-
scribed in the next section, and eventually there is a
dropout at the ground surface., These successive condi-
tions are shown in Figures 4d and 5.

Raveling or Erosion of Soil Into Openings

The most insidious form of failure is the raveling or
erosion of soil into an underground opening, The open-
ing can be as small as a joint in sandstone or as large



as a cave in limestone. The only requirement is suffi-
cient seepage that erosion of the overburden can con-
tinue. Typically, the condition develops over a sewer
or culvert with open joints, above solution-enlarged
slots and chimney openings in limestone, or in porous
lavas overlain by soils that are easily eroded. Continu-
ing seepage washes the soil into the underground open-
ings, as shown in Figure 5a. The small dome formed
in the soil then acts as a focal point for further seepage.
The continuing seepage toward the open surface of the
dome causes small slabs to peel off its inner surface
(ravel) so that the dome enlarges. The sloughed, soft-
ened material falls to the bottom of the dome and is
carried by the downward seepage into the opening below.
Eventually, the dome becomes far larger than the open-
ing into which the soil is carried. There is evidence of
domes as large as 15 m (50 ft) in diameter and 9 m (30
ft) high above sewer pipes 5 m (16 ft) in diameter, and
similar domes in residual soils above small caves in
limestones. The opening through which the soil was
eroded, in most cases, was less than a meter (1 or 2
ft) wide.

Eventually, the dome becomes sufficiently wide that
the soil above cannot bridge the opening. Collapse (Fig-~
ure 5b) similar to that illustrated in Figure 4a, b, and
c follows. In fact, in examining such collapsed domes
it is difficult to determine whether failure was precipi-
tated by doming in the soil or by collapse of the deeper
original opening below.

Undersized sewers and culverts are particularly dan-
gerous because the water is under pressure during pe-
riods of high flow, If they leak (through fractures or
bad joints), water is forced into the soil, weakening it.
Then when the flow recedes, the water drains back,
carrying with it the softened soil. Numerous failures
of this type occur below highways and railroads.

An unusual form of raveling develops in completely
cohesionless sands in which the capillary tension is
small. This occurs in fine sands during periods of
drought or in coarse sands under conditions of down-
ward seepage. The sand flows through relatively small
openings, such as the solution chimneys in limestone or
small raveling holes in clay, into larger underground
openings in the same way that sand runs through the nar-
row throat of an hourglass, A cone-shaped zone of sub-
sidence develops at the ground surface (Figure 5c and
d). Three of these have been observed adjacent to the
highway between Bartow and Lakeland, Florida, during
the past 8 years (6).

Erosion and doming can also develop as a result of
horizontal seepage between confining strata. Generally,
its rate is lower than that in the vertical direction be-
cause the gradients are lower. Such horizontal seepage
erosion is termed piping. Piping failures occur behind
braced excavations that have a higher groundwater table
outside and inadequate filtering at the face of the excava-
tion. Similar failures occur through weep holes in re-
taining walls having inadequate filters between the back-
fill and the wall, Others are caused by poorly filtered
subsurface drains adjacent to highways.

Raveling frequently occurs into the large voids be-
tween boulders or fragments of debris in fills, Down-
ward seepage or traffic vibration above causes soil to
filter into the voids below. The initial filtering is fol=~
lowed by more rapid raveling, eventually producing
dome-like openings that collapse. A parking lot that
had been constructed on top of 6 m (20 ft) of 9000-kg
(10-ton) boulders blanketed with silty sand developed
sinkholes 1 m (3 ft) in diameter and % to 1 m (1.5 to 3
ft) deep within 10 years.

Raveling and seepage erosion failures take so many
forms that it is difficult to fully diagnose them, However,

many of the subsidences that have been blamed on the
collapse of deep caves, mines, or tunnels may have been
the collapse of soil domes generated by raveling into the
deep openings,

INITIATING MECHANISMS

Although there are many forms of openings, and many
mechanisms leading to subsidence, the sequence of
events involved is frequently initiated by some significant
change in the total environment affecting the soil and rock
mass. In some cases, that event is not necessarily re-
lated to the opening. This event or the environmental
change is termed the triggering mechanism by engineers
or the proximate cause by lawyers,

Groundwater Flow

Movement of water through the ground, in one way or
another, is the most significant triggering mechanism.
The seepage can be vertically downward or horizontally
toward the opening. Erosion induced by seepage and the
gradients producing seepage form the localized stress
system inducing failure,

Among the sources of underground flow are (a) in-
creased rainfall and surface runoff that infiltrates the
soil or small openings present in the ground, (b) broken
water lines, (c) broken drain pipes, (d) flow of ground-
water toward wells, and (e) flow of groundwater toward
improperly filtered drainage systems.

Groundwater Lowering

Lowering the water table has two effects, First, although
the weight of the soil mass is reduced somewhat, the ef-
fect of this is more than offset by the increase in effec-
tive stress within the soil or rock. Lowering the water
table 0.3 m (1 ft) increases the effective weight by 600

to 800 kg/m® (40 to 50 1b/it?).

A second effect of groundwater lowering is a reduction
of capillary tension and temporary cohesion in cohesion-
less soils. For example, in damp, fine sands, large,
open raveling domes can be supported by capillary co-
hesion, but if the sand should become thoroughly dry,
the dome will collapse because the cohesion is lost.
Similarly, sewer trenches in damp, fine sand sometimes
can be excavated with steep slopes because of capillary
tension. If the sand dries out, the apparent cohesion is
lost, and the soil slope slumps inward to its angle of re-
pose.

Groundwater lowering can be produced by excessive
use of water from wells, localized drainage for construc-
tion projects, and periods of prolonged drought.

Increased Loading

Increased loading of the mass increases the stresses in
the soil and rock surrounding the underground opening
and produces increased strain, plastic flow, or, even-
tually, shear failure. In addition, there is some evi-
dence that increased stress produces increased solubility
in carbonate rocks analogous to stress cohesion in metals.

There are a number of factors responsible for in-
creased surface loading —embankments and fills, new
structures, and reduction of lateral support by deep ex-
cavations.

Dynamic load, such as shock and vibration induced
by earthquakes, vibrating machinery, and blasting, can
trigger failure in two ways. First, shock and vibration
directly produce strains and stress increases. Second,
in loose, cohesionless soils and possibly also in ultra-
sensitive clays, shock and vibration may induce struc-



tural collapse that is followed by surface settlement and
sometimes a flow in the form of temporary quicksand.
For example, saucer-shaped depressions in the ground
surface, with small sand boils within them, frequently
accompany earthquakes.

Deterioration

The deterioration of soil and rock materials, including
the man-made supports for underground openings, is
another form of triggering. Fire can destroy wood
bracing systems or weaken steel supports. Burning of
coal or waste materials produces new openings or en-
larges old ones. Three mechanisms can be triggered:
(a) gradual surface subsidence that keeps pace with the
combustion; (b) sudden collapse of the opening, some-
times long after; or (c) raveling, doming, and a shallow
collapse.

The gradual deterioration of rocks, such as coal,
shale, and some poorly cemented sandstones, by phys-
ical, chemical, and biologic processes in the presence
of air and water, can lead to collapse. Because such
formations are often initially quite strong, engineers
may be led into a false sense of security by forgetting
the loss in strength from long-term exposure,

Deterioration of man-made supports in the moist en-
vironment is a cause of failure in old mines, poorly
maintained tunnels, or even in braced excavations that
have been left open longer than had been anticipated,
The resulting subsidences can proceed as slowly as the
rate of deterioration or may develop suddenly when the
strength has degenerated to the point that rupture takes
place.

CONCLUSIONS

Subsidences produced by underground openings, including
the thinning of underground strata, are major mainte-
nance problems for highways, railroads, airfields, and
the foundations of engineered structures. There are
many types of openings, any one of which can be a source
of trouble that is far out of proportion to the size of the
opening or even its proximity to the site. There are a
number of mechanisms that produce subsidence, some
unrelated but many interrelated. Ultimately, failure
develops because of some change in the total environ-
ment—groundwater, stress, or a change in the mate-
rials involved,

Because of the complexity of the phenomena, many
subsidences have been mistakenly diagnosed and consid-
erable amounts of money spent for remedial measures
that were of little or no benefit, Sometimes the sub-
sidence has stopped because the movement that took
place inhibits the mechanism or closes the opening.
Thus, some remedial measures have been judged suc-
cessful because the subsidence had already stopped it-
self,

The evaluation of the causes of subsidence requires
a clear understanding of the geology of the soil and rock
formations involved, a knowledge of the character of the
openings, both natural and man-made, and an awareness
of the different mechanisms that can lead to subsidence,
Many subsidences could be predicted and their serious
effects alleviated: Most can be temporarily or perma-
nently stopped or their rate of movement materially re-
duced.
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Induced and Natural
Sinkholes in Alabama-A
Continuing Problem Along
Highway Corridors

J. G. Newton, Geological Survey, U.S. Department of the Interior

Sinkholes are divided into two categories, induced (man-related) and nat-
ural. Since 1900, an estimated 4000 induced sinkholes or related features
have formed in Alabama; fewer than 50 natural sinkholes have been re-
ported. Most induced sinkholes are caused by water-level declines due to
pumpage; others result from factors associated with construction. Almost
all occur where cavities develop in unconsolidated deposits overlying
openings in bedrock. The downward migration of the deposits and the
development of the cavities are caused or accelerated by a water-level de-
cline that results in the loss of buoyant support and increases the velocity
of water movement, the magnitude of water-level fluctuations, and the
induced recharge. Most sinkholes caused by construction are due to the
diversion of drainage over openings in bedrock. Many natural sinkholes
are caused by the collapse or downward migration of unconsolidated de-
posits into openings in bedrock. The downward migration that sometimes
creates cavities in the deposits results from natural declines in the water
table, progressive enlargement by solution of openings in the top of bed-
rock, or a combination of both. The failure of bedrock roofs over solu-
tionally enlarged openings is a rare occurrence. The time required for the
development of natural sinkholes is far greater than that associated with
induced sinkholes.

Sinkholes formed by collapse of the land surface have
caused a variety of problems related to the maintenance
and safety of structures and the pollution of existing and
potential water supplies. In Alabama there have been
costly damage and numerous accidents as a result of col-
lapses beneath highways, streets, railroads, buildings,
sewers, gas pipelines, vehicles, animals, and people.
This report is an attempt to provide engineers with
a description of the forces involved in the development
of sinkholes so as to aid them in construction over prohb-
lem areas or in repairing damage resulting from sink-
holes. The description of these forces will also aid in
the identification of active and potential areas of sink-
hole development, which would allow planners to avoid
these areas as routes for new highway corridors.

GEOLOGIC AND HYDROLOGIC SETTING

The terrane used here to illustrate sinkhole develop-

Publication of this paper sponsored by Committee on Engineering Geology.

ment is a youthful basin underlain by carbonate rocks
such as limestone and dolomite (Figure 1). The basin
contains a perennial or near-perennial stream. This
particular terrane is used because it is similar to that
of 10 active areas of sinkhole development in Alabama.
Factors related to the development of sinkholes that
have been observed in these areas are generally appli-
cable to other carbonate terranes. The terrane differs
from those examined only in the inclination of the beds,
which is shown as horizontal for ease of illustration.

The development of sinkholes is primarily dependent
on past and present relations between carbonate rocks
and water, climatic conditions, vegetation, and topog-
raphy, and the presence or absence of residual or other
unconsolidated deposits overlying the bedrock. The
source of water associated with the development of sink-
holes is precipitation, which, in Alabama, generally ex-
ceeds 1300 mm (50 in) annually. Part of the water runs
off directly into streams, part replenishes soil moisture
but is then returned to the atmosphere by evaporation and
transpiration, and the remainder percolates downward
below the soil zone to groundwater reservoirs.

Water is stored in and moves through interconnected
openings in carbonate rocks. Most of the openings were
created, or existing openings along bedding planes,
joints, fractures, and faults were enlarged, by the sol-
vent action of slightly acidic water in contact with the
rocks. The water in the interconnected openings moves
in response to gravity, generally toward a stream chan-
nel where it discharges and becomes a part of the
streamflow.

Water in openings in carbonate rocks occurs under
both water-table and artesian conditions; however, this
study is concerned primarily with that oceurring under
water-table conditions. The water table is the uncon-
fined upper surface of a zone in which all openings are
filled with water. The configuration of the water table
conforms somewhat to that of the overlying topography
but is influenced by geologic structure, withdrawal of
water, and variations in rainfall. The lowest altitude of
the water level in a drainage basin containing a perennial
stream occurs where the water level intersects the stream
channel (Figure 1), Openings in the bedrock underlying
the lower parts of the basin are water filled. This con-
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dition is maintained by recharge from precipitation in
the basin. The water table underlying adjacent highland
areas within the basin occurs at higher altitudes than the
water table near the perennial stream. Openings in the
bedrock between the land surface and the underlying
water table in highland areas are air filled. The pro-
gressive enlargement of these openings by solution has
resulted in the formation of the caves that are common
in some parts of Alabama.

The general movement of water through openings in
the bedrock underlying the basin, even though the route
may be circuitous, is toward the stream channel and
downstream under a gentle gradient approximating that
of the stream. Some water moving from higher to lower
altitudes is discharged through springs along flanks of
the basin at intersections of the land surface and the
water table. The velocity of movement of water in open-
ings underlying most of the lowland area is probably
sluggish when compared to that in openings at higher
altitudes.

A mantle of unconsolidated deposits consisting chiefly
of residual clay (residuum), which has resulted from the
solution of the underlying carbonate rocks, generally

covers most of the bedrock in the typical basin described.

Alluvial or other unconsolidated deposits often overlie
the residual clay. The residuum commonly contains
varying amounts of chert debris that are insoluble rem-
nants of the underlying bedrock. Some of the unconsol-
idated deposits are carried by water into openings in the
bedrock. These deposits commonly fill solutionally en-
larged joints, fractures, or other openings underlying
the lowland areas. The buried contact between the re-
siduum and the underlying bedrock, because of differ-
ential solution, can be highly irregular.

SINKHOLES

Sinkholes can be separated into two categories, in re-
lation to their occurrence, even though most of the fac-
tors involved in their development are the same. These
categories are defined here as induced and natural. In-
duced sinkholes are those that can be related to man's
activities; natural ones are those that cannot. These
categories can generally be separated on the basis of
their physical characteristics and environmental setting.
The development of all sinkholes, regardless of their
category, is dependent on some degree of solution of the
underlying bedrock.

This paper is devoted almost entirely to the descrip-
tion of the initial stage of development of both induced
and natural sinkholes. New sinkholes of either type are
similar in size. Recent collapses forming sinkholes in
Alabama generally range from 1 to 90 m (3 to 300 ft) in
diameter and from 0.3 to 30 m (1 to 100 ft) in depth. The
largest known collapse (Figure 2) occurred in a wooded
area in Shelby County in December 1972, apparently in
a matter of seconds, and was about 90 m (300 ft) in di-
ameter and 30 m (100 ft) deep.

Induced Sinkholes

It is estimated that more than 4000 induced sinkholes,
areas of subsidence, or other related features have oc-
curred in Alabama since 1900. Most of them have oc-
curred since 1950. These sinkholes are divided into two
types: those related to a decline in the water table, and
those related to construction.

Decline of the Water Table

The relation between the formation of sinkholes and high
pumpage of water from new wells was recognized in

Alabama as early as 1933 (1), Subsequent studies (2, 3,
4, 5) have verified this relafion. Collapses have occurred
in the immediate vicinities of 36 wells tapping limestone
and dolomite formations in Alabama. The actual number
of wells related to collapses probably exceeds this figure,
but no inventory has been attempted. Three collapses
that occurred during a pumping test of a new well in
Birmingham in 1959 are excellent examples of sinkholes
resulting from man-created forces (4).

Dewatering or the continuous withdrawal of large
quantities of water from carbonate rocks by wells, quar-
ries, and mines in numerous other areas in Alabama is
associated with extremely active sinkhole development.
The numerous collapses in these areas contrast sharply
with their rarity in adjacent geologically and hydrologi-
cally similar areas where withdrawals of water are min-
imal. For example, in five active sinkhole areas, there
are an estimated 1700 collapses, areas of subsidence,
or other associated features, which have a total com-
bined area of about 36 km® (14 miles®). There are few
recent collapses in adjacent areas underlain by the same
geologic forms. This phenomenon is not unusual; the re-
lation of this type of sinkhole occurrence to cones of de-
pression created by water withdrawals in Pennsylvania
and Africa has been well established (6, 7).

Two areas in Alabama in which intensive sinkhole de-
velopment has occurred and is occurring have been stud-
ied in detail. Both areas became prone to the develop-
ment of sinkholes by major declines of the water table
due to the withdrawal of groundwater. The formation of
sinkholes in both areas resulted from the creation and
collapse of cavities in unconsolidated deposits (4, 5).

Cavities in unconsolidated deposits overlying carbon-
ate rocks in areas of Africa and Pennsylvania where
there have been water-table declines have also been de-
seribed and explored (7, 8,9). The growth of one such
cavity in Birmingham has been photographed through a
small adjoining opening (10). The growth of this cavity
resulted from the downward migration of clay into two
small openings in the top of the bedrock.

Previous reports have associated the development of
sinkholes and subsidence with subsurface erosion caused
by pumpage, the position of the water table, or lowering
of the water table due to withdrawals of groundwater.
Johnston (1) has noted that sinkholes appear to be caused
by the removal by moving groundwater from the residual
clay filling in fissures of the limestone. He described
the stoping action and surmised that the water would have
to be moving fast enough to erode the clay and that, be-
cause of this, there appeared to be a causal relationship
between this type of sinkhole and high pumpage from new
wells. Robinson and others (2) have attributed the de-
velopment of sinkholes in a cone of depression to the in-
creased velocity of groundwater, which caused the col-
lapse of clay and rock-~filled cavities in bedrock.

Foose (6) associated the occurrence of recent sink-
hole activity with pumping and the subsequent decline of
the water table. He determined that formation of sink-
holes was confined to areas where a drastic lowering of
the water table had occurred, that their occurrence
ceased when the water table recovered, and that the
shape of recent collapses indicated a lowering of the
water table and the withdrawal of its support.

Jennings and others (9) have associated development
of sinkholes with pumpage and the creation of cones of
depression. They found that sinkhole and subsidence
problems increased where the water table was lowered,
and described the formation, enlargement, and collapse
of cavities in unconsolidated deposits that had migrated
downward. They also described the geologic conditions
necessary for the formation of the cavities. Foose (7),
in addition to his previous findings (6), has described



the development of cavities in unconsolidated deposits in
Africa and attributed it to the shrinkage of desiccated
debris and the downward migration of the debris into
bedrock openings. He has also outlined geologic condi-
tions related to cavity development and found that a low-
ering of the water table initiated their formation.

Previous reports have described only indirectly or
in part the hydrologic forces that result from a decline
in the water table and create or accelerate the growth
of cavities that collapse and form sinkholes. These
forces are (a) loss of support to roofs of cavities in bed-
rock that had been previously filled with water and to
residual clay or other unconsolidated deposits overlying
openings in the bedrock, (b) an increase in the velocity
of movement of the groundwater, (c) an increase in the
amplitude of water-table fluctuations, and (d) the move-
ment of water from the land surface to openings in the
underlying bedrock where recharge had previously been
rejected because the openings were water filled.

The same forces that create cavities and subsequent
collapses also cause subsidence, The movement of un-
consolidated deposits into bedrock, where the overlying
material is not sufficiently strong to maintain a cavity
roof, will result in subsidence at the surface (8). Sub-
sidence can also result from consolidation or compaction
due to the draining of water from deposits previously
located beneath the water table (11). Recognizable sub-
sidence sometimes precedes a collapse (4). This oc-
currence, if the unconsolidated deposits are thin and
consist chiefly of clay, indicates that the subsidence is
due to a downward migration of the deposits rather than
to compaction.

The forces that result in the development of cavities
and their eventual collapse are shown in a schematic
diagram (Figure 3) that illustrates the changes in natural
geologic and hydrologic conditions previously described
and shown in Figure 1,

The effects of the forces triggered by a lowering of
the water table are basic and can often be observed,
measured, estimated, or computed in hydrologic work.

The loss of buoyant support that follows a decline in
the water table can result in an immediate collapse of
the roofs of openings in the bedrock or can cause a down-
ward migration of unconsolidated deposits overlying
openings in the bedrock. The buoyant support exerted
by water on a solid (and hypothetically) unsaturated clay
overlying an opening in bedrock, for instance, would be
equal to about 40 percent of its weight, based on the
specific gravities of the constituents involved. Site 1 of
Figure 1 shows an unconsolidated deposit overlying a
water-filled opening in bedrock; site 1 of Figure 3 shows
the decline in the water table, and the resulting cavity in
the deposit after the downward migration of the uncon-
solidated deposit that was caused by the loss of support.
The cavity may then remain stable or it may enlarge up-
ward by the spalling of the overlying deposit until the
roof collapses,

The creation of a cone of depression in an area of
water withdrawal results in an increased hydraulic gra-
dient (slope of the water table) toward the point of dis-
charge and a corresponding increase in the velocity of
the movement of water. This force can result in the
flushing out of the finer grained unconsolidated sedi-
ments that have accumulated in the interconnected solu-
tionally enlarged openings, It also transports to the
point of discharge or to a point of slorage in openings
at lower altitudes the unconsolidated deposits migrating
downward into bedrock openings.

The increase in the velocity of groundwater move-
ment also plays an important role in the development of
cavities in unconsolidated deposits. Erosion caused by
the movement of water through unobstructed openings

11

and against joints, fractures, faults, or other openings
filled with clay or other unconsolidated sediments results
in the creation of cavities that enlarge and eventually
collapse (1,2). Collapses and subsidence due to erosion
of clay-filled, solutionally enlarged openings are occur-
ring beneath and near Interstate 59 in Birmingham.

Pumpage results in fluctuations in groundwater levels
that are of greater magnitude than those occurring under
natural conditions. The magnitude of these fluctuations
depends principally on variations in water withdrawal and
in natural recharge (precipitation). The repeated move-
ment of water through openings in bedrock against over-
lying residuum or other unconsolidated sediments causes
a repeated addition and subtraction of support to the sed~-
iments and repeated saturation and drying. This might
be best termed erosion from below because it results in
the creation of cavities in unconsolidated deposits, and
their enlargement and eventual collapse. Fluctuations
of the water table against the roof of a cavity in uncon-
solidated deposits near Greenwood, Alabama, have been
observed and photographed through a small collapse in
the center of the roof. These fluctuations, in conjunction
with the movement of surface water into openings in the
ground, created the cavity and have caused its col-
lapse (5).

A drastic decline of the water table in a lowland area
(Figure 3) in which all openings in the underlying car-
bonate rock were previously water filled (Figure 1) com-
monly results in induced recharge from surface water.
This recharge would have been rejected prior to the de~
cline because the underlying openings were water filled.
The quantity of surface water available as recharge to
such an area is generally large because of the runoff
moving to and through it from areas at higher altitudes.

The inducement of surface water infiltration through
openings in the unconsolidated deposits interconnected
with openings in the underlying bedrock results in the
creation of cavities where the material overlying the
openings in the bedrock is eroded to lower altitudes. Re-
peated rains result in the progressive enlargement of this
type of cavity, and a corresponding thinning of the cavity
roof due to this enlargement eventually results in a col-
lapse. The position of the water table below unconsoli-
dated deposits and openings in bedrock that is favorable
to induced recharge is illustrated in Figure 3. Sites 2,
3, and 4 illustrate a collapse and cavities in unconsoli-
dated deposits that were formed primarily or in part by
induced recharge. The creation and eventual collapse of
cavities in unconsolidated deposits by induced recharge
are the process described by many authors as piping or
subsurface mechanical erosion; the term has been applied
mainly to collapses occurring in noncarbonate rocks ?12).

In an area of sinkhole development where a cone of
depression is maintained by constant pumpage (Figure 3),
all of the forces described are in operation even though
one may be principally responsible for the creation of a
cavity and its collapse. For instance, the inducement
of recharge from the surface (site 2 in Figure 3), where
the water table is maintained at depths well below the
base of unconsolidated deposits, can be solely responsi-
ble for the development of cavities and their collapse.

In contrast, a cavity resulting from a loss of support
(site 1 in Figure 3) can be enlarged and collapsed by in-
duced recharge if it has intersected openings intercon-
nected with the surface. In an area near the outer mar-
gin of the cone (site 4 in Figure 8), the creation of a
cavity and its collapse can be the result of several forces.
The cavity can originate from a loss of support; could be
enlarged by continuous addition and subtraction of support
and the alternate wetting and drying resulting from water-
level fluctuations; could be enlarged by the increased ve-
locity of movement of water; or could be enlarged and
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collapsed by water induced from the surface.
Construction

Collapses resulting from construction are far less nu-
merous than those due to a decline in the water table;
however, they have resulted in extensive damage. In
this paper, the term construction applies not only to the
erection of a structure, but also to any diversion of nat-
ural drainage, and includes the clearing of timber in
rural areas.

The simplest cause of sinkholes or subsidence re-
sulting from construction is loading. The emplacement
of weight on unconsolidated deposits alone can result in
compaction. The compaction can be irregular if the de-
posits overlie an uneven bedrock surface or openings in
the bedrock, and the differential compaction and accom-
panying subsidence can result in foundation problems.
The presence of natural or induced cavities in bedrock
or unconsolidated deposits may result in a collapse when
the overlying roof is subjected to loading.

Construction on unconsolidated deposits that overlie
air-filled openings in bedrock (site 5 in Figure 1) can
result in the formation of a sinkhole (site 5 in Figure 3).
In highway or other construction, grading and the re-
moval of trees create new openings that connect the
land surface with openings in bedrock. The concentra-
tion of surface runoff in drains or impoundments in-
creases the downward movement of water. This down-
ward movement sometimes erodes and transports uncon-
solidated deposits into underlying openings in bedrock,
forming a cavity in the deposits that eventually enlarges
and collapses. This process is the same as that de-
scribed under induced recharge (piping) where the water
table has been lowered by pumping. It has also been
described and illustrated in a carbonate terrane in Ala-
bama where collapses have resulted in retention-basin
failures (13).

The diversion of drainage, followed by the develop-
ment of cavities and a tunnel in sand overlying carbonate
rocks near Centerville, Alabama, illustrates the piping
process well. The grading of a timber trail caused the
diversion and discharge of water into an opening at the
surface (Figure 4) that interconnected with an opening
in the underlying bedrock. The water moved downward
about 9 m (30 ft) and laterally about 15 m (50 ft), and
then discharged downward. A cavity developed at this
point, and, with continued subsurface erosion, the route
along which the water moved enlarged backward toward
the surface forming a tunnel. A second cavity then
formed as the erosion approached the surface and the
collapse of its roof enlarged the opening into which water
discharged.

Piping action can also be the mechanism for the de-
velopment of sinkholes in places where water has been
impounded on unconsolidated deposits that overlie car-
bonate rocks containing water-filled openings. On the
floor of the impoundment, water moving through open-
ings in the unconsolidated deposits to openings in the
carbonate rocks can form and collapse cavities in the
deposits. This process generally occurs where there
is a considerable head or pressure exerted by the im-
pounded water and where openings in the carbonate rocks
have a discharge point outside of the impoundment at a
lower altitude. The increase in the velocity of the im-
pounded water moving through unconsolidated deposits
to underlying openings in the bedrock will have an ero-
sive capacity similar to that described previously in a
cone of depression caused by pumpage, The saturation
of previously unsaturated unconsolidated deposits by the
impoundment will also enhance the downward transport
of the deposits. This action is probably responsible for

the formation of sinkholes in the impoundment behind
Logan Martin Dam on the Coosa River, which reportedly
resulted in the discharge of muddy water from an open-
ing in the stream channel outside of the impoundment.

A damaging collapse due to construction involved In-
terstate 59 near Attalla, Alabama. A collapse about 3 m
(10 ft) in diameter in a drainage ditch along the highway
allowed surface drainage to enter the ground. The drain-
age discharged at a lower altitude beneath the fill of a
lower lane, and the lubrication of residual clay underly-
ing the lane by this discharge and some additional water
from an unidentified source resulted in a landslide and
subsequent highway failure.

Natural Sinkholes

Topographic maps of areas in Alabama show thousands
of natural sinkholes. None of these are at the earliest
stage of their development. The occurrence of new nat-
ural sinkholes is rare. Fewer than 50 of the collapses
that were observed resulted in new natural sinkholes,
and it is probable that a significant number of these
were related in part to man's activities. (This num-
ber does not include the collapses that commonly oc-
cur inside of or along rims of existing mature sink-
holes.)

The development of a new natural sinkhole may reflect
displacement of the bedrock, or of the unconsolidated de-
posits overlying it, or both. The displacement of either
or both is generally triggered by progressive solution of
bedrock, by a natural decline in the water table, or by
a combination of the two. The relations among progres-
sive solution, a decline in the water table, and the ac-
companying failures of bedrock and unconsolidated roof-
ing is illustrated in Figure 5. The role of solution in
the development of natural sinkholes is recognized by all
investigators. The effect that solution of bedrock or a
decline in the water table has on unconsolidated deposits
is not nearly as well defined.

Cavities in unconsolidated deposits overlying carbon-
ate rocks in areas remote from groundwater withdrawals
are identical to those resulting in induced sinkholes.
This type of cavity eventually results in a natural sink-
hole. These cavities have been drilled or augered near
Piedmont in Calhoun County, west of Talladega in Tal-
ledega County, and near Stevenson in Jackson County.
The development of natural sinkholes caused by tempo-
rary natural declines in the water table is similar to the
occurrence of induced sinkholes caused by pumpage, as
shown by the sudden appearance of natural sinkholes dur-
ing prolonged periods of drought. The most recent pro-
longed drought in Alabama occurred during the early
and middle 1950s, and during this period, notable natu-
ral sinkhole development occurred in Limestone, Tal-
ladega, and Shelby Counties.

Decline of the Water Table

A major factor responsible for the degradation of a car-
bonate terrane by solution is the lowering of the base
level of a peremnial stream as it affects the water table
and groundwater discharge (14). Recent natural sinkhole
activity along the Flint River in southwest Georgia has
been related to the entrenchment of the stream that re-
sulted in a lowering of base level (14). The downward
migration of unconsolidated deposits due to the declines
in the water table that accompanied a lowering of the
base level is considered here to be closely related to the
solution process. Major differences between the forma-
tion of natural sinkholes resulting from collapses in bed-
rock and from collapses in unconsolidated deposits are
the times required for each to develop and the size and



type of opening required for their formation. The time
required for a cavity to form in unconsolidated deposits
due to changes in the hydrologic regimen in the carbon-
ate terrane described here (Figure 1) could be extremely
short as compared to that required for the enlargement
by solution of a cavity in bedrock to the point where its
roof becomes incompetent. A relatively large cavity in
the unconsolidated deposits can also form over a small

Figure 1. Schematic cross-sectional diagram of
basin showing geologic and hydrologic
conditions.
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Figure 3. Schematic cross-sectional diagram
of basin showing changes in geologic and
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withdrawal.\
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opening in underlying bedrock.

Natural declines in the water table in Alabama, with
the exception of temporary ones caused by prolonged
droughts, are chiefly attributable to a lowering of the
base level of perennial streams. The lowering of the
water table in a stream basin occurs when the stream
entrenches or erodes to a lower altitude or when the
basin is captured by an adjacent stream having a lower
base level. The water table in the basin can also be
lowered by an increase in permeability resulting from
solution of bedrock (15) or by a permanent climatic
change. ]

Many natural sinkholes in Alabama have resulted
from the same kinds of forces that cause induced sink-
holes. These forces result from loss of support, in-
crease in velocity of movement of water, water-level
fluctuations, and induced recharge. The role that each

Figure 4. Opening into which water discharges.
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plays in the development of a sinkhole has been de-
scribed in detail, and to avoid repetition, only gen-
eral comments on the relation of these forces to nat-
ural sinkhole development are given here. The major
difference in the development of induced and natural
sinkholes resulting from these forces is the much
greater time span involved in a natural lowering of
the water table and the formation of natural sink-
holes. Forces resulting from natural declines in the
water table are much more subtle than those resulting
from man-created declines.

A decline in the water table due to the entrenchment
of a stream results in an increase in the hydraulic gra-
dient toward the stream and a corresponding increase
in the velocity of movement of the water. This increase
in velocity would generally be much less than that result-
ing from most man-related declines because the hy-
draulie gradient would be more gentle than that result-
ing from pumpage. The increase would, however, ac-
tuate the same processes that cause induced sinkholes.

Water-level fluctuations that cause or contribute to
the development of natural sinkholes can occur where
openings in bedrock were previously water filled (Fig-
ure 1). When the rate of water-level decline exceeds
the rate of deepening of the residuum-bedrock contact,
the physical situation becomes more conducive to cyclic
wetting and drying and the continued addition and sub-
traction of buoyant support to the residuum.

A natural decline in the water table in lowland areas
of the type described (Figure 1) also results in induced
recharge. Locally, the quantity of water moving to
openings in the bedrock exceeds the recharge prior to
the decline, and the water moving through openings at
the surface to openings in the bedrock would no longer
have its direction of movement affected or its velocity
impeded by a water table located above bedrock.

Solution

The solution of carbonate rocks in the terrane shown in
Figure 1 precedes the occurrence of sinkholes and is
ultimately responsible for their development. The de-
scription here is oriented toward the initial stage of de-
velopment of a natural sinkhole that results from solu-
tion alone. The time required for the development of
such a ginkhole far exceeds that required for those re-
sulting from other causes. Determining the rate of so-
lution of the bedrock involved in this process is beyond
the scope of this report; however, a summary of esti-
mates by previous workers, described by Sweeting (1_@),
indicates that rates of solution for most terranes are
considerably less than 100 mm (4 in) /1000 years.

Solution of near-surface bedrock in the basin of a
perennial stream is continuous. The overlying soil zone
is a principal source of carbon dioxide and minerals
from which the water percolating downward derives most
of its acidic properties. In lowland areas the upper sur-
face of the carbonate rocks is being degraded by solution,
and openings in the bedrock beneath it are being progres-
sively enlarged. Openings connecting the upper surface
of the bedrock to the deeper solution system are being
created or enlarged by groundwater from below and by
surface water moving into the system through the over-
lying soil zone.

A well-established generalization is that solution ac-
tion tends to enlarge the moderately large openings in
the path of the bulk flow of groundwater at a faster rate
than the small openings not in the path of bulk flow (17).
This preferential solution will also apply to the upper
surface of bedrock. In the terrane described here, the
contact between bedrock and unconsolidated deposits is
irregular; consequently, the water table may be above

bedrock in some places and below it in others (Figure 1).
Water percolating through unconsolidated deposits that
comes in temporary contact with bedrock on highs above
the water table would move toward the lows below the
water table where solution is continuous.

Where highland areas bounding a basin are underlain
by air-filled cavities in bedrock, a similar enlargement
of openings is occurring at a slower rate than that in the
lowlands because of the smaller volume of water coming
in contact with bedrock after percolating downward
through the soil zone. Most large openings beneath the
highlands are older than are those underlying lowland
areas in the basin. Most of their enlargement probably
occurred when they were located in closer proximity to
the water table.

Roofs over openings in bedrock can consist of bedrock
or of residuum and other unconsolidated deposits, and
solution enlargement of them may result in their collapse.
Many openings in bedrock, which have been observed
from exposures in quarries and data for wells, are filled
with residuum or other sediments, but others are not.
Openings in the top of bedrock in the type of basin de-
seribed (Figure 1) are numerous although natural sink-
holes are uncommon. More than 50 such openings were
exposed in a 1.5-ha (3.7-acre) tract in Shelby County
where unconsolidated deposits were removed fo permit
the bedrock to be washed clean by precipitation. It is
apparent from the scarcity of natural sinkholes or recog-
nizable subsidence prior to pumpage in areas such as that
shown in Figure 1 that either many bedrock openings have
been filled with sediments or the deposits overlying the
openings are capable of supporting themselves.

Natural subsidence that has occurred over openings
in bedrock in the basin described and shown in Figure 1
may have been leveled by the infill of sediments eroded
from higher adjacent areas or by deposition of sediments
by floods in low areas adjacent to streams. The collapse
of unconsolidated deposits forming a roof over an opening
in bedrock will occur when the opening is progressively
enlarged by solution until the overlying deposits cannot
support their weight. The enlargement of an opening that
precedes the collapse is illustrated at site 1 in Figure 5.
If an opening is filled with clay or other sediments, sub-
sidence or a collapse will occur where solution progresses
at a rate greater than the deposition required to maintain
a level land surface.

The collapse of the bedrock roof of an opening that has
been progressively enlarged by solution occurs when the
roof can no longer maintain its integrity. The progres-
sive enlargement of such an opening and the resulting
roof failure are illustrated at site 2 in Figure 5. This oc-
currence is generally congidered to be rare (Q, ﬁ).
However, it may be more common than has been indi-
cated because cavities similar to those in unconsolidated
deposits associated with induced and natural declines in
the water table undoubtedly result also from the collapse
of bedrock roofs. A collapse of a thin but small part of
a bedrock roof over an opening would, in many instances,
result in a cavity in the overlying unconsolidated deposits
due to their downward migration into the bedrock. En-
largement of the cavity would eventually result in a col-
lapse at the surface that might not be interpreted as bed-
rock failure. The enlargement of an opening by solution,
a failure in its roof resulting in a cavity in overlying un-
consolidated deposits, and the resulting sinkhole are
shown at site 4 in Figure 5.

In areas underlain by air-filled openings (caves), the
enlargement of cavities by downward-percolating water
would be expected to cause the eventual collapse of bed-
rock roofs. Sinkholes attributable to this mode of oc-
currence have been identified by Howard (19). Collapses
resulting from enlargement of openings in carbonate



rocks overlain by sandstone and thin-bedded limestone
have also been identified (18, 20).

Where air-filled openings in bedrock are overlain by
unconsolidated deposits, the initial development of some
sinkholes can be attributed to downward migration caused
by inflow and infiltration of surface water; a cavity then
forms in the deposits. This mode of development is the
same as that resulting from the downward movement of
surface water where it is responsible for induced sink-
holes. These collapses generally occur in intermittent
streambeds but can occur elsewhere.

Solution of the upper surface of the bedrock has long
been recognized as a mode of development of sinkholes.
In this case, the topography reflects the upper surface
of the bedrock. In relating the probability of this mode
of development to some broad and shallow sinkholes in
Kentucky, Walker (21) has described the process as
follows:

When the surface of bedrock dissolves, the insoluble residue occupies only
about one-tenth of the space the rock did; open space would develop ex-
cept that the soil mass slumps downward and the surface with it. Solu-
tion proceeds faster at some places than at others because the rock is more
soluble or joints are more closely spaced, and slight depressions appear.
Once formed, the depressions tend to grow larger because local surface
runoff collects in them, and more water then seeps down to attack the
bedrock under them than elsewhere in the vicinity. Solution concentrated
at the center finally brings about the infall of soil blocks and the develop:
ment of a swallow hole.

Solution of the upper surface of carbonate rocks will
result in the development of sinkholes in the terrane de-
scribed here. Most sinkholes, however, will result
from the solution enlargement of existing openings in
the top of the bedrock surface to eventually cause dis-
placement of overlying unconsolidated deposits. This
process of enlargement and displacement is also illus-
trated at sites 1 and 3 of Figure 5. Surface depressions
resulting from solution of bedrock where it contains no
openings would probably be rare in this terrane as de-
position of sediments eroded from flanks of the basin
l(Figl.u-e 1) or from flooding would tend to level depres-
sions of this type. This process is indicated by the
lack of surface expression over many irregularities in
the top of the bedrock in basins in Jefferson County, and
is similar to effects described by Coleman and Balchin
(22) and Howard (19). In the terrane described here
(Figure 1), it would be difficult to distinguish sinkholes
resulting from solution of the upper surface of bedrock
from others resulting from the progressive solution of
openings in the top of bedrock that are interconnected
with other openings in the subsurface. Solution of the
upper surface of carbonate rocks, however, plays an
integral part in the development of large, shallow sink-
holes in the more mature carbonate terranes in Alabama.
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Subsidence Control for
Structures Above
Abandoned Coal Mines

R. E. Gray, H. A. Salver, and J. C. Gamble, GAI Consultants, Inc.,

Subsidence of the ground surface above abandoned coal mines can cause
serious damage to highways, buildings, and other facilities. Two catego-
ries of techniques used in controlling subsidence are selective support for
structures and filling of voids caused by past mining operations. The
particular method used must be adapted to the local geologic setting and
the mining methods that were employed in extracting the coal as well

as the support requirements of the structure, because these factors vary
within any given site and from one locality to another. This paper pre-
sents a case history of subsidence control for an electric substation. The
subsurface stahilization techniques used included drilled piers and piling
for support of the structures, and grout columns and dry fly ash injection
for support of the roadways.

The expansion of highways, housing, commercial struc-
tures, and other facilities has required the use of many
areas that are underlain by abandoned coal mines and
will continue to do so. Movement of the ground surface,
i.e., subsidence, often results from collapse of rock and
soil strata overlying these mines into the voids remain-
ing from the coal extraction.

This subsidence can be extremely damaging although
its effects vary greatly, depending on the extent of the
mining, the soil and rock conditions, and the structural
design. There are cases where portions of buildings
have fallen into sinkholes that have developed over large
mine voids (1). In other cases, mine subsidence has
caused severe cracking of structures resulting in their
abandonment or need for extensive repairs. In other
situations, extension or compressional strains have
caused minor eracking and increased maintenance costs.

There are numerous abandoned mine workings in the
anthracite fields of northeastern Pennsylvania, and in
the bituminous fields of the Appalachians, the Iilinois
Basin, the Rock Springs, Wyoming, area, and other
areas of the United States. In both the dipping anthra-
cite seams and the nearly flat-lying bituminous seams,
various room-and-pillar patterns of mining have been
used, with considerable variation in the percentage of
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Monroeville, Pennsylvania

coal extracted. The progressive deterioration of pillars,
mine floors, and mine roofs by exposure to air and water
may later result in the collapse of strata over the mine
entries, and the crushing of the remaining coal pillars
or the bearing failure of the mine floor and strata be-
neath the coal pillars. Subsidence then results as the
collapse reaches the ground surface in the form of dif-
ferential strains, depressions, cracking of the ground,
and sinkhole development.

A number of techniques, often referred to as subsur-
face stabilization, have been developed to control sub-
sidence above mined areas (2). These vary because the
geologic and mining conditions vary from one location to
another, and because the support requirements vary ac-
cording to the type and sensitivity of the surface struc-
ture. They may be grouped into two categories as follows:

1. Selective support of structures or areas, usually
by supplementing the existing subsurface support by the
remaining coal pillars. These methods include construc-
tion of piers within the mine, deep foundations such as
drilled piers and piling, and grout columns.

2. Filling void spaces in and above the mine leaving
little or no room for caving of the overlying strata. The
filling materials also help maintain the existing coal pil-
lar support by providing confinement for the pillar sides
and protecting the pillars from spalling and weathering.
Filling methods have varying effectiveness depending on
the completeness of filling and the compressibility of the
fill material.

This paper presents a case history describing the in-
vestigation and exploration of mine conditions, the de-
sign of a stabilization program including several sub-
sidence control or stabilization methods, and the con-
struction procedures used for structure and roadway
stabilization. An undermined electric substation site in
the Appalachians about 240 by 270 m (800 by 900 ft) that
is used to transfer power from a 1950-MW coal-fired
generating station to the transmission system presented
an unusually difficult and challenging foundation de-
sign problem. The substation was underlain by mine
workings in various stages of collapse, and elaborate
and detailed methods of inspection were needed to
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thoroughly map the soil and rock conditions and the
extent of undermining and subsidence. After the sub-
surface investigation, drilled piers and piles were used
to support structure foundations, and grout columns and

dry fly ash injection were used for roadway stabilization.

GEOLOGY AND MINING

The substation site is underlain by alluvial soils of var-
iable thickness consisting of relatively poorly graded
sands, silts, and clays. These soils have been modified
by grading, and part of the facility is located on com-
pacted fill. Beneath the alluvium are beds of coal and
limestone interbedded with thick shale and claystone that
belong to the Monongahela group of Pennsylvanian age.

Much of the mining in the area occurred early in this
century. However, large-scale mining activities con-
tinued until immediately after World War II when many
of the coal pillars were mined to extract the maximum
amount of coal prior to collapse of the mine roof.

Investigation showed that the substation area had been
extensively undermined, with only a thin rock cover re-
maining above the mine, Large sinkholes were present
at the ground surface, and exploration indicated numer-
ous voids that would probably result in additional sub-
sidence of the ground surface at the mine level.

Coal mining at shallow depths results in two types of
subsidence at the ground surface: subsidence over a
widespread area and sinkhole development. These
ground surface movements occeur both during and after
mining. Widespread subsidence, after mining ceases,
is generally the result of pillar failure due to weathering
and stress concentrations that, in turn, result in spall-
ing and eventual reduction of coal pillar size. Failure
of one pillar overloads adjacent pillars, which acceler-
ates their spalling and final failure. The formation of
sinkholes may be sudden, when an entire section of rock
strata above the coal mine void fails abruptly and the
soils fall into the void space, or slow, when spalling of
the mine roof creates a void that slowly propagates to
the ground surface. Normally, sinkholes do not develop
if the thickness of the rock cover above an abandoned
mine in the bituminous coal fields of the Appalachians
is more than about 12 m (40 ft). However, in this area
sinkholes were present up to about 23 m (75 ft) above the
mine.

Although substation facilities can sustain some move-
ment, settlement in the amount that might be caused by
coal mine subsidence could not be tolerated. Accord-
ingly, the structures were supported on foundations ex-
tending below the mine. In addition, concern for the
safety of construction and operating personnel required
that roadways be stabilized where there was any possi-
bility of subsidence.

INVESTIGATION

The initial phase of the investigation consisted of evalu-
ating the surface evidence of subsidence and collecting
the available mining data. Detailed reconnaissance
showed that strip-mining had proceeded to just about the
northern edge of the substation, so that the entire sub-
station was underlain by deep mine workings. In addi-
tion, there were five large sinkholes, where subsidence
in excess of 2 m (6 ft) had occurred, in the central and
western portions of the substation.

Mining beneath the substation between 1900 and 1910
had used the room-and-pillar system. A gystem of en-
tries was driven to the limits of the property to provide
access, ventilation, and haulageways, and rooms were
cut from large blocks of coal between the entries until
discrete blocks of coal (pillars) remained. This mining

terminated in the early 1920s with a substantial number
of coal pillars in place as indicated in Figure 1. The
mine was then leased to other coal mine operators and
the pillars mined until about 1945, when roof conditions
deteriorated so as to make further operation impossible.
(The cross-hatching in Figure 1 indicates pillars that are
known fo have been removed. As indicated, most of the
pillars were removed from the northeast portion of the
substation.) The mining pattern was irregular in lhe
southwest corner probably because of poor roof condi-
tions that created safety problems. In addition, some
areas beneath the substation, which were shown as re-
serves to support or protect gas wells, were probably
also mined. Eight gas wells that had suffered subsidence
damage were located during the investigation.

To determine the accuracy of the available mine map,
an extensive drilling investigation was conducted. Eigh-
teen standard test borings, in which split-barrel samples
were obtained in the soil overburden and NX cores were
obtained in rock, and sixty-four 150-mm (6-in) diameter
rotary-air borings were drilled. The rotary-air borings
were logged from the cuttings of the soil and rock strata
penetrated. All sudden drops or jerks of the drill tools,
phenomena that indicate broken rock strata or other re-
lated mine subsidence features, were noted. Rotary-
air borings that encountered voids at mine level, caved
rock strata, or crushed coal pillars were photographed
with a stereoscopic vertical borehole camera, Photo-
graphs were taken in the rock strata above the mine at
depth intervals of about 0.3 m (1 ft). The use of the bore-
hole camera permitted the accurate location of any mine
voids and provided a good record of the condition of the
rock strata above the mine level. Once the voids were
accurately located, a borehole camera having a self-
contained light source and capable of taking horizontal
pictures was used. The camera was rotated between
photographs to obtain 6.3-rad (360-degree) coverage of
the mine void.

SUMMARY OF SUBSURFACE
CONDITIONS

The substation area varies in elevation from 320 to 302 m
(1050 to 990 ft). It was graded to an elevation of 308 m
(1010 ft) with fill in the central portion. The fill has a
maximum thickness of about 6.1 m (20 ft) and is gen-
erally stiff in consistency. Colluvial soils up to 3.7 m
(12 ft) thick were encountered in the borings along the
east side of the substation. This colluvium is the result
of mass wasting of the soils formed from weathering of
the rock strata on the hill flanking the east side of the
substation. Alluvial soils that varied from silty clays

to fine sands were exposed on the surface of the re-
mainder of the area., The thickness of the alluvial soil
varies from 3.7 m (12 ft) along the north central portion
of the substation to 18 m (60 lflfiz) at its southeast corner.
The alluvial soils underlie the colluvium on the east
side of the substation and thin toward the west side of the
substation. The upper portion of the alluyium ranges
from soft to stiff cohesive soil. Laboratory consolidation
tests on these soils show them to be moderately to highly
compressible, with compression indices of 0.165 to 0.950.
Granular alluvial soils, composed predominantly of fine
sand and silty sand, underlie the cohesive soils through-
out the substation. These soils are generally in a medium
dense state.

Underlying the soils is a thin veneer of decomposed
rock that partially mantles the firm rock surface. The
top of the rock, as shown in Figure 2, slopes steeply
upward just east of the substation. However, in the ma-
jor portion of the substation, the rock surface is rela-
tively flat, varying between elevations of 296 to 299 m



(9170 to 980 ft): It reaches its highest elevation of 306 m
(1005 ft) in the northwestern corner of the substation.
Thus, the depth to rock from the grade elevation of 308
m (1010 ft) varies from 1.5 to 12 m (5 to 40 ft).

Figure 3 shows the contours of the base of the mined
coal seam, The coal dipped to the southeast and varied
in elevation from 294 m {966 ft) at the northwest corner
of the substation to 286 m (939 ft) at the southeast corner.
Comparison of Figures 2 and 3 indicates that the inter-
val between the top of the rock and the base of the mined
coal varies from about 9 to 12 m (30 to 40 ft) at the
southeast and northwest corners of the substation re-
spectively. The average interval in most of the central
portion is about 6 m (20 ft) but as little as 3 m (10 ft) in
the southwest corner.

The rock strata within the substation from the top of
rock to the lowest strata of importance with respect to
foundation design and construction are (a) limestone,
(b) claystone, (c) shale, (d) coal (mined seam), (e) silt-
stone, and (f) silty shale. Over much of the area, hard
limestone, which is commonly interbedded with claystone
and is a maximum of approximately 3 m (10 ft) thick,
forms the rock surface. The limestone is for the most
part a competent rock and frequently bridges over un-
derlying mine voids. Where the claystone interbeds oc-
cur and the weathering is particularly advanced, the
limestone is less competent and unable to span the mine
voids. Underlying the limestone there is approximately
2.4 m (8 ft) of claystone, which is usually in a medium
soft state. Frequently, the claystone has caved into the
mine voids resulting in a soft clayey mass at mine level.
The claystone is, in turn, underlain by 1 m (3 ft) of
shale, which has also caved into the mine rooms and con-

Figure 1. Map of abandoned coal mine beneath
substation.
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tributes to the clayey mass. Some of the borings en-
countered a similar soft material at mine level that could
not be attributed to caving of the mine roof. This ma-
terial, termed mine gob, is mine waste that was dis-
posed of in abandoned entries and rooms.

The mined coal seam is usually about 2 m (6 ft) thick.
However, in some of the borings, crushed coal pillars
were encountered. In these borings, the coal was some-
what thinner and highly fractured. The conditions en-
countered at the level of the mined coal seam by the 82
borings are summarized below:

Percent Percent
Condition of Borings Condition of Borings
Coal pillars 48 Caved material 35

Crushed coal pillars 5 Large voids 12
The mined coal seam is generally underlain by a siltstone
stratum that ranges from 2 to 3 m (7 to 10 ft) thick and
varies from medium soft to medium hard. Frequent in-
terbeds of claystone occur in the siltstone. Interbedded
shale, silty shale, and siltstone underlie the siltstone
stratum and extend to approximately 6.7 m (22 ft) below
the base of the mined coal seam. Figure 4, a typical
cross section through the substation, shows the thickness
of the soil and rock cover above the mined coal seam.
The water levels measured in the borings show the
water table to occur at or slightly above the base of the
mined coal seam. In a few cases, local ponding of water

has occurred in the mine workings because of roof falls
or the presence of mine bulkheads, and in one large
area along the northwestern side of the substation, the
mine is flooded.

N -

AN
\\\\- i

N\ o,

=\ = L/0

\li \mESERVE ) [‘7,"-. L

\L_. ~7""_J / !Q’x/
LIMIT OF SUBSTATION

I'm=23.281 FEET



20

Figure 2. Contours of the top of the
rock.

Figure 3. Contours of the base of the
mined coal seam.
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Often, the borings did not encounter conditions an-
ticipated from the mine map. However, study of the
horizontal borehole photographs indicated that the mine
map should be shifted somewhat in relation to ground
surface features. Once this was done, the map was
quite accurate.

The substation was divided into three areas, based
on the extent of mining indicated by the map and the con-
ditions at mine level shown by the borings and photo-
graphs. Inarea 1, the southwestern portion of the site
where the amount of rock cover above the coal was min-
imal, mining had not been extensive. Large coal pillars
were shown on the mine map and all but a few of the bor-
ings encountered in-place coal. The voids that were en-
countered were the full height of the seam and contained
little caved material. In area 2, the eastern half of the
substation where the rock cover above the base of the
coal varied from about 6 to 9 m (20 to 30 ft), removal of
most of the coal pillars had resulted in almost complete
subsidence. Most of the borings drilled in this area en-
countered caved material and a few moderate-sized voids
and coal pillars. Area 3, the northwestern portion of
the substation, was underlain by a fairly well-developed
system of mine entries and rooms. No retreat mining
involving coal pillar extraction had been conducted in
this area, and the mine rooms were large and the coal
pillars relatively small. The borings usually en-
countered either large voids or in-place coal. The rock
cover above the base of the coal varied from 6.7 to more
than 12 m (22 to 40 ft) in this area.

FOUNDATION DESIGN

As shown in Figure 5, the substation contains 10 circuit
breakers, and the associated disconnect switches, light-
ing arresters, and metering and control equipment inter-
connected by rigid aluminum tube bus ducts with dead
end towers for connections to the generating units and the
500-kV transmission lines. The control and communi-
cation cables are placed in precast concrete enclosed
trenches. Because of the rigid bus duct connections,
very little settlement or movement of the equipment can
be tolerated.

The transmission and dead end towers exert relatively
heavy lateral and vertical loads on their foundations.
Therefore, because of the compressible soils overlying
the rock surface and the abandoned coal mine, 0.76 and
1.22-m (30 and 48-in) diameter reinforced-concrete
piers drilled in place were selected as the most suitable
type of foundation for them. All of the drilled piers were
socketed into rock below the base of the mined coal seam.
The minimum diameter of 0.76 m (30 in) for the drilled
pier construction was due to the necessity of hand clean-
ing the sides and bottom of the pier rock sockets. Per-
manent steel casing with a wall thickness of 8 mm (% in)
was securely seated into the rock at the base of the mined
coal seam and extended to the ground surface to provide
a form for the concrete in the abandoned mine workings.
The casing also prevented bonding of the drilled pier to
the rock strata above the mine, which might, at a later
date, subside. In addition, the casing served as a pro-
tective liner for men working at the bottom of the drilled
shaft.

Drilled piers bearing on medium hard or hard rock
strata were designed for a maximum allowable end-
bearing pressure of 960 kPa (10 tsf) for dead, live, and
wind loadings. Rock sockets extending into medium hard
rock strata were designed for load transfer between the
drilled pier and the rock socket using a shear value of
350 kPa (50 psi). Where the strata at the base of a
drilled pier were composed of soft to medium soft rock,
drilled piers were designed for a maximum end bearing
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pressure of 380 kPa (4 tsf) for dead, live, and wind load-
ings. If the rock strata were medium soft, a design
shear value of 140 kPa (20 psi) was used for load trans-
fer between the drilled pier and the rock socket, and if
the rock was soft, shear value of zero was assigned.

In places where medium soft rock was known to un-
derlie the base of the drilled piers by less than 0.6 m
(2 ft), a maximum bearing pressure of 380 kPa (4 tsf)
was used. On completion of the rock socket, a 3-m
(10-1t) deep test hole was drilled using percussion drill-
ing equipment to evaluate the quality of the rock below
the base of the socket.

Due to the difficulties in penetrating the hard lime-
stone above the mined coal seam, the drilled piers were
allowed to deviate from plumbness a maximum of 1 per-
cent (6.4mm/m, “4in/ft). A maximum eccentricity radius
of 25 mm (1in)from the plan location was permitted. Fig-
ure 5 shows the area of the substation in which fill was
placed. In this area, because of the settlement of the
alluvium under the weight of the fill, all of the drilled
piers were designed for a negative skin friction load of
up to 68 Mg (75 tons) per pier. All of the drilled piers
were designed assuming concrete with a minimum un-
confined compressive strength of 24.5 MPa (3500 psi).

The circuit breakers, disconnect switches, lighting
arresters, and metering and control equipment are rela-
tively light and exert small loads on foundations. There-
fore, this equipment was supported on less costly pre-
drilled closed-end steel pipe piling extending to the base
of the mined coal seam. The piles, which are designed
for a maximum vertical load of 68 Mg (75 tons), were
tied together by a grade beam system at the ground sur-
face to provide lateral resistance. Evaluation of the re-
duction in strength of steel piling that would result from
corrosion by the acid mine water (pH approximately 3.5)
showed that use of conventional steel piling was not fea-
sible. Therefore, relatively corrosion-resistant Yoloy
(a copper-zinc-manganese alloy steel) pipe was selected
for use. Study showed that extra strong, 0.2-m (8-in)
nominal diameter Yoloy pipe filled with concrete would
safely sustain the design load over a 30-year period, and
to provide an additional safety factor the piling was filled
with 24.5 MPa (3500 psi) concrete. The negative skin
friction loads on piling installed in the filled area
amounted to approximately 4.5 Mg (5 tons)/pile. Out-
of-plumb variation was limited to 2 percent of the pile
length. All piles were driven within 50 mm (2 in) of the
indicated plan location.

Roadway safety was carefully evaluated to provide an
economical stabilization treatment; Figure 6 shows the
various stabilization methods used. No treatment was
required beneath the sections of the roads that were un-
derlain by solid coal or where nearly complete subsidence
had occurred. At the few locations where isolated mine
entries underlaid the roads, grout columns (Figure 7)
were formed by placing a cone of gravel in the mine
void and then grouting the cone to stabilize the mine roof.
The remaining sections of roads were stabilized by in-
jecting dry fly ash from tanker trucks into the mine voids.

CONSTRUCTION PROCEDURES

Foundation construction and subsurface stabilization were
conducted during the winter of 1971. Due to the special
nature of the foundation and stabilization work, three
contracts were let: one for the drilled piers, one for the
closed-end pipe piles, and one for the fly ash and grout
column stabilization.

Drilled pier construction totaled sixty-four 0.76-m
(30-in) diameter piers and twelve 1.22-m (48-in) diameter
piers. These were drilled with Williams LLDH truck-
mounted diggers using 0.91 and 1.37-m (36 and 54-in)



22

diameter soil and rock augers to depths up to 23 m (75 the overlying limestone was relatively thick and hard,
ft). The holes were drilled somewhat oversized in the Calweld crane-mounted rigs using roller cone bits were
soil and rock strata above the mined coal seam to avoid used until the limestone was penetrated. Permanent
problems in placing the casing within plumbness toler- steel casing was then inserted to the base of the mine

ance. However, in some cases, deviations in plumbness and a 0.76 or 1.22-m (30 or 48-in) nominal diameter
necessitated lowering a man into the shaft to jackhammer  socket drilled into the underlying strata using rock augers.
the obstructions so that the vertical shaft would meet the The annulus between the oversized hole and the casing
specified tolerances upon placement of casing. Where was backfilled with gravel.

Figure 4. Typical east-west
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Figure 6. Roadway stabilization treatment areas in
the substation.
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Figure 7. Typical grout column construction. The rock sockets extended 0.5 to 2.7 m (1.5 to 9.0 ft)
below the base of the mined coal seam. Their sides
were thoroughly scraped clean, and loose material was
removed from the base of the drilled pier shaft prior to
concrete placement. In most cases the rock sockets had
only small inflows of water and presented few problems
in placing the concrete. Where water was encountered,
a pump was placed in the shaft bottom for cleaning and
dewatering, and withdrawn immediately prior to place-
ment of the concrete, which was placed from the top of
the hole using a chute to prevent it from ricocheting
against the casing. Anchor bolts or steel stub angles
or both were placed at the cutoff elevation.

Piling was initially installed in holes drilled to the
base of the mined coal seam using a crane-mounted auger
to drill soil and an air-rotary drill to extend the hole
through rock. About midway through the project the use
of the auger was abandoned and the remainder of the
holes were drilled solely by the air-rotary rig. (Prob-
lems had been encountered inthe use of two drilling rigs
to complete a hole as the soil and rock portions of the hole
were frequently not co-axial.) A total of 393 piles were
installed. The holes were a minimum of 0.24 m (9% in)
in diameter. The piles were seated at the bottom of the
hole using a Vulcan 08 hammer rated at 35 kJ (26 000
ft-1b) at 50 blows per minute. In all cases, the pile pen-
etrated to the mine floor and then reached a final pene-
tration resistance of 10 blows/25 mm (1 in). Most
piles were driven from 0.3 to 0.6 m (1 to 2 ft) into the
rock strata below the base of the mined coal seam. Back-
filling around the piles was done in a manner similar to
that used for the drilled piers. The piles were checked
for plumb tolerance and then concreted to increase their

GROUT HOLE GROUND SURFACE
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structural strength and provide an added safety factor
against corrosion. They were then cut off at the design
elevation and completed with anchor straps. Field
splices were not permitted; all piles were brought to
the site at predetermined shop fabricated lengths and
then cut off as required.

Subsurface stabilization was conducted through 150~
mm (6-in) diameter holes drilled with air-rotary equip-
ment. All holes were cased to the top of rock. In the
northwest portion of the substation, a dewatering well
was installed to draw down the water in a portion of the
mine that was flooded. The bulk fly ash stabilization
was performed first. The fly ash was transported to the
site in 18-Mg (20-ton) pneumatic tank trucks. A con-
nection to the casing was made and the fly ash blown into
the mine through the casing inserted in the borehole at
a maximum pressure of 100 kPa (15 psi) until refusal.
Some holes refused fly ash, but as much as 180 Mg (200
tons) was injected into other holes; the total amount of
fly ash placed in the 180 injection holes was 3500 Mg
(3800 tons).

Grout columns (Figure 7) were constructed at 15 se-
lected locations. The columns were constructed by
placing gravel down the hole, spreading the aggregate
with compressed air injected through a perforated pipe
at the hole bottom, and then injecting grout into the ag-
gregate pile. The alggre%ate used consisted of clean
gravel 6 to 19 mm (% to % in) in diameter. The grout
consisted of a fluid mix, 3 fly ash to 1 cement to 3 to 4
water, which was delivered to the grout pumping stations
in agitator trucks from a local batch plant. A roof con-
tact diameter of about 1.8 m (6 ft) for a grout column is
adequate to support the mine roof.

During construction, a few small sinkholes formed at
the ground surface, indicating the serious subsidence
potential. Since the construction has been completed, no
additional sinkholes have formed in the stabilized area.
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Ground Subsidence
Associlated With
Dewatering of a Depressed
Highway Section

Joseph B, Hannon and Barry E. McGee, Structures and Engineering Services

Subsidence of land areas adjacent to construction of an Interstate high-
way is reported. Foundation settlements of structures adjacent to a de-
pressed section occurred as a result of pumping groundwater during con-
struction dewatering operations. Preliminary recommendations and
actual construction dewatering operations are discussed. The stability of
the Sacramento River levee and the possibility of piping during high water
were significant factors in planning the dewatering operation. Records of
groundwater drawdown for various pumping rates are presented with data
from a Ranney well pumping system located in downtown Sacramento;
foundation settlement studies for buildings in the adjacent area and spec-
ifications for dewatering of the depressed highway section are described.
The need for comprehensive laboratory and field tests is discussed. Un-
foreseen circumstances that developed during the dewatering process re-
quired deviation from the scheduled construction operations and contin-
uous monitoring of groundwater and ground surface elevations. It is con-
cluded that the settlement problem could have been minimized had its
probability been more fully realized. Goundwater levels should have
been more closely monitored during the initial stages of dewatering. Valu-
able information could have been developed early in the planning stages
of this project from drawdown studies using deep wells pumping from a
lower, more permeable stratum.

Land subsidence is a normal occurrence in many areas
of California. For example, in the Santa Clara and San
Joaquin Valleys, deep subsidence has resulted largely
from the compaction of soil deposits caused by ac-
celerated pumping of groundwater for agricultural pur-
poses (1).

The general lowering of the groundwater table by
dewatering to provide dry conditions during work in
large open excavations can also induce land subsidence
or soil settlement, which is detrimental to structures
above the affected water table. Even when appropriate
precautions are taken during dewatering operations,
unforeseen events or conditions sometimes occur. When
the water table is lowered, the effective load on the sub-
soil is increased by an amount equal to the difference
between the drained and submerged weights of the entire
soil mass between the original and the lowered water
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table. This increased overburden pressure causes addi-
tional compression and produces settlement (2). Settle-
ment can occur rapidly in sands, but in clays and silt
soils a much longer period of time is involved.

This report presents a case history of a ground sub-
sidence that occurred during dewatering for construction
of a depressed highway section in Sacramento.

BACKGROUND INFORMATION

During 1968 a section of Interstate 5 was constructed as
a depressed freeway through the old historic area of
Sacramento (Figure 1), This portion of freeway is
adjacent to the Sacramento River, which traverses the
westerly edge of downtown Sacramento. The design
planned for construction of a 1220-m (4000~ft) depressed
roadway, approaching, at one point, within 37 m (120 fit)
of the river.

The city of Sacramento is protected from flooding by
a system of levees along the Sacramento River on the
west and the American River on the north. Because of
the proximity of the river and the adjacent levee system,
several safeguards were included in the depressed free-
way design, along with stringent specifications and con-
struction requirements. The area to be depressed was
designed as a boat section to resist buoyant forces, with
portland cement concrete up to 3.7 m (12 ft) in thickness.
At the higher roadway elevations, the uplift was resisted
by the weight of the concrete structure alone, but in the
deepest excavation section, tension or hold-down piles
were used to resist the main portion of the uplift forces
and achieve economy with a thinner concrete section.

The river stage on the Sacramento River during
periods of low runoff is 1.5 to 3 m (5 to 10 ft) above
mean sea level, At times during the winter, it reaches
7.6 m (25 ft) and possibly higher. The average elevation
of the ground surface in the downtown area is about 4.9 m
(16 feet). The top of the levee is 9.8 m (32 ft) above sea
level.

The low point of the finished grade in the depressed
section was at about -0.6 m (-2 ft) below sea level, but
excavation was required to -2.6 m (8.5 ft) and slightly
lower., Excavation for the pumping station to drain the
completed facility extended down to -5.5 m (-18 ft).
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Soils in the area are moderately heterogeneous. In
the southerly half of the depressed section above sea
level and in the northerly half above -3.0 m (-10 ft)
there are silty clays and clayey silts. These are inter-
bedded with lenses and layers of sand and silt. Under-
lying these mixtures are sands and silty sands with
gravel occurring at depths down to -12.2 m (-40 ft).

The stability of the levee and the possibility of piping
during high water periods were prime concerns, and
stringent specifications were proposed to prevent prob-
lems in this area during construction. Attention was
also focused on the effects of dewatering and the pos-
sibility of subsequent settlement of certain designated
buildings adjacent to the work, Specifications relating
to the protection of these specific buildings were for-
mulated. The contractor was also required to inspect
and record the existing condition of these buildings
prior to working in the vicinity, and to replace or re-
store any subsequent damage.

As the project proceeded to the bidding stage, a con-
sultant hired by the California Department of Trans-
portation reviewed the plans and specifications with
respect to their adequacy in ensuring levee safety and
maintaining existing flood protection. It was recom-
mended that the excavation work be done in the dry
condition, which required dewatering of the excavation
and construction of a cofferdam.

The special provisions had several requirements
relating to groundwater control:

1. The silt production of a pumping well after a
48-h developmental period was to be no more than
5 ppm;

2. At river stages below 3 m (10 ft) groundwater
could be lowered as necessary to continue the work;

3. At river stages between 3 and 7 m (10 and 24 ft)
work could continue in the dry condition as long as the
bottom of the excavation stayed above an imaginary
plane sloping away from the river surface on a maxi-
mum 5 percent gradient;

4. When the river stage was above 7.3 m (24 ft),
all dewatering was to stop;

5. Relief wells were to be placed inside the cof-
ferdam and were to be of sufficient capacity to raise
the water level in the excavated area at a rate of 9 cm
(0.3 ft)/h under a 3-m (10-ft) head; and

6. Additional means of flooding the excavation were
to be provided in conjunction with the relief wells so
that the water level in the excavation could be raised
at the rate of 12 cm (0.4 ft)/h, which would keep pace
with the expected maximum rate of rise of the Sac-
ramento River,

THE DEWATERING OPERATION

Sheet piling was placed around the entire excavation
area and the groundwater lowered by pumping from a
deep, relatively pervious gravel stratum (rather than
from a shallower well point system). A total of 29
pumps, each rated at about 7.6 m®/min (2000 gpm),
were used around the periphery of the excavation. The
well casing extended to about -18.3 m (-60 ft) below sea
level with a pump pickup of -12.2 m (-40 ft). The tip
elevation for the sheet piling was about -7.6 m (-25 ft).
A cross section of the excavation is shown in Figure
2 with the location of the intake wells, the adjacent
Sacramento River and levee embankment, the normal
groundwater table sloping away from the river, the
groundwater table during dewatering, and the soil pro-
file. The silt production from the wells was a maxi-
mum of 2 ppm, which was less than the allowed maxi-
mum of 5 ppm. The intake wells were located on both

sides of the excavation although the majority were on the
easterly side.

The dewatering operations began with three pumps in
operation on August 20, 1968. Other pumps were grad-
ually put into operation until, about 20 days later, 16
pumps were producing an estimated 60 m°/min (16 000
gpm). During this time, the water table was lowered
from about 0 to -6.7 m (-22 ft). No water table obser~
vations were made during the early stages of dewatering
since observation wells were not yet complete. (Exist~
ing wells were available but were not used.) It is there-
fore probable that the drawdown exceeded the maximum
recorded low. The pumping rates and the resulting
changes in groundwater levels along O Street over an
18-month period following the start of dewatering are
shown in Figure 3.

About 15 days after pumping began, tenants in a build-
ing situated about 250 m (800 ft) from the nearest line
of pumps noticed building distress. Reports of damage
in other buildings came in rapidly, and it soon became
apparent that settlement was taking place over a fairly
wide area. The pumping was then reduced to an esti-
mated rate of about 34 m*/ min (9000 gpm). As a result,
the water table at the excavation rose from -6.7 m (-22
ft) to -4.9 m (-16 ft), At this same time, the California
Department of Transportation began drilling a series of
additional sample borings and observation wells, and level
circuits were established to monitor elevations in the
adjacent downtown area, This information was used to
supplement the data that had been gathered during an
extensive program of foundation exploration, drawdown
testing, and laboratory soil testing prior to the actual
design and construction.

A review of the buildings in the settlement area showed
that pile-supported structures had not settled signifi~
cantly and that buildings on spread footings had sustained
only isolated minor damage. The damage that had oc-
curred was due mainly to differential settlement in
buildings whose structural elements were founded on
piles and whose bottom story floors and walls were
grade-supported on compacted carth. Damage had also
occurred where peripheral sidewalks and similar ap-
purtenant structures were in contact with pile-supported
structures.

The settlement graphs (Figure 4) for benchmarks
located along Second Street show that about 3.4 to 7.9 cm
(0.11 to 0.26 ft) of settlement occurred during September
1968. About 1.8 cm (0.06 ft) of additional settlement
occurred during the 1 -year period following the initial
drawdown. However, the benchmark elevations are in-
fluenced to a major degree by cyclic changes in the
groundwater table due to the river stage and recharge
from rainfall. Historically, they have varied +0.9 em
(0.03 ft) annually.

ANALYSIS OF THE PROBLEM

Groundwater observations made at various locations in
Sacramento over a period of years have indicated a
probable historical low water table of 0.9 to -0.9 m (3
to -3 ft), depending on the distance from the river. The
normal water table gradient prior to the excavation and
the dewatering operation sloped away from the river
as shown in Figure 2. After one month of dewatering,
the water table varied from about -4.9 to -2.4 m (~16 to
-8 ft) and sloped toward the excavation. Inthe area
where settlement was first noticed, the difference in
groundwater level was 4.9 m (16 ft).

Data from various sources were gathered to obtain a
better picture of the foundation soils and their consolida-
tion and permeability characteristics in the downtown
area. Old boring logs and tests made by the transporta-



Figure 1. Project location map of depressed
section.
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Figure 2. Cross section of excavation.
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tion laboratory for state buildings in the area were ex-
amined. Foundation reports for major structures in the
affected area were also obtained from the Sacramento
City Engineer's Office.

The lowering of the groundwater table in the general
area was complicated by the fact that several other well
systems, including the new state central heating and
cooling system, were also pumping from wells in the
same general area. The heating and cooling system
uses a Ranney well installation that went into service
during the initial stages of the dewatering operation
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and was pumping at a rate of about 11.4 m®/min (3000
gpm) on September 19, 1968, with rates of about 22.8
m®/min (6000 gpm) during various 8-h periods. The
main well for this collection system is located immedi~
ately west of the freeway near S Street as shown in Fig-
ure 1. Groundwater obgervations and pumping rates for
this system are shown in Figure 5. The Ranney collector
system at this location consists of a 6.1-m (20-ft) di-
ameter caisson driven to -21.6 m (-71 ft), At -18.3 m
(-60 ft), six laterals 25.6 to 36.3 m (84 to 119 ft) in
length radiate outward toward the river.

Elevation measurements of benchmarks located along
the Capitol Mall Loop (Figure 1) suggest some continua-
tion of settlement after the initial drawdown in September
1968. Changes in the ground surface elevation are shown
in Figure 6. The maximum drop in elevationvaried from
3.1 cm (0.10 ft) nearest the excavation to about 0.3 cm
(0.01 ft) near Eighth Street. This settlement occurred
over a period of 1 year following the initial drawdown of
the water table, The pattern of the ground surface elevation
fluctuations indicated by the benchmark measurements
closely follows the normal cyclic changes in groundwater
levels due to changes in river stage and recharge by
rainfall.

Figure 7 shows the relatively flat drawdown curve
(curve C) that resulted from pumping groundwater from
the deep, relatively pervious gravel stratum (Figure 2).
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Figure 3. Groundwater levels (along O Street) and pumping rates,
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Earlier groundwater studies had been based on wells
that pumped at a much shallower depth in a less perme-
able layer, and resulted in a much sharper drawdown
curve (curve A). Curve B illustrates the drawdown
curve that was developed during contract pump tests
prior to construction using a single deep well founded
in the underlying permeable layer with water recharge
from below the drawdown cone. The pumping rates were
approximately 4,6 and 6.8 m®/min (1200 and 1800 gpm).
Supplemental consolidation tests using undisturbed
soil samples of the silt and silty sands located near the
area of greatest reported distress were performed to
analyze the settlement problem. Settlement calcula-
tions were based on the increased effective overburden
pressure resulting from the lowering of the water table,
It was assumed that historically the water table had a
previous low of 5.2 m (17 ft) below the ground surface
and that the underlying soil had been preconsolidated
by this condition. Settlement was then calculated with
the water table lowered as much as 6.1 m (20 ft), The
results of these calculations for various applied build-
ing loads are shown in Figure 8.

The calculated settlements are of the same relative
magnitude as the reported drop in benchmark elevations
in the affected area (Figure 4) and confirm that the
rapid settlement had occurred in the silt and silty sand
deposits.

An evaluation of the situation was made soon after the
initial settlement was detected and the initial data could
be analyzed. It was concluded, based on precision
follow-up ground surface elevation measurements and
settlement calculations, that the situation had stabilized
and that no additional significant settlement would occur
as a result of higher pumping rates during high river
stage if the groundwater table beneath the excavation was
maintained at about the same level. It was also felt that
pile-supported structures would not settle as a result of
downdrag or any other consequence of the dewatering
activities. The contract specifications were also con-
sidered adequate to ensure protection of Sacramento
during expected high river stages. It was decided to
continue pumping in the dry condition as long as the
river stage was between 3.0 and 7.3 m (10 and 24 ft),
and to provide standby power: The excavation would be
flooded when the river reached 7.3 m (24 ft). It was
also recommended that the maximum differential in
head between the water in the river and the water in
the excavated section not exceed 2.4 m (8 ft).

During January 1969, high water stage in the Sacra-
mento River reached 8.5 m (28 ft) and remained there
for about 24 h. Dewatering was stopped and the ex~
cavation flooded by pumping directly into the excavation.
The elevation of the water in the excavation stabilized
at approximately 3.7 m (12 ft) shortly after the high river
stage. Flooding the excavation provided the necessary
counterbalance of excess hydrostatic pressures in the
bottom of the excavation. The performance of the sec-
tion under these conditions indicates that the specifica-
tion requirements are conservative and provide adequate
protection for the city,

Six days after flooding, dewatering was resumed with
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(Capitol Mall Loop).
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no complications, and construction continued with no
further subsidence under adjacent structures.

SUMMARY AND CONCLUSIONS

1. Even when appropriate precautions are taken dur-
ing construction dewatering operations, unforeseen
events or conditions may occur and require deviation
from planned construction.

2. Wide fluctuations in groundwater levels can re-
sult in ground subgidence.

3. Closer monitoring of groundwater during the initial
stages of dewatering is recommended for future con~
struction projects.

4, Subsidence could have been minimized on this
project by pumping from closely spaced well points at
a shallower depth.

5. If the original preliminary test data had not been
misinterpreted, the probability of subsidence would have
been more fully realized.

6. Valuable information could have been established
early in the planning stages of this project from draw-
down studies using deep wells pumping from a lower,
more permeable stratum.

7. The specification requirements were appropriate;
adequate stability of the river levee system and flood
protection of Sacramento during high river stages were
provided.
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Geologic Indicators of
Catastrophic Collapse in
Karst Terrain in Missouri

James H. Williams and Jerry D. Vineyard, Division of Geology and Land

Although the records of 97 catastrophic collapses in Missouri karst terrain
have emphasized such man-made causes as dewatering, vibration, or water
saturation, there is an underlying commonality of geologic features that
offers insight into ways to avoid collapse problems in highways and other
construction. Collapse events are more likely to occur in areas overlain
by moderately thick residual soil, in losing valleys, and in wet seasons.
Significant collapses have occurred where there was no indication of sink-
holes or other typical karst landforms. Of the numerous collapses related
to highway construction, most have involved upward stoping of residuum
from underlying cavernous channels in carbonate bedrock, and have been
triggered by constructional or operational activities that altered drainage
conditions. Exploration for incipient collapses is costly and more effec-
tive in limited areas. Analysis of geologic indicators such as losing streams,
relict karst landforms, and residuum type and thickness, as well as speleo-
logical data offer more cost-effective techniques to define target locales
for subsequent detailed exploration. Initial exploration with a backhoe
generally gives more useful near-surface data than drilling. Drilling is nec-
essary, however, to validate evidence inferred by surface geologic indica-
tors and geophysical methods such as fixed-depth resistivity and high-
precision gravity surveys.

Both collapse and subsidence represent vertical settling
of the land surface (1), but our interest is directed more
to collapse. The unpredictability of collapse and its
catastrophic mode of occurrence add a risk factor to all
aspects of land use in karst terrain, whereas the grad-
ualness of subsidence permits salvage or the repair of
damage.

The records of collapse have emphasized man-related
causes such as dewatering, vibration, or water satura-
tion. However, there are a commonality of natural con-
ditions and a history of surface failures involved with
most collapse events. In Missouri, of the 97 cata-
strophic surface failures recorded since the 1930s, 46
can be attributed to some activity of man (Figure 1). Of
these, water was a contributing factor to the 52 percent
in which leaky utility lines and altered surface drainage
conditions attributed to roads and other urban develop-
ments had weakened the overburden. Water saturation

Publication of this paper sponsored by Committee on Engineering
Geology.

Survey, Missouri Department of Natural Resources,
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by impoundments was a primary cause of 22 percent,
while 15 percent were due to dewatering, 7 percent to
highway construction, and 4 percent to blasting. Most
of the catastrophic failures caused by altered drainage
have also involved roads and streets. Thus, road con-
struction and use are directly or indirectly prominent
contributors to collapse and subsidence in karst terrain.
However, nearly all of these man-related surface fail-
ures occurred in regions where natural subsidence and
collapse events were common.

Catastrophic failures are as apt to occur in broad,
subsiding sinkholes as in karst terrain having closely
spaced pinnacles of carbonate bedrock: The soil me-
chanics properties of the overburden are of more im-
portance than the bedrock configuration in considering
the likelihood of collapse versus subsidence. Cata-
strophic collapse in carbonate terrain can occur where
there are no sinkholes. Thus, if one assumes that it will
occur only in areas having well-defined sinkholes or broad
areas of subsidence, some hazardous areas may be over-
looked.

BACKGROUND

Through the years, general features have been given to
aid in the identification of areas subject to subsidence and
collapse. Foose (2) listed seven conditions that are com-
mon in areas of karst topography subject to collapse. He
pointed out that there are few sinkholes where the over-
burden is less than 10 m (33 ft) thick, that the water
table is usually below the overburden and the bedrock
weathering irregular or pinnacled, and that there are
often extensive cavernous openings and major structural
elements in the underlying bedrock.

Vineyard and Williams (3) have cited 11 features that
may foretell of collapse or subsidence in stream valleys
developed in karst terrain. Generally, losing valleys
with poorly graded alluvium, angular valley cross sec-
tions, and irregular valley gradients are indicative of
areas subject to collapse events.

Aley, Williams, and Massello (i) have described seven
diagnostic characteristics of karst terrain where cata-
strophic collapses, primarily those induced by construc-
tion of impoundments such as small lakes and sewage
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lagoons, but also some caused by changes in ground-
water level, have occurred.

FACTORS IN CATASTROPHIC
COLLAPSE AND SUBSIDENCE

Records of sinkhole collapse in Missouri are admittedly
scanty and incomplete. Our mutual interest in the topic
began in the early 1960s and pcaked in the spring of 1973,
an unusually wet season.

Alterations of soil moisture and groundwater account
for most land surface failures in karst terrain in Mis-
souri and elsewhere, The type of failure (subsidence or
collapse) is partially related to the intensity and magni-
tude of the changes. The mechanical properties of the
soil overlying the bedrock and the hydrologic character-
istics of the region also affect the type of land surface
failure, For example, 13 catastrophic collapses oc-
curred in remote timbered areas of Missouri during a
2-month period in the spring of 1973, This was a period
of sustained, abnormally high rainfall with precipitation
3 to 6 in higher than normal for those months. These
failures were typical catastrophic collapses in karst ter-
rain. The sinkholes were cylindrical, 12 to 18 m (36 to
60 ft) deep, and 6 to 7 m (20 to 25 ft) in diameter (Fig-
ure 2). They occurred on uplands and ridges, and in
floodplains.

Although collapse or subsidence as a result of high-
way construction is not a principal cause of surface fail-
ure in karst terrain, when such failures occur the re-
sults can be serious in both monetary logs and danger to
human life, The most notable collapse in Missouri that
could be attributed directly to highway construction oc-
curred in February 1966, in Pulaski County (3). While
the surface collapse that permitted entry into an active
cave system beneath the highway was caused by water
discharge on the downstream end of a box culvert, there
was an additional active collapse occurring in another
part of the cave benealh the shoulder of westbound 1-44.
This part of the cave, mostly in residual soil, was en-
larging upward as chert boulders and soil fragments fell
from the roof. Other dome roofs in the cave system
were inactive, but this one showed active roof failure;
here traffic vibrations could be felt,

The most tragic of such incidents occurred in 1967 in
Hannibal, Missouri. Small depressions formed during
highway construction through a limestone formation that
has a maze of caves had resulted in several small col-
lapses. Three boys entered one of these openings and
were never found. Several similar examples have oc-
curred throughout Missouri, Of all the dangers in con-
struction through karst terrain, these small and easily
overlooked openings are the most lethal and yet the most
subtle.

Such variables as loading, vibration, excavation, and
fill changes of the landscape are not the primary causes
of subsidence or collapse in highway construction.
Rather, the important factors involve a number of minor
alterations that culminate in changing the water regimen.
The most serious example of the effects of the combina-
tion of many minor factors exists in the eastern Mis-
souri Ozarks at Farmington. Here, at least 22 large
catastrophic failures have occurred during the past 40
years within an 0.8-km (0.5-mile) radius. The failures
have occurred under city streets, buildings, lawns, and
in open grounds. These collapses are predominantly in
the built-up portion of the city, and their rate has in-
creased during the last 10 to 15 years.

The collapses are vertical-walled sinks, some 6 to
7 m (20 to 25 ft) in diameter and 9 to 12 m (30 to 40 ft)
in depth, Dolomite bedrock, which underlies the region,
may be exposed as pinnacles, and some water may be

present. Exploration drilling has shown that the bedrock

ranges from 3 to 4 m (10 to 20 ft) to more than 22 m (70
ft) beneath the surface. Areas of excessively thick soil
cover and sink occurrences have developed along major
joint trends. Collapse has been attributed to traffic vi-
brations, to rainfall, and to the concentrated water
sources typical of a city with poor housekeeping pro-
cedures,

Mining and mine dewatering have extended to within
2 km (1.5 miles) of Farmington. However, collapses
were recorded at least 30 years prior to the mining and
have continued for 10 years subsequent to the completion
of mining activities. Although deep mines exist in Mis-
souri in areas subject to catastrophic collapse and
continuous dewatering is required for mining, only
minor surface effects have resulted. In other por-
tions of the United States and in Africa mine dewatering
l(las be;en a major cause of massive catastrophic collapse

5,6, 7).

- —'I"’h_é description of collapses by Aley, Williams, and
Massello (4) deals primarily with alteration of the land-
scape by man, especially changes of groundwater levels
or variations in soil moisture, For the most part, these
involved water impoundments and sewage lagoons. Some
were attributed to drainage alterations caused by con-
struction of early logging railroads.

Vineyard and Williams (8) have described a sinkhole
near Lebanon, Missouri, in the western Ozarks as pos-
sibly being triggered by the Alaskan earthquake of March
27, 1964, A previously existing sink filled with loess
was exposed on one edge of this sink. Recent work (9)
has shown that loess of Yarmouth and Sangamon ages
filled or partially filled sinks within this area. Thus,
the intermittent collapse of sinks for more than 30 000
years emphasizes the persistence of construction prob-
lems in karst terrain. At least one catastrophic collapse
in paleokarst in Mississippian limestone capped by Penn-
sylvanian and Pleistocene sediments has been recorded.

REGIONAL CHARACTERISTICS OF
KARST SUBJECT TO SUBSIDENCE
AND COLLAPSE

As described by Davies and LeGrand (10), karst provinces
in the United States are numerous and diverse, Karst de-
velops in bedrock of all ages. It can be found on the
plains or in mountains and in rocks ranging from lime-
stone to gypsum. Well-known karst areas include the Ap-
palachians from Pennsylvania to Alabama; Kentucky;
Indiana; Tennessee; the Ozarks of Missouri and Arkan-
sas; the plateaus of Texas and eastern New Mexico; and
the coastal plain of Florida. The most common cause of
subsidence and collapse in these regions is the changing
of water regimens.

The most common bedrock type in which karst de-
velops is limestone or dolomite, but collapses have oc-
curred in areas underlain by sandstone, such as those
in the St. Peter Sandstone in Warren and Perry Counties,
Missouri. Karst phenomena have been reported in many
kinds of rock (11). Allen (12) has pointed out that col-
lapse and subsidence can occur in materials ranging from
loess to frozen gravel. Spectacular failures have been
recordedin places where gypsum deposits are widespread,
particularly in areas of Texas and Oklahoma (13, 14).

Although local karst features can be diagnostic in pin-
pointing areas having a greater likelihood of collapse and
subsidence, these indicators may have limited regional
usefulness since the various physical properties of karst
are the result of local conditions.

Although cavern roof collapse in bedrock has been
cited as a cause of catastrophic sinkhole formation (Lc'»_,
16), no contemporary event that could be attributed directly.



to this cause has been observed. While bedrock cavern
roof collapse (breakdown) is a normal and regular oc-
currence in the cycle of cave development, when viewed
in the perspective of time such events are rare. When
dealing with caves in bedrock, it is more useful to de-
termine the stability of cavern roofs (17) and perform
necessary corrective measures.

The downward weathering of bedrock is a more com-
mon cause of collapse and subsidence than the upward

Figure 1. Causes of sinkhole collapse in Missouri, based
on partial records gathered since 1930.
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mechanical failure of cave roofs. Most collapses have
occurred where there is a moderately thick mantle of
soil. In Missouri few collapses occur where the soil
cover is less than 18 m (60 ft) thick (Figure 3). Col-
lapses are rare where the soil thickness is less than 12
m (40 ft). A thick soil cover provides a setting that ac-
celerates the chemical weathering of bedrock: Soil pH
readings range from 4 to 5 in areas of thick soil cover
but are near 7 in thin soil areas. Water can be produced

Figure 2. Typical sinkhole collapse common to uplands or valleys
in Missouri.
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in minor quantities from wells drilled in thick soil de-
posits of the Ozarks. Thus, the initial phase leading to
collapse is downward, not upward, weathering even
though the actual collapse is triggered by mechanical
upward stoping.

To understand the mechanics of such events it was
necessary to study several sites where catastrophic col-
lapses were imminent. A typical example is at the con-
struction site for a theater at Fort Leonard Wood in the
central Missouri Ozarks. Excavations for footings and
utility lines were being made at the site, on an upland
plateau setting, in soil derived from weathering of the
Roubidoux formation, a sandstone, chert, and dolomite
sequence. Investigation of a small hole exposed in aback-
hoe trench showed a vertical shaft 23 m (75 ft) deep, be-
neath the excavated trench, that was entirely in residual
soil. The shaft had developed by gravity stoping from
below until the roof was within 2 m (7 ft) of ground level.
There was no evidence of sinkholes at the site or in the
immediate area. Given favorable conditions of soil
moisture, vibration, or other triggering mechanism, a
catastrophic collapse would have occurred by the failure
of the 2-m (7-ft) residual soil section. The resulting
sinkhole would have had vertical sides. There was no
access to underlying cave passages through which the
soil material had been previously transported. Numer-
ous collapses with the same characteristics (vertical
walls in residual soil and the final remains of collapse
material blocking access to cavern passages) have shown
little evidence of the large volume of material that has
been removed. Thus,; a long period of time must be in-
volved in the development of conditions that lead to a
catastrophic collapse.

As examples of the variations in karst, and indica-
tors of karst-related failures, consider three manifesta-
tions in Missouri. Well-defined sinkholes occur in some
areas where 3 to 14 m (10 to 45 ft) of transported and
residual soil cover slight to moderately weathered lime-
stone and dolomite. In southern Missouri, solution und
surface erosion have formed a pattern of coalesced sinks
in an area of thick residual soil and deeply weathered
bedrock. A third type of karst described as losing wa-
tershed terrain has thick residual soil over cavernous
bedrock. Losing watersheds and streams are wide-
spread, but few sinkholes exist in this region.

WELL-DEFINED SINKHOLE TERRAIN

Much of the limestone and dolomite countryside in the
central, eastern, and southwestern portions of Missouri
has karst development expressed as classical, well-
defined sinkholes that drain into solution-enlarged cavi-
ties developed along joints and bedding planes. Cave
passageways, while extensive in length, are not cathe-
dral in size. Consequently, during periods of excess
rain, the maximum storage capacity of the subsurface
cavities is reached relatively quickly. Surface water
flow can then be observed in slream channels [lowing
across limestone and dolomite terrain pockmarked with
sinkholes. Soil cover averages 8 m (25 ft) in thickness.
The only area of well-defined sinkhole terrain in Mis-
souri having a history of catastrophic collapse is in the
southwest. Here, the soil cover ranges from 8 to 14 m
(25 to 45 ft) in thickness. It is a residual clay having
low plasticity (MH; A-7-5), and is characterized by re-
taining the relict fabric of the parent bedrock, a cherty
limestone. The clay minerals have been classified as
kaolinite (18), halloysite (19), and dehydrated halloysite
(20). The structure of the soil is medium to coarse
angular blocky: Individual soil peds have high dry
strength and break with a brittle fracture when struck.
Although the clay fraction commonly exceeds 60 percent,

the soil is well drained. Macroscopic fractures and the
relict bedrock patterns facilitate subsoil seepage (water
movement),

The residual soil indicative of an area subject to land
surface failure by catastrophic collapse has low in-place
dry unit weight [1 to 1.2 g/cm?® (65 to 75 1b/ft%)]. While
the strength of the individual peds is due to capillary
forces and cohesion, the strength of a cave roof in the
residual soil is due more to frictional forces hetween dry
fragments of soil and angular chert gravel. Collapse of
an upward-stoping dome is preceded by fall of these an-
gular fragments from the roof. Surface failure usually
does not occur, even under wetted conditions, until roof
thickness is less than 2 m (7 ft). Catastrophic collapses
are not common where transported or residual soils hav-
ing mechanical properties described as CL to CH (A-6
to A-7-6) cover the bedrock.

The most common problems caused by construction
are those that involve interference with surface runoff
into sinkholes. The changing of spring discharges, usu-
ally on property owned by others, is a frequent result of
this. Early recognition of these conditions in eastern
Missouri prompted the relocation of Interstate 55 so that
the highway would lie outside a karst area drained inter-
nally by sinkholes.

COALESCED SINKHOLE TERRAIN

A second type of karst development in Missouri is that of
a moderately rolling landform of coalesced relict sink-
holes, but few active, well-defined sinks. In this type of
area preexisting, well-defined sinkholes have been de-
stroyed by subsequent surface erosion and subsurface
solution and subsidence. The soil cover averages 18 m
(60 ft) in thickness.

The lack of obvious sinkhole development in these
areas has led to unfortunate choices of location for sev-
eral projects. Numerous dry lakes exist in the area.
Garbage dumps have been placed in relict sinkholes.
Several collapses have been caused by works such as
sewage lagoon operation. Although these areas have not
had many failures, where failures do occur they are cat-
astrophic rather than gradual.

For the most part, the soil material preserves the
fabric of the parent bedrock, a dolomite. It is predom-
inantly a residual clay with properties similar to those
previously described. Collapses have occurred on the
uplands and in floodplains. Bedrock is exposed in some,
but caves also exist entirely in the residual soil.

The most widespread area of karst in Missouri is in
the central Ozarks. However, few classic karst land-
forms are found there. Rather, the region consists of
deeply weathered, highly permeable residual soil, under-
lain by massive cavernous dolomite and dolomite-
sandstone bedrock. Some of the larger springs in the
United States are here but there are few sinkholes.
Nevertheless, this area has had the greatest number of
catastrophic sink collapses in Missouri. Some water-
sheds draining several hundred square kilometers may
have flow only once every 2 years. These losing water-
sheds and streams are a type of landform in which nu-
merous catastrophic failures have occurred. While at-
tempts to delineate points of potential collapse have been
unsuccessful, attempts to describe areas of greater like-
lihood of collapse have been successful. For example,
no collapses have been recorded where soil thicknesses
are greater than 65 m (200 ft). Collapses more fre-
quently occur where soil thickness ranges from 12 to
30 m (40 to 100 ft).

Catastrophic collapses seldom occur on gaining water-
sheds or streams. They occur in losing watersheds or
streams, and more commonly in the stream valleys of



Figure 4. Typical collapse sinkhole with relict bedrock structure in
residuum,

these watersheds. It is rare for a natural collapse to
occur where the groundwater level is below the level of
the cave passageways in a floodplain.

The collapses are large, at least 6 m (20 ft) in diam-
eter and usually 15 to 18 m (50 to 60 ft) in depth. They
are sudden, and nearby residents usually describe the
event as a thunderous, ground-shaking occurrence.
Some occur only in residual soil, but the larger ones
usually involve lower cave passageways in bedrock.
Some activity by man is responsible for almost 50 per-
cent of the catastrophic collapses we have documented.
Usually, the soil of the sidewalls of the collapse has re-
tained the fabric of the relict bedrock structure (Figure 4),

EXPLORATION PROCEDURES

Surface examination prior to the use of costly or time-
consuming investigative tools is an important exploration
procedure, as is the recorded history of collapse in local
areas. Speleological investigations are becoming an in-
creasingly important part of project site evaluations in
Missouri, Data gathered during the past 10 to 20 years
in the form of cave descriptions and maps are now suf-
ficient in many areas to give considerable insight into
the types and dimensions of subsurface karst features
that may be expected. For example, caves in massively
bedded cherty Mississippian limestone are prone to de-
velop joint-controlled, vertical shafts in bedrock. Thin
roofs of cherty residual soil are hazardous to construc-
tion activity, but few large natural collapses have been
recorded in this setting. In contrast, caves in massively
bedded Cambrian and Ordovician dolomites do not develop
as many bedrock shafts, but vertical shafts are formed
in the overlying thick mantle of residual soil. These
shafts are enlarged upward by stoping, which is accel-
erated by vertical drainage through the permeable re-
sidual soil.

Topographic maps are the most cost-efficient method
for initial evaluation of karst terrain. Losing watersheds
and streams, sinkholes, and areas with only relict karst
features have distinctive landform features. These may
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be local in character, but are nonetheless useful.

Close attention should be given to the surface and
groundwater conditions of the area. The examination
should not be limited to the right-of-way, but should in-
clude areas several kilometers distant. Hayes and Vine-
yard (21) have described procedures used to avoid chang-
ing shallow groundwater conditions as the result of US-65
construction near Springfield, Missouri. Undue changes
of groundwater in this karst setting would have affected
the highway as well as an important spring 5 km (3 miles)
to the southeast.

Exploration tools that best reveal the fabric of the soil
materials should be used. For example, some 1.3 km
(4000 ft) of exploration backhoe trenches were dug in an
area of proposed tailings ponds in karst terrain in south-
western Missouri. The local area had a history of col-
lapses resulting from man-induced changes, particularly
water impoundments. Backhoe exploration exposed the
tops of several caverns that were being formed by up-
ward stoping in the residual soil. Trench exploration
should also be considered, particularly for construction
projects that cross valleys known to be affected by karst
conditions. The void diameter of cave domes that col-
lapse is usually no more than 3 to 4 m (10 to 15 ft). Thus,
numerous drillholes would be needed to locate such open-
ings, and backhoe exploration may be less costly and
permit a more precise evaluation of in-place soil ma-
terials.

Love (22) has found that fixed-depth resistivity tra-
versing is a useful exploration technique to outline buried
solution cavities. Shallow refraction seismic or expand-
ing resistivity methods were less successful, due to
problems of erratic time arrivals, particularly sudden
increases in time of travel. Similar results have been
in karst areas subject to collapse. Unfortunately, the
data usually are insufficient to locate individual cavities.
Refraction seismic data have been used to locate caves in
massive dolomite bedrock in the foundation exploration
of an Army Engineers dam site in eastern Missouri.

Bates (23), in a thorough study of techniques used for
detection of subsurface cavities, concluded that airborne
or remote sensing methods and seismic methods have
limited possibilities of success. He concluded, however,
that various electrical resistivity procedures usually
have useful results, although their interpretation has
been questioned. He recommends the modified Bristow
method of electrical resistivity surveying for subsurface
cavity exploration.

Several investigators have discussed the use of micro-
wave radio studies in delineation of buried karst topog-
raphy. This is based on the relation of soil moisture
change to the cavity. Kennedy (24) concluded that de-
tection was possible in most cases.

Gravity surveys (25) have been reported as useful in
identification of near-surface cavities at Anchor Reser-
voir, Wyoming. An investigation using seismic methods
at this same location by Godson and Watkins (2_§) has es-
tablished that seismic data also provide a useful means
of cavity delineation. Recently Omnes (27) has used
high-precision gravity surveys to aid in the location of
cavities. Applied gravity surveys have also been used.

The variations of soil moisture and groundwater con-
ditions in areas of karst are frequently cited as common
features. Thus, it would appear that use of thermal
imagery could be an aid in delineation of sinkholes.
Coker and others (28) have been successful in predicting
a sinkhole collapse along a highway near Bartow, Florida,
by this method. However, Harvey and others (g)_) were
unsuccessful in attempting to outline potential collapse
sites in a karst terrain of central and southwestern Mis-
souri in this way. These investigators have been suc-
cessful in locating losing watersheds and geologic fea-
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tures that characterize areas subject to collapse. Stohr
and West (3_0) also failed in their efforts to outline sink-
holes by the use of thermal infrared imagery. They
concluded that imagery was best used as a supplement
to stereophoto interpretation rather than as a primary
exploration tool. Their test area was in a karst region
in the Valley and Ridge province of Virginia. Rinker
(31) was able to locate active sinkholes in Puerto Rico
with thermal infrared scanning equipment. However,
these sinks were creating thermal anomalies by dis-
charge of air from caves.

CONCLUSIONS

Geologic indicators such as we have described can be
used to outline areas where sudden failure of the land
surface by collapse may occur. However, experience
has shown that current exploration techniques used to
locate individual potential collapses are not cost-effective
over large areas, and can be justified only for high-cost
applications such as bridge foundations or buildings. For
construction projects involving large areas such as high-
ways, reasonable efforts should be made to reduce
drainage modifications of both surface and groundwater
regimens, because such changes are a major cause of
catastrophic collapse. In some circumstances, even a
minor route realignment would avoid an area or water-
shed subject to collapse events.

While a potentially serious threat to travel safety
does exist in karst terrain subject to catastrophic col-
lapse, the likelihood of such occurrences under a high-
way is rare. Thus, it may be difficult to justify de-
tailed and costly subsurface exploration over large areas.
Rather, geologic indicators such as those enumerated
below and discussed elsewhere in this paper are more
useful and cost-effective for engineering projects involv-
ing large areas. These indicators can be used to justify
some route realignment and additional expenses in drain-
age control facilities, and also more detailed subsurface
explorations for foundations of costly structures.

1. Collapses are more likely to occur in residual
soil ranging in thickness from 12 to 30 m (40 to 100 ft).

2. Collapses are more apt to occur in residual soil
retaining the fabric of the parent material; they are un-
common in colluvial deposits or in alluvium deposited
by gaining streams.

3. Collapses are more likely to occur where the clay
fraction has the low plasticity (MH; A-7-5), common to
kaolinitic and halloysitic clays.

4, Collapses are not common in poorly drained sur-
face soils even if this surface soil is underlain by other
features typical of collapse indicators.

5. Collapses are more-apt-to-occur in losing streams
and watcrsheds than in gaining ones, and they are as
common in the uplands or slopes as in the floodplains.

6. Sinkholes per se are not necessarily indicative
of land surface failure by catastrophic collapse,

7. Collapses are more frequent in areas underlain
by limestone, dolomite, and gypsum, but have been re-
ported in other types of bedrock.

8. Cave systems developed along the soil-bedrock
contact are common in areas having a history of land
surface failure by collapse,

9. Cave passageways are periodically or continu-
ously drained by cave streams.
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Subsurface Cavity
Detection: Field Evaluation
of Radar, Gravity, and
Earth Resistivity Methods

Lewis S. Fountain, Southwest Research Institute, San Antonio

Gravity, ground-penetrating radar, and earth resistivity profiling as sub-
surface cavity detection methods were experimentally evaluated and
compared in three geological environments. Verification tests showed
that the gravity measurements located iarge cavernous areas bul did not
detect mud-filled troughs; the radar detected air-filled cavities at depths
up to 4.6 m (15 ft) at one site, but only penetrated 3 m (10 ft) with in-
conclusive results at a second site, and could not resolve 0.6-m (2-ft)
diameter vertical cylindrical cavities at another. Earth resistivity mea-
surements using a pole-dipole electrode arrangement located cavities at
all sites, indicating targets at depths up to 25 m (80 ft). Both air-filled
cavities, including vertical cylinders, and mud-filled troughs were de-
tected by using the resistivity technigue, which gave accurate depth and
size resolution. A large mud-filled trough was detected at a 9-m (30-ft)
depth that extended below 30.5 m (100 ft). The earth resistivity tech-
nique was capable of delineating the irregularities of the bedrock at the
soil-rock interface.

Sudden collapse or subsidence above unknown cavities
results in extensive damage and property loss; correc-
tive action costs are very high and are not always posi-
tive cures., Public costs for damages, property losses,
and accidents would be greatly reduced if subsurface
earth structural conditions along transportation routes
and at building construction sites were known prior to
final planning and construction.

At present, the only reliable method for locating
underground cavities is by direct drilling. However,
the time and cost of this method, because of the close
spacings required between borings in order to reliably
detect and delineate all possible underground cavities,
generally restrict its use,

The subsurface cavities of most concern for highway
stability and construction are those located within 15 m
(50 ft) of the surface. They may be of various sizes and
shapes and may contain various amounts of air, water,
or soil. Conventional geophysical exploration techniques
have been of limited success in detecting these cavities

Publication of this paper sponsored by Committee on Engineering
Geology.

Notice: The Transportation Research Board does not endorse products
or manufacturers. Trade (and manufacturers’) names appear in this re
port because they are considered essential to its object.
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because of size resolution difficulties and the low con~-
trast between the various observable cavity manifesta-
tions and the typical background conditions.

The presence of possible underground cavities may
sometimes be noted from subtle indirect surface anom-
alies by using airborne sensing techniques. According
to Warren and Wielchowsky (1), who used infrared photog-
raphy, thermography, and side-looking airborne radar
to study subsidence and collapse problems in several
carbonate terrains, the results of aerial surveys can
be a good starting point for further geologic and hy-
drologic studies. Newton (2) also has found remote
sensing (multispectral photography and infrared imagery)
useful in delineating features such as water loss in
streams, geologlc structures, and vegetative stress
related to sinkhole formation.

Lakshmanan (3) and Colley (4) have both reported
successful cavity detection using gravity measurements.
Neumann (5) has also successfully demonstrated that
detection of solution cavities is possible by gravity mea-
surements if extreme care is taken to make the measure-
ments on a very tight grid and to carefully account for
topographic features.

Ground penetrating impulse radar is one of the most
recent methods to show promise for subsurface cavity
detection (6, 7, 8, 9). Results have shown detection
capability, although only to depths of about 2.4 m (8 ft)
in moist clay-rich soils; possibilities appear to be good
if instrumentation is improved.

A third detection method worth evaluating is earth
resistivity measurements. Bristow (10) has described
a search method using a pole-dipole electrode array that
can resolve small underground cavities. He used a
graphical data display technique that allowed a bearing
to be obtained on the location of the cavity, as well as a
prediction of its size and shape. Bates (11) has reported
successfully detecting cavities using Bristow's method
and modified the search procedure to allow more re-
dundant data to be collected. Shallow voids have
been detected by using a mobile equatorial dipole elec-
trode array (12). The Federal Highway Administration
has) also evaluated subsurface cavity detection methods
(13).

" The three search methods selected for evaluation



(gravity surveys, ground penetrating radar mapping,

and earth resistivity surveys) were tested at sites in
Alabama and Florida. All sites were in areas where
sinkhole formation is known to be active. At each site
all surveys were made over a common base grid pattern
composed of a rectilinear array of traverse lines equally
spaced at a distance of 3 m (10 ft).

INSTRUMENTS USED AND SURVEY
METHODS

Gravity Survey

A Lacoste model G gravity meter was used in the eval-
uation tests. It had a vernier scale permitting gravity
readings to 10~* m/s® (0.001 milligal). Repeatability is
within 1077 m/s* (0.01 milligal).

At the test sites the elevation of each grid point was
measured to the nearest 30 mm (0.1 ft) so that elevation
variations could be compensated for in the gravity read-
ings. In the gravity survey a minimum of two measure-
ments were made at each station, and the measured
values then averaged. Gravity data analysis and display
were in the form of a Bouguer gravity map compiled for
each test site, Gravity values to 10™° m/s* (0.001
milligal) and contour intervals of 2 x 10~" m/s* (0.02
milligals) were plotted on these maps.

Radar Survey

A van-mounted radar system manufactured by Geo-
physical Survey Systems, Inc., that transmits a base-
band voltage pulse of approximately 3 ns was used for
the radar survey. The system radiates the quasi-
gaussian pulse waveform into the earth by means of a
broad-band antenna. The radiated signal is an electro-
magnetic transient having a frequency spectrum with
-3 dB points at about 30 MHz and 120 MHz. The pulse
peak power is 35 W with an average power of 5.2
mW. Atwo-way transmission loss of 110 dB, indicat-
ing the ratio of peak radiated power to the minimum
detectable received signal power, is claimed for the
system,

The radar field data were collected in a continuous
profile by pulling the sled-mounted antenna assembly
across the area of interest. Real-time profile data
were displayed on an oscilloscope and on a graphic
recorder, while simultaneously being recorded on a
magnetic tape recorder for subsequent laboratory play-
back and analysis.

The data consist of signals reflected or scattered
from subsurface anomalies such as voids. Depth to the
target is indicated by the time delay between the pulse
transmit time and the signal receive time.

Resistivity Survey

Instrument and Method

The earth resistivity surveys were made using a Keck
model IC-69 earth resistivity instrument. The instru-
ment is a dc system obtaining power for earth current
from dry cell batteries having a total power of 630 V,
Resistance could be measured over the range 0.001 to
1000 Q, and the dial read to 1 part per thousand.
Porous-pot electrodes were used as the potential
electrodes to eliminate problems and errors caused by
galvanic action between metal electrodes and the soil.
Since the contact resistance between the bottom of a
porous-pot electrode and the ground can be as high as
several thousand ohms, copper-clad steel electrodes
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were used as the current electrodes.

The main differences among the various electrical
resistivity geophysical profiling methods are in the
electrode array patterns used and in the manner in
which the electrodes are moved or scanned over the
area being surveyed. The methods of resistivity data
analysis and interpretation also differ with the different
electrode arrays. The pole-dipole array has had less
use and shown the greatest potential for detecting under-
ground cavities and predicting their depths and locations.

Pole-Dipole Earth Resistivity Electrode
Array

Theory and Method

The pole-dipole electrical resistivity survey method
is based on a four-electrode, straight-line array con-
figuration in which the current sink electrode is located
at infinity, and the potential electrodes are separated
from one another by a fixed minimum distance propor-
tional to the desired resolving power of the system. The
potential electrode pair is located at various positions
along the array line on both sides of the current source
electrode as the means of vertically sounding the sub-
surface below the current source electrode. The cur-
rent source electrode is moved ahead at suitable incre-
mental distances to provide horizontal profile scanning.
This array is illustrated in Figure 1,

In order that the equipotential surfaces be hemisphe-
rical and concentric about the source electrode, the sink
electrode must be located at an effective infinity, which
is generally 5 to 10 times the largest value of detection
penetration depth of interest. The overlapping survey
procedure can be described as follows for a typical 30-m
(100-ft) penetration depth survey:

1. Place the current source electrode, C;, as shown
in Figure 1 at the first traverse station;

2. Place the current sink electrode, Cz, at a mini-
mum distance of 150 m (500 ft) (5 rz) and behind C; on a
preestablished traverse line [having already decided
that the maximum potential electrode scan distance from
C; will be 30 m (100 £t)];

3. Place the potential electrodes, P,and Pz, at pre-
established station markers 3 and 6 m (10 and 20 ft)
respectively on the sink electrode side of C,, and obtain
the resistance reading;

4. Repeat step 3 above with the potential electrodes,
P;and P2, at preestablished station markers 6 and 9 m
(20 and 30 ft) respectively on the sink electrode side of
C,, obtain this resistance reading, and continue the
movement of the P; and P: electrodes in this manner
until a final potential reading is obtained at 27 and 30 m
(90 and 100 ft) from Cy;

5. Next, place the potential electrodes at pre-
established 3-m (10-ft) interval station markers on the
opposite side of C, from Cz, and obtain resistance read-
ings at each station pair out to the 30-m (100-ft) limit,
which completes the survey procedure for the first cur-
rent station position for Cy;

6. Move C; up the traverse line a distance of 12 m
(40 ft), and obtain resistance readings over the 30-m
(100-ft) scan zones on each side of this current station; and

7. Repeat step 6 above until the complete traverse
line is surveyed. This procedure gives four overlapping
resistance readings for each 3-m (10-ft) spaced potential
electrode pair station to a depth of more than 15 m (50
ft) as the survey proceeds.
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Figure 1. Pole-dipole earth resistivity electrode array,
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Figure 3. Graphical method of locating a resistivity anomaly.
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Graphical Data Anuiysis

The success of the graphical analysis used is largely
achieved through the spatial redundancy of the field data;
as a result target ambiguities and false interpretations
are minimized, and improved cavity size and shape

indications are derived.

It is best illustrated by examining a sample of the
field data. The basic field measurements were recorded
on specially prepared data forms. Figure 2 is a sample

data sheet showing the recorded instrument readin

gs

and calculated resistivity values, and a graph of aderived

resistivity profile. The first column on the data sheet
is the potential-pair electrode distance from the current
source electrode; the second column lists the distances
from current electrode to the midpoint between the po-
tential electrodes; the third column is the resistivity in-
strument reading in ohms; the fourth column is the geo-
metrical factor required to calculate the apparent re~
sistivity for the distances listed in the first column, using
the resistances recorded in the third column; and the
fifth column is the calculated value of the apparent re-
sistivity.

The pole-dipole geometrical factor in column four is
calculated from the relationship

KPD = 271,1, /(15 -1,) 1)

where ri and r: are the distances of the potential elec~
trodes, P;and Pz, from the current source electrode,
Ci, as illustrated in Figure 1. The basic principles on
which the geometrical factor, KPD, is derived are dis-
cussed in many texts on geophysical prospecting (14).

Graphs of the forward and reverse apparent resistivity
profiles are plotted on the data sheet as shown in Figure
2, Those points on the profiles that indicate resistivity
perturbations above or below the average profile trends
are next identified and marked for transfer to a scaled
drawing used to graphically locate the anomalous under-
ground resistivity structures.

An example of the scaled drawings used in the graph-
ical analysis is shown in Figure 3 (this is not related to



the data of Figure 2). The distance along the ground
surface representing the survey traverse is marked,
and the consecutive positions of the current probe are
shown by the arrows marked Ci,. The perturbations
interpreted from the forward and reverse resistivity
profiles for each current electrode station, C,, are
denoted on the bracketed lines drawn above the ground
surface line, The high resistivity anomalies in this
example are labeled H1, H2, and H3. With a compass
centered at each C; location on the ground surface line,
arcs are drawn at distances representing the bounds of
the high resistivity anomaly with respect to the current
probe position to give the pairs of circular arcs labeled
H1, H2, and H3, corresponding to the observed anom-
alies. The space where the three sets of arcs intersect
is the graphically derived location of the underground
structure responsible for the high resistivity perturba-
tions. The single isolated low resistivity perturbation
shown in the example of Figure 3 is insufficient to pro-
vide a graphical intersection with other low resistivity
perturbations and is therefore ignored., A useful arbi-
trary guide for taking advantage of the redundancy of the
overlapping field measurements is to require the inter-
section of a minimum of three arcs at a common location
before that location is interpreted with any confidence
as a probable underground anomaly. Moreover, as
illustrated in Figure 3, the arcs are drawn only in the
90-deg sectors corresponding to either the forward or
reverse profiles containing the perturbations being used.
The reason for this is that the distortions of the equipo-
tential lines (represented in a first order manner by the
circular arcs) are very weak if the perturbing anomaly
is located in the opposite 90-deg sector.

The pairs of arcs drawn for each resistivity perturba-
tion describe not only the resistivity perturbations in the
vertical plane along the ground traverse line but also
apply, to some extent, to a three-dimensional spherical
shell segment extending laterally on each side of the
traverse line, It has been speculated by both Bristow
(10) and Bates (11) that this apparent lateral field of view
away from the traverse line is contained within an angle
of about +25 deg on each side of the traverse line relative
to the source electrode location.

FIELD TEST RESULTS

Medford Cave Test Site, Reddick, Florida

The first test site selected is near Reddick, Florida,
south of Gainesville, It has accessible air-filled under-
ground limestone solution caverns known as Medford Cave.
The underground caverns have rooms ranging in size to
12 m (40 ft) in width, and many smaller passages. These
caverns are primarily in miocene Hawthorne formation
limestone of the Alum Bluff group, but deeper portions
are in eocene Ocala limestone. The subsurface cavities
average about 3 to 9 m (10 to 30 ft) below the surface in
most places, although some rooms reach depths down to
24 m (80 ft). The 0.9 to 1.8 m (3 to 6 ft) of soil on top of
the limestone is sandy clay containing some phosphate
and weathered limestone.

The first tests were made at this site because of its
known features.

Gravity Survey

Major caverns were detected by their gravity anomalies,
and a few other suspicious areas were noted. The sur-
vey consisted of gravimeter measurements at 563 sta-
tions on a 3-m (10-ft) rectilinear grid. The large near-
surface joints and cracks that ran in many directions
from the main rooms of the cavern caused a very high
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level of lithological noise that made recognition and in-
terpretation of the gravity anomalies more difficult,

Two gravity depressions were noted near relatively
large cavities. In these locations the cave was under
about 6 m (20 ft) of overburden. In the vicinity of the
largest of these anomalies, the roof thickness was 3 to
5 m (10 to 15 ft).

Figure 4 is an outline map of the cave with the cavity
detection results of the three remote sensing methods
superimposed. The principal gravity anomalies are
the shaded areas designated by the symbols A through E.
Anomaly A was not verified. Anomaly B was drilled,
but no cavity was found. Anomaly C probably results
from a composite effect of the large and small caves,
with an added effect from the large sinkhole near the
small cave. Anomalies D and E are over the main cave
complex. A number of smaller gravity anomalies were
noted but not verified. The unexplained anomalies were
probably caused by cracks and fractures in the area.

Thus the gravity method detected only the largest
room of the Medford Cave complex with any certainty.
Negative drill verification results of gravity anomalies
having magnitudes comparable to those associated with
the large room tend to reinforce this uncertainty of
detection,

Radar Survey

The final results of the radar survey are shown in Fig-
ure 4. There are six anomalous subsurface areas. One
is located over the main room of the cave and another
over one edge of it. The largest of these was verified
to be the cave ceiling at a depth ranging from 3 to 4.5 m
(10 to 15 ft). Another anomaly, that in the vicinity of
row 16, column 24, in the lower left of Figure 4, is
located near a fairly large room of the small cave sec-
tion. The validity of this radar detection was not tested
by drilling, but there is a fracture in the roof of this
room that extends in the direction of the indicated radar
anomaly., The small anomaly near row 13, column 20,
is over a large fractured area, a part of which was a
man-sized passage. The surveyed depth below surface
in this area was about 5.5 m (18 ft), The large irregular
anomaly centered on about row 12, column 15, was not
drilled, but its depth below the surface as predicted by
radar ranged from 2.7 to 5.2 m (9 to 17 ft). The other
sensing methods showed no significant anomalies cor-
responding to this location. The curved radar anomaly
centered at about row 16, column 12, was drilled at grid
row 15.5, column 11. Rock was encountered at about 0.9
m (3 ft) and continued to a depth of 16 m (52 ft) where
drilling stopped. The radar return was probably from
the soil-limestone interface.

Thus the radar technique was fairly successful at the
Medford Cave test site. It detected known or verified
limestone cavities that were not more than about 4.6 m
(15 ft) below the surface. It also detected soil-rock in-
terfaces.

Earth Resistivity Survey

Eleven lines were traversed at the Medford Cave test
site using the pole-dipole electrode array with very good
results. Over 55 high resistivity anomalies were mapped
and interpreted to show the depth below the surface of
their tops and bottoms. A large number of these were
located in the known cavernous area. There were also
indications of deeper subsurface cavities in at least one
location under the floor of another void. One of these
was verified by the cave mapping crew, who found a deep
narrow room approximately 3 m (10 ft) high located at a
depth of about 17 m (55 ft) below the mainrcom whose floor
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Figure 4. Outline of Medford Cave with location of underground anomalies.
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was at about 8 m (25 ft) below the surface).

The results of this surveyare also indicated on the map
in Figure 4. The highresistivity indications are plottedas
if they were spheres or cylinders. The dimensions shown
for these anomalies are the predicted top-to-bottom di-
mensions of the anomaly as derived from the graphical anal-
ysis. Inorder todetermine more detailed horizontal ex-
tensions of these anomalies, it would be necessaryto obtain
resistivity readings on a much tighter survey grid.

Figure 5 is an example of pole-dipole resistivity re-
sults found for the Medford Cave test site. The data in
this figure are from a traverse along row 6 crossing
over the main room of the cave. The circled numbers
along the ground surface line indicate the current source
electrode positions analogous to those illustrated pre-
viously in Figure 1. The high resistivity perturbations
that were interpreted for each current station are in-
dicated by the shaded blocks in the upper section of the
figure. The lower portion of the figure shows some of
the measured apparent resistivity profiles from which
the perturbations were derived. Only the reverse pro-
files are shown because of limited space.

Examples of high resistivity interpretations are
identified on the lower section of the figure and labeled
A3, A4, B4, etc. These high perturbations are trans-
ferred as arc radii to construct the subsurface zones of
intersection as discussed earlier. The cavity labeled G
in Figure 5 is the large cylindrical pattern on row 6 that
extends from about column 20 to column 24 in Figure 4.
The roof and floor of this cavity are interpreted to be at
2.4 and 14 m (8 and 47 ft) respectively.

Three test borings at the Medford Cave site did not
encounter any additional cavities. Since an extensive
verification description of most of the surveyed area
could be obtained by mapping the cave, the various de-
tection results indicated by the resistivity tests as well
as by the other survey methods were verified by com-
parison with the cave map.

In summary, the resistivity survey was successful
in detecting all of the known voids associated with the
survey paths traversing the Medford Cave test site.
Many more anomalies were detected away from the
mapped cave area and are predicted to be inaccessible
and unmapped voids in the limestone bedrock.

US-19, Chiefland, Florida

A second field test site selected in Florida was located
about 3 km (2 miles) north of Chiefland, Florida, along
US-19. This area is underlain by the Ocala limestone
of the Jackson age in the eocene series. It is generally
covered with sand from the ground surface to a depth of
about 3 m (10 ft), then a fairly heavy clay-sand mixture
(argillaceous sand) down to about 4.6 to 6 m (15 to 20 ft).
Soft limestone is generally found below the surface soil
materials, and harder limestone exists at greater depths.

Sinkhole cavities inthis areaare generally intheform
of vertical pipesa meter or two (a few feet) in diameter, witl
depths of 15 m (50 ft)or greater. Some pipes are air
filled, and some are filled with sand and clay mixtures.

The ground penetrating radar and earth resistivity
systems were evaluated at this site.

Radar Survey

The results of the radar survey at US-19 showed good
penetration depth but no verified cavity detection.

The electromagnetic attenuation constant of the earth
materials for the radar signal frequency range was low
enough in this area to permit two-way radar signal
penetration to maximum depths of about 9 m (30 ft). The
propagation velocity of the radar signals was high in the

43

relatively dry sand, causing signal wavelengths to be too
long to resolve the small diameter cavities of the area.
A shorter wavelength radar system with an improved
two-way transmission loss capability should find most
of the piping in this Florida location.

Earth Resistivity Survey

Particularly good results were obtained from the resis-
tivity survey. Only the high resistivity anomalies in-
terpreted are shown on the map in Figure 6, although
some low resistivity anomalies were found in the moist
sandy clay at some depths. Seventy-eight high resistivity
target areas were marked. Because of the limited time
and availability of drilling equipment, only 13 verification
holes were drilled. From these, five different air cavi-
ties were encountered. In those test borings where the
predicted cavities were not found, it is possible that, be-
cause of the small diameters of the vertical-pipe voids,
their localized position was missed by the drill.

The effectiveness of the pole-dipole resistivity survey
technique is shown clearly by the verification tests at
grid location C, 55.5. The resistivity anomaly inter-
preted at this location was a high perturbation having a
graphically indicated depth range 2.7 to 6 m (9 to 21 ft).
The drill tests showed a cavity extending from 4.3 to 8 m
(14 to 25 ft), The absence of this cavity at positions of
+1.5 m (5 ft) on each side of the grid position indicated the
limited lateral extent of the detected cavity. Similarly,
another anomaly was interpreted as being due to a small
cavity near the surface at grid location E, 28, Drill
verification of this anomaly showed a 0.6-m (2-ft) di-
ameter, 2.7-m (9-ft) deep pipe concealed under only
0.3 m (1 ft) of surface soil.

Interstate 59, Birmingham, Alabama

The third site selected is in Birmingham, Alabama.
It is a portion of the highway right-of-way along In-
terstate 59 in the Roberts Industrial Park area
located 73 m (240 ft) from a very large limestone quarry.
The test area is mostly clay underlain by a light gray
Ketona dolomite having an irregular surface at depths in
the range 9 m (30 ft). Much of the layered limestone is
badly cracked and fragmented, probably by shocks from
explosive charges used in the quarry. The entire area
is very active with sinkhole formations of various sizes
and depths.

All three detection methods were evaluated at the
1-59 test site, but only the earth resistivity method was
successful in locating potential subsidence areas. The
radar tests had extremely high electromagnetic attenua-
tions in the soil, which resulted in limited depth penetra-
tion. The gravity survey was aborted because ground
vibrations caused by the heavy traffic flow at close prox-
imity to the measurement stations disturbed the instru-
ment. (The traffic flow on I-59 at this location averages
about 75 000 vehicles/d, a great many of which are large
trucks.)

Earth resistivity measurements were successful at the
site in spite of two problems encountered: (a)A chain
link fence with ground-contacting metal parts ranparallel
to the highway at distances of 3 to 21 m (10 to 70 ft) from
the desired resistivity traverse lines; and (b) very strong
dc earth currents, apparently caused by the various
manufacturing processes in the area, such as a metal
plating plant, caused occasional problems in making ac-
curate resistivity measurements. At various times
during the day these slowly varying earth currents were
so strong that the survey was interrupted until after the
disturbances stopped.

Although no subsurface voids were found, a total of
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92 high resistivity anomalies were detected. Of this
number, 33 were augered to rock and 2 were cored into
the rock. All of the high anomalies except 2 were caused
by the soil-bedrock interfaces, some of which were thin
rock strata over mud-filled slots. The two highanomalies
not caused by bedrock were interpreted as the base struc-
tures of highway light poles near the traverse path. In
all of the verified subsurface anomalies, the predicted
depth was correct to within 0.6 to 0.9 m (2 to 3 ft). A
number of low resistivity areas were also detected,
usually under a rock layer, indicating a mud- or solution-
filled slot or trough.

Three areas having low resistivity anomalies beneath
higher resistivity soil or rock were verified as having
large mud-filled subsurface troughs. At one location a
shattered rock layer about 0.6 m (2 ft) thick was encoun-
tered. The verification auger broke through the rock at
about 10 m (34 ft) and hit very soft mud that extended to
a depth greater than 31 m (100 ft) below the surface. A
second mud-~filled trough was verified in an area where
clay soil was found to a depth of about 7.6 m (25 ft) and,

below this very soft mud, to a depth greater than 19 m
(63 ft). A third and a fourth mud-filled trough were found
in the vicinity of an earlier construction fill in the 6 to
9-m (20 to 30-ft) and 9 to 15-m (30 to 50-ft) depth ranges
respectively.

From the larger scale interpretations of the resis-
tivity anomalies, there appears to be a deep mud-filled
channel crossing under the highway in this area. Sinkhole
activity was found on the north side of the highway where
there is one sinkhole near the fence. Available drilling
logs also showed soft mud to depths greater than 32.9 m
(108 ft) in the median. On the south side of the highway
there are a number of sinkholes at the surface along the
right-of-way. These sinkholes have funnel type vents in
the bottom where water enters underground, probably
to feed larger underground channels extending under the
highway.

With the additional knowledge of the average soil depth
to bedrock, available from drilling logs of the area, the
close-spaced resistivity data can be more readily inter-
preted and understood. Figure 7 shows the vertical

Figure 6. Underground anomalies as indicated by radar and earth resistivity survey techniques.
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resistivity profile along one of the survey lines parallel
to the highway about 3 m (10 ft) from the pavement. The
results of seven of the test borings are also shown in this
figure. The bars above the profile show the current
electrode positions and the extent of the traverse on each
side of the current electrode. The coded blocks on these
lines show positions of high and low resistivity anomalies
that enable geometrical constructions of the subsurface
profile.

The three small air-filled cavities were very strong
highs on the data graphs, but were not verified by drill-
ing. The isolated low resistivity anomaly below the
119-m (390-ft) marker was not verified, but was a
strongly indicated anomaly. The undulating bedrock
surface caused resistivity highs whenever a near-surface
peak, or pinnacle, was encountered during a traverse,
and numerous test borings verified their presence.

In summary, the earth resistivity survey was success-
ful at the I-59 site, revealing not only the soil-bedrock
interfaces, but also the mud-filled slots, pinnacles, and
overhangs that were verified by drilling. Enough infor-
mation was gained from the data to allow a conceptual
drawing of the complete subsurface profile structure to
a depth of greater than 15 m (50 ft) along a survey line
305 m (1000 ft) long,

CONCLUSIONS

Three methods for surface detection of remote under-
ground cavities were field tested and evaluated. These
methods were: (a) gravity surveys, (b) electromagnetic
subsurface profiling (ground penetrating radar), and
(¢) earth resistivity surveys.

The following conclusions are drawn from the results.

1. Earth resistivity surveys were the most success-
ful of the three methods evaluated. The method was
successful at three field sites having different geologic

Figure 7. Vertical resistivity profile.
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structures. Both the size and depth interpretations of
the detected cavities were generally good (as verified by
subsequent verification drilling). Voids were detected
at depths up to 25 m (80 ft),

2. The information from close-spaced pole-dipole
electrode resistivity surveys can be used with basic
geological information to prepare vertical profiles of
subsurface structures.

3. The currently available radar instruments can
locate subsurface voids in some materials, but cannot
reliably do so in all materials because of the variations
in earth material electromagnetic properties. The
penetration depth by the radar used in these tests ranged
from a minimum of 2.4 to 3 m (8 to 10 ft) in Alabama to
about 9 m (30 ft) in Florida. This radar could not detect
0.6 to 0.9-m (2 to 3-ft) diameter vertical pipe cavities
in the low loss earth materials characteristic of the
sinkhole environment investigated in Florida.

4, The gravity perturbations caused by many under-
ground voids are large enough to be detected using com-
mercially available gravimeters. These voids generally
must be fairly large, and located at depths that do not
exceed more than about one diameter of a roughly spherical
equivalent cavity. This detection capability depends upon
the density of the surrounding earth materials and their
varlations. In practice, a gravity anomaly of about 2 x

10" m/s* (0.02 milligal) can probably be detected, but
this may be the state-of-the-art limit. Normal gravity
variations caused by the variations in the subsurface
structure are greater than 1 x 10~" m/s? (0.01 milligal).
The gravity survey had only marginal success on this
program.
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Mathematical Model for
Predicting Moisture
Movement in Pavement
Systems

Barry J. Dempsey and Atef Elzeftawy, Department of Civil Engineering,

A comprehensive moisture model for predicting moisture conditions in
pavement systems, based on the Philip and de Vries equations for non-
isothermal moisture movement and heat conduction, was developed.
By using numerical methods, the implicit finite difference approxima-
tions to the moisture movement and heat-transfer equations were pro-
grammed for computer solution. Validation studies indicated that the
moisture model could be used to accurately predict isothermal mois-
ture conditions in pavement systems. The model was also used to
show the relative influence of nonisothermal conditions on pavement
moisture content. The model was applicable to a wide range of bound-
ary conditions and could be used with climatic input data to predict
the moisture-temperature regime in pavement systems.

The behavior of pavement systems in response to mois-
ture changes, especially with reference to the mecha-
nisms of moisture movement and the consequences of such
moisture changes, has been widely studied. The chief
task is that of quantitatively and qualitatively predicting
moisture movement and equilibria in pavement systems
at any particular place, depth, and time.

The dominant factor influencing space-moisture con-
ditions in pavement systems is climate. Other factors
are permeability through the pavement profile, the type
of ground cover and surrounding vegetation, the local
topography, surface runoff from the pavement, drainage
conditions, water table location, and pavement edge con-
ditions. Low and Lovell (1) have presented a generalized
concept of the sources of moisture in pavement systems
(Figure 1).

Moisture movement and equilibria in soils have been

major concerns in the field of soil science and agriculture

for some time (2, 3, 4, 5, 6), but only in recent years have
investigators (7,8, 9, 10) attempted to analyze moisture
conditions in pavement systems. Thus, this research

has the following objectives:

1. To develop, based on climatic factors, a theoreti-
cal model for predicting moisture movement and equilib-
ria in pavement systems; and

Publication of this paper sponsored by Committees on Subsurface
Drainage and Frost Action.

48

University of Illinois at Urbana-Champaign

2. To validate the moisture model by means of avail~
able laboratory data.

FLOW IN SOIL-WATER SYSTEMS

Darcy's Law

Analysis of soil-water flow systems is a highly empirical
science based almost entirely on the universality of an
empirically derived statement, known as Darcy's law,
that has the following general differential form:

q=-KvH M

This law states that the rate of flow of water, ¢, in any
direction in a porous medium is proportional to the
change in the hydraulic potential H. The hydraulic con-
ductivity, K, is the proportionality constant for flow.
The symbols used in all equations are defined as

a - volumetric air content (em®/cm?)
C = volumetric heat capacity (cal/ecm®/C)
D, = isothermal moisture diffusivity (cm’/s)
D, = thermal moisture diffusivity (cm®/s/C)
Dyy, = isothermal liquid diffusivity (cm®/s)
Deyap = isothermal vapor diffusivity (gm“/ s)
Dy, = thermal liquid diffusivity (em®/s/C)
Dy\.p= thermal vapor diffusivity (em®/s/C)
D, = molecular diffusion coefficient of water
vapor in air (cm®/s)
g = acceleration due to gravity (cm/sa)
H = total water potential (cm)
h = capillary potential (cm)
h, = relative humidity
K and K, = unsaturated hydraulic conductivity (cm/s)
L = heat of vaporization (cal/g)
q and Q = water flux (cm/s)
Q. = heat flux resulting from long-wave radia-
tion emitted by the atmosphere (cal/m®/h)
Q. = heat flux resulting from convection heat
transfer (cal/m?/h)
Q, = heat flux resulting from long-wave radia-
tion emitted by the pavement surface
(cal/m?/h)



Q, = heat flux into the pavement (cal/m*/h)
Q, = heat flux from transpiration, condensation,
evaporation, and sublimation (cal/m?*/h)
Q, = heat flux resulting from incident short-
wave radiation (cal/m?/h)
Q, = heat flux resulting from reflected short-
wave radiation (cal/m®/h)
R = gas constant for water vapor (erg/g/C)
T = temperature (C)
t = time (s)
x and y = horizontal coordinates (cm)
z = vertical coordinate (cm)
7 = water gravity term (cm)
o = tortuosity factor for diffusion of gases in
soils
3 g/cm®/C
= temperature coefficient (C™?)
G volumetric water content (cm /cm
) = thermal conductivity (cal/cm/s/C)
v = mass flow factor
o = density of water vapor (g/cm?)
ou = density of liquid water (g/cm?
v = differential operator

In terms of the x, y, and z coordinates Darcy's law
is expressed as follows:

ax = 'Kx(aH/ax) (2)
Qy = 'Ky (aH/aY) (3)
q, =-K,(0H/2z) )

The hydraulic conductivities K,, K,, and K; in equa-
tions 2, 3, and 4 respectively may or may not be equal.
If they are all equal, the porous medium is isotropic;
if they are not, it is anisotropic. [Childs (11) has indi-
cated that equations 2, 3, and 4 are valid for anisotropic
porous media only if x, y, and z are the principle axes
of the medium with respect to hydraulic conductivity.]

Darcy's law, although originally conceived for sat-
urated flow only, has heen extended by Richards (12) to
unsaturated flow. This equation, in which the conductiv-
ity is a function of the matrix suction head, is expressed
as follows:

q=-KevH )

In equation 5, K,is a function of the unsaturated water
content and VH is the hydraulic head, which is a function
of the suction head and the gravitational head as follows:

H=h+Z 6)

Equation 5 has been found to be valid for unsaturated
flow by Childs and Collis-George (13) and Kirkham and
Powers (14), and for nonsteady flow by Rogers and Klute
(15).

Transient Flow

The mathematical laws necessary for consideration of
transient flow systems are the extension of Darcy's law
to unsteady flow systems and the principle of the con-
servation of matter. The equation of continuity, which
is a statement of the law of conservation of matter, can
be written as follows:

30/3t=v " (-KovH) )

Since the total head is equal to the sum of the pressure
head and the gravitational head (equation 6), equation 7
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can be written as follows for one-dimensional transient
moisture flow in the vertical direction:

00/dt = 9[K(3h/02)] /9z + (0K /92) 8
or
'90/0t = 3[De(90/02)1/9z + (9K /32) ©))

In equation 9, D, is the soil-water diffusivity, and it is
equal to K (3h/3©). A detailed description of the deriva-
tion of the diffusivity and hydraulic conductivity terms

is presented elsewhere in this Record.

Simultaneous Flow

The flow equations that have been considered thus far do
not include the influence of solutes or temperature gra-
dients on moisture movement. Hillel (16) has discussed
simultaneous water and solute movement in soils, and
this area will not be considered further. However, in
pavement systems the simultaneous movement of heat and
water is a common occurrence, and very important to the
development of design methodologies to resist the influ-
ence of climatic effects.

The fact that temperature gradients can induce water
movement in soils has been generally known for the last
50 years. Studies of the relative importance and inter-
action of thermal and suction gradients in transporting
soil moisture have been made by Hutchinson, Dixon, and
Denbigh (17), Philip and de Vries (18), Taylor and Cary
(19,20), Cassel (21), Cary (22), Hoekstra (23), and
Jumikis (24). Taylor and Cary (19) applied the theories
of irreversible thermodynamics to the study of the trans-
port of water, heat, and salts through soil systems to
develop a linear flow equation for each component of the
soil system, This equation has the following general
form:

=3 LuXi (10)

In equation 10, J, represents the mutually interacting
fluxes resulting from forces such as diffusion, tempera-
ture, and pressure. The term L,, represents the trans-
mission coefficients, such as the diffusion coefficient,
hydraulic conductivity, and thermal conductivity, of the
various fluxes and n is the number of driving forces.
From a mechanistic approach, Philip and de Vries
(18) developed the following equation for water movement
under combined moisture and temperature gradients:

Q=DgvO +DvT +Kg (11)

In equation 11, Q is the net water flux, D, is the isother-
mal moisture diffusivity, v®©is the moisture content
gradient, Dy is the thermal moisture diffusivity, and vT
is the temperature gradient. The terms D, and Dy are
made up of two components each, one for vapor flow and
one for liquid flow. The term K, is the gravity term,
Cassel (21) has compared his experimental results to
the predictions made by the use of Philip and de Vries
and Taylor and Cary models and, in general, obtained
better results from the Philip and de Vries theory.

DEVELOPMENT OF A MATHEMATICAL
MOISTURE MODEL

In studies of moisture movement and equilibria, experi-
mental and empirical relations will often be inaccurate
and impractical because of changing climatic conditions
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that will affect the pavement systems. Formal mathe-
matical procedures based on thermodynamic principles
and incorporating the necessary daily environmental
boundary conditions of a given geographical area are
needed.

Several investigators (18, 25, 26, 217, 28, 29) have pro-
posed mathematical formulas based on thermodynamic
principles for predicting moisture movements caused by
nonisothermal and isothermal conditions. In these for-
mulas the important liquid and vapor diffusivity param-
eters for defining the potential that causes moisture
movement are expressed quantitatively in terms of soil
properties and soil suction.

Klute (25) and Selim (217) have developed reasonable
models for predicting moisture movement in soils sub-
jected to isothermal conditions. These models are based
on finite difference solutions to the differential equations
for one-dimensional and two-dimensional moisture move-
ment, Richards (26) has been successful in using com-
puter methods for predicting the time-space moisture
conditions in pavement systems subjected to isothermal
conditions in a two-dimensional model. Lytton and Kher
(28) have developed a model to predict moisture move-
ment in expansive clay subgrades. They analyzed only
the isothermal case but used both one- and two-
dimensional programs and validated the model by a field
study.

However, the moisture movement theory of Philip and
de Vries (18) provides the most comprehensive basis for
the development of a moisture model to predict transient
flow in pavement systems. By differentiating equation 11
and applying the continuity requirement, the general
partial differential equation describing moisture move-
ment in porous materials under combined temperature
and moisture gradients can be stated as follows:
00/0t=v * (DyVT) +V - (DevO®) + (0Ke/3z) (12)
In equation 12 the thermal diffusivity, D;, has two com-
ponents, which can be expressed by the following equa-
tion:

Dy = Driig + Dryap (13)
Similarly, the moisture diffusivity, Dy, has two com-

ponents as follows:
DG) = D@qu + D@vap (14)
The liquid diffusivities are the more important at high

moisture contents, while the vapor diffusivities are the
more important at low moisture contents (18).

The equation describing heat transfer is
C(3T/0t) =7 * NT - LV - DgyypV® (15)
Equation 15 is similar to that used by Dempsey (30) and
Dempsey and Thompson (31) to develop a heat-transfer
model for predicting temperatures and evaluating frost
action in multilayered pavement systems.

Equations 12 and 15 are the basic equations used to
describe moisture movement and heat transfer in the
mathematical moisture model.

Finite Difference Approximation for Water
Movement and Heat-Transfer Equations

In the moisture model the water flow equation (equation
12) and the heat-transfer equation (equation 15) are non-
linear second-order parabolic partial differential equa-
tions, Since exact solutions to nonlinear equations are
difficult and sometimes impossible to obtain, numerical

methods were used to develop the model.

The numerical solutions to equations 12 and 15 are
obtained by first expressing them as finite difference
approximations. The three main types of methods com-
monly used to provide finite difference approximations
are the fully implicit, fully explicit, and implicit-
explicit methods. The moisture model was developed hy
using the implicit finite difference approximation (Fig-
ure 2). This method is always stable, The implicit finite
difference approximation of the water flow equation
(equation 12) can be expressed as follows for the one-
dimensional case:

(©p*! - )it = DT, - TD] (AP
- LDCBFATY - TRO1 fB2)
+ [D(OEY(OY - O] jAzy?
- [DOEO]" - O] [(A2?

-[K(OR5) - K(Of)] /Az (16)

Similarly, the finite difference approximation for the
heat-flow equation (equation 15) can be expressed as fol-
lows for the one-dimensional condition:

[CCTP* - TP /At = INTEATR - THD] (a2)?

- IMCTEZAY(TR - TR (A2

- LIDovap(@F O, - OM] Az

- LIDoyp(O1)(O] - O] /A2y an

The numerical solution to these equations gives the water
content ©(z, t) and temperature T (z, t) at incremental
distances, Az, and incremental time steps, At, where z =
iAz and t = nAt. Egquation 16 can be solved for the water
content, ©7*', at time step n + 1, where ©} and T} are
known from the initial boundary conditions. Equation 17
can be solved for the temperature, 'I";“ at time stepn + 1
by using the water content computed from equation 16 and
values of T}. Repeated solutions of equations 16 and 17
give the water content and temperature distribution at any
particular time desired, with the temperature computa-
tion lagging behind the moisture computation by one time
step. The numerical solution to the implicit finite dif-
ference equations results in a set of simultaneous equa-
tions that can be solved by the Gauss elimination method.

In the moisture model the temperature and moisture
diffusivities each has two components as described by
equations 13 and 14. The procedure for obtaining the
liquid moisture diffusivity, D, = K(3h/36), is described
by Elzeftawy and Dempsey in a paper in this Record. The
vapor moisture diffusivity, De,,,, is obtained from the
following equation of Philip and de Vries (18):
Dovap = Datm vaage (0h/30)/(pw)RT (18)
and the thermal liquid diffusivity, Dy, , and thermal
vapor diffusivity, D,,,,, are computed from

Drijq = Kvh 19

and
DTvap = Datm Vaaho(ﬂ/p) (20)

Computer Program

The numerical solution to the implicit finite difference
equations (equations 16 and 17) was programmed on a



digital computer to provide a comprehensive and flexible
moisture model. Numerous pavement geometric vari-
ables and hydrologic parameters are programmed into
the model. Both one-dimensional and two-dimensional
studies can be conducted. It is also possible to specify
whether isothermal or nonisothermal moisture move-
ment is to be predicted in the pavement system. Sta-
tionary or moving water table conditions can be specified
in the moisture model. The data are programmed into
the computerized model by using a free-form scan pro-
gram that allows substantial flexibility in changing vari-
ous inputs to the computer program, Climatic conditions
can be put into the moisture model by using standard
weather bureau data such as year and month of study,
day of month, maximum and minimum daily temperature,
rainfall, snowfall, wind velocity, percentage of possible
daily sunshine, time of sunrise and sunset, and theoret-
ical extraterrestrial radiation.

Most of the temperature computation procedures used
in the moisture model are based on a heat-transfer

Figure 1. Sources of moisture in pavement systems.
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Figure 3. Heat transfer between pavement and air.
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model developed by Dempsey that considers meteorological
parameters such as radiation and convection into or out
of the pavement system (Figure 3) (30). A meteorologi-
cal energy balance approach described by Berg (32) and
previously used by Dempsey (30) is used to relate the
climatic parameters to the pavement surface as follows:
Qi'Qr+Qa' ei cithQg=0 (21)

Precipitation at the pavement surface is considered
either as snow or rain. The amount of rainwater that
infiltrates the pavement is a function of the rainfall in-
tensity and duration, the surface runoff, and the pave-
ment surface permeability. Water infiltration from
snow is considered only if the temperature rises above
freezing.

VALIDATION OF THE MOISTURE MODEL

The validation of the moisture model using data from

Figure 2. Implicit system for diffusion equation.
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controlled laboratory and field studies is not completed
at this time. However, comparisons between predicted
and measured moisture contents have been made using
laboratory data from one-dimensional studies.

Figure 4 shows the comparisons between the predicted
and measured moisture contents at varying depths in
Lakeland fine sand (AASHO Classification A-3) for one-
dimensional, isothermal conditions. The composition
and some physical properties of the sand are given below.

Component Percentage

Sand 98.00

Silt 2.00

Clay 0.00

Liquid limit Nonplastic

Plastic limit Nonplastic
Compacted water content 0.65

HYGR 0.65

Property Value
Compacted dry density (ka/m?®) 1560
Saturated hydraulic conductivity (cm/s)  4.11 x 103

The boundary conditions for the program were

1. The moisture content at the surface remained
constant at 0,26 cm®/cm® (gravimetric water content =
16.6 percent) during 0 <t <t;

2. The water table was sufficiently deep so that the
moving water front did not reach to that depth, and

3. The average initial water content distribution at
t =0 was 0,109 em®/em?® (gravimetric water content =
7.0 percent).

From Figure 4 it is apparent that the isothermal mois-
ture contents predicted by the moisture model compare
favorably with the measured moisture contents,

Figure 5 shows a comparison between the predicted
and measured isothermal moisture contents for an
Ilinoian till soil (AASHO Classification A-4) above a
water table condition. The composition and some physi-
cal properties of the till are given below.

Component Percentage

Sand 62.00

Silt 20.00

Clay 18.00

Liquid limit 22.20

Plastic limit 14.70

Compacted water content 11.70

WHyGR 1.40

Property Value
Compacted dry density (kg/m?) 1720
Saturated hydraulic conductivity (cm/s)  8.61 x 10°

The boundary conditions for the program were

1. The average initial water content distribution at
t =0 was 0.21 cm®/cm® (gravimetric water content =
12,2 percent),

2. An instantaneous water table moved upward to a
depth of 120 cm (3.94 ft) below the surface att =0, and

3. The surface moisture was not allowed to evapo-
rate during 0 < t < tﬁnal'

From Figure 5, it would appear that the moisture
model was adequate in predicting moisture content changes
with time in a fine-grained soil for one-dimensional,
isothermal conditions. By comparing Figure 4 with

Figure 5, it is possible to observe the differences in the
rate of moisture movement caused by soil type and grav-
itational force. The downward movement of water shown
in Figure 4 is assisted by gravity while the upward mi-
gration of water from the water table shown in Figure 5
must move against gravity: It appears that more than 60
days may be required for the Illinoian till soil to reach
equilibrium for the given boundary conditions.

Nonisothermal moisture data are not readily available
to validate the moisture model. Figure 6 shows the in-
fluence of a temperature gradient of approximately 0.2° C/
em (0.9° F/in) on the Illinoian till soil for the same ini-
tial boundary conditions as specified for Figure 5. The
temperature increased from the top downward in the
pavement system., Comparison of Figures 5 and 6 shows
that temperature can exert subslantial influence on mois-
ture movement in a soil with time. Apparently, the
model has the potential to simulate nonisothermal con-
ditions.

DISCUSSION OF MOISTURE MODEL

The moisture model is a comprehensive and flexible
method for predicting moisture conditions in pavement
systems. As additional laboratory and field data become
available, further validation work will be possible for
both one~dimensional and two-dimensional moisture
movement,

The ultimate objective of the application of moisture
flow theory to field flow situations is the understanding
of the soil water regime as a tool for the improvement
of pavement design. In the process of developing the
theoretical concepts that can model the soil-water flow
system, there is an increased understanding of the sys-
tem, and these concepts can be used to make predictions
about the response of a soil-water flow system to the im-
position of particular boundary conditions or modifications
of the properties of the system. Making anadequate predic-
tion makes it possible to manage the behavior of the soil-
water system within the saturated to the unsaturated range.

In a broad way there would seem to be two purposes
for the quantitative analysis and prediction of the perfor-
mance of a given flow system. These are the verifica-
tion of the validity of the flow theory and the practical
prediction of the hydraulic performance of a given body
of soil material in the pavement system.

The theory of soil-water movement is often used in a
qualitative manner. As the basic concepts of flow in
unsaturated soils become more generally known and un-
derstood, more use can and will be made of these con-
cepts. For example, the recognition that the hydraulic
conductivity decreases rapidly with decreasing water
content can be of great use in qualitative and quantitative
ways to analyze the behavior of a soil-water system.

The moisture model represents an important and nec-
essary step in the development of a better understanding
of climatic effects on pavement systems. Stating the
moisture flow theory in mathematical terms as embodied
in the partial differential equations of flow provides a
basis for a more gquantitative prediction of behavior.
classical mathematical-physical approach requires
mathematical statements of the initial and boundary con-
ditions that describe the specific flow situations and
knowledge of the conductivity and water capacity functions
that characterize the soil. It is then possible to obtain
a solution to the flow equation and predict the behavior
of the flow system by using analytical or numerical
methods. The solution is in the form of the spatial and
temporal distribution of the water content or the pres-
sure head of the soil water or both. From these, such
quantities as flux and cumulative flows can be derived
at any point in the pavement system.

The



APPLICATIONS OF THE MOISTURE
MODEL

Moisture is an important factor affecting the durability
properties and the resilient properties of highway soils
and materials, and the performance and fundamental
behavior of pavement systems. Water directly governs
the mechanical properties of most pavement materials
and soils; therefore, any variation in water content will
alter the properties of most pavement materials and
soils. Methods for predicting moisture movement and
equilibria in pavement systems are needed to fully de-
scribe material and pavement behavior. The increased
use of subsurface drains also requires a better under-
standing of moisture movement and moisture equilibria
in pavement systems as sound decisions concerning the

Figure 4. Comparison between predicted and
measured moisture contents for Lakeland fine

sand.
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Figure 5. Comparison between predicted and
measured moisture contents for lllinoian till
above water table.
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Figure 6. Predicted nonisothermal moisture
movement for lllinoian till above water table.
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Figure 7. Changes in nonisothermal pavement moisture content as a
function of depth, climate, and time.

Figure 8. Changes in pavement temperature as a function of
depth, climate, and time.
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location of such drains require a thorough knowledge of
the time-dependent moisture regime of the pavement
system,

The moisture model can be used to study the changes
in moisture content in a pavement system with time
under varying climatic conditions. Figures 7 and 8 show
variations in subgrade moisture content and temperature
respectively for a 6-d period (the air temperatures and
precipitation for the period are shown in Figure 9). The
physical properties of the soil used to develop Figures
T and 8 are the same as those for the Illinoian till in
Figure 5, The subgrade moisture changes shown in Fig-
ure T reflect the influence of the rainfall shown in Figure
9. Although it is not readily evident, the water table
position and temperature also have an effect on the mois-
ture changes shown in Figure 7.

It is expected that the findings from this investigation
will be helpful in making decisions related to moisture
problems in pavement systems. The moisture model can
be used to determine how various design modifications
influence the moisture regime in a pavement system. It
is anticipated that use of the model and related field and
laboratory studies will lead to a less empirical approach
for incorporating moisture effects into pavement design,
construction, and behavior.

CONCLUSIONS

1. The moisture model provides a comprehensive
procedure for predicting moisture conditions in pave-
ment systems.

2. The Philip and de Vries equation for moisture
movement provides a sound basis for predicting moisture
conditions in pavement systems,

3. The moisture model gives valid results for pre-
dicting isothermal moisture movement.

4, Although it is not yet validated, the moisture
model has the potential for predicting nonisothermal
water movement.

5. The model can be used with climatic input data
to predict the moisture-temperature regime in
pavement systems.

6. The moisture model is potentially useful for
many types of pavement research related to climatic
effects.
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Unsaturated Transient and
Steady-State Flow of
Moisture in Subgrade Soil

Atef Elzeftawy and Barry J. Dempsey, Department of Civil Engineering,

A general procedure for determining the soil-water properties necessary
for predicting moisture movement in subgrade soils is described. A
gamma-ray transmission method was used for the nondestructive mea-
surement of the water content and a tensiometer-pressure transducer
arrangement to measure the soil-water pressure (suction); the unsatu-
rated hydraulic conductivity, diffusivity, and soil-water characteristic
functions were gvaluated for AASHO A-4 subgrade soil. The soil was
compacted in a column at uniform density and moisture content and
tested under isothermal conditions. A water table was established at
the bottom of the soil column and the transport of water through the
subgrade soil studied. The mathematical procedures for determining
the soil-water properties from the laboratory data are described, and
the use of the experimentally determined hydraulic conductivity, soil-
water diffusivity, and soil-water characteristic functions in the predic-
tion of moisture changes in an AASHO A-4 soil is demonstrated.

In 1973 the Federal Highway Administration conducted
five workshops to study the effects of moisture on pave-
ment systems. Also in 1973, a researchgroupsponsored
by the Organization for Economic Cooperation and De-
velopment discussed the importance of predicting and
controlling the effects of moisture in pavement systems
and published a report (15) that recommended that the
procedures shown in Figures 1 and 2 be used to develop
research for predicting and controlling moisture effects
in pavement systems,

The properties of soil-water systems must be known
in order to predict and control moisture content and
movement in pavement systems. Extensive studies of
the resilient behavior of fine-grained soils, conducted
by Robnett and Thompson (21), have shownthe detrimental
effects of moisture on the repeated-load resilient modulus.
Fine-grained soils display various degrees of moisture
sensitivity that depend on certain of their inherent char-
acteristics. In general, much of their strength can be
explained by changes in the soil-water pressure (suc-
tion), which is related to its water content as shown in
Figure 3. The absolute magnitude of change in the

Publication of this paper sponsored by Committee on Subsurface Drain-
age.
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resilient modulus caused by an increase in the soil-
moisture content will not be constant for all soils, but
will vary with the accompanying change in soil-water
pressure. The understanding and quantification of soil-
water properties are important not only to drainage
analysis and design but also to studies of frost action.
The study of a moisture movement requires knowledge
of the initial and boundary conditions that describe the
specific moisture-flow situation, and of the hydraulic
conductivity, diffusivity, and water-capacity functions
that characterize the soil or the subgrade. With these,
it is possible to predict the behavior of the flow system
using an approximate analytical or numerical solution
of the moisture-flow equation. A few not very success-
ful attempts to predict the moisture conditions in a
pavement profile have been made, but a satisfactory and
realistic procedure for the study of moisture movement
in pavements is needed to solve the engineering problems
associated with the behavior of pavement systems in
response to moisture changes. Therefore, the objectives
of this study are

1. To investigate unsaturated transient moisture flow
in subgrade soils,

2. To demonstrate a general procedure for determin-
ing the subgrade soil-moisture properties such as hy-
draulic conductivity, diffusivity, and the soil-moisture-
suction characteristic function necessary for predicting
moisture movement; and

3. To show how the soil-moisture parameters can be
used to provide a comprehensive procedure for predict-
ing moisture conditions in pavement profiles.

LITERATURE REVIEW

Darcy's Law and the Continuity Equation

In 1822, Fourier (8) published his very complete math-
ematical theory of heat transport in conducting materials.
In 1827, Ohm (16) published his law that the rate of
transport of electricity in a conductor is proportional to
the electrical potential difference between its ends, i.e.,
that the electric current is proportional to the electrical
potential gradient. In 1822, Navier (14) developed equa-



tions describing the flow of viscous fluids in terms of
the distribution of hydraulic potential., These equations
were later derived by Stokes (23) in a more general way.
By using the Stokes-Navier equations, the rate of flow
can be derived in terms of the dimensions of the con-
ductor and the hydraulic potential difference between the
ends. Poiseuille's experimentally derived equation for
the flow of a fluid through a tube (18) can be readily ob-
tained from the earlier theoretical work. This equation
can be written in the form

Q/t = (A¢/L)(m/8n)R*gp '¢})
where

Q

volume passing in time, t,

L = length of the tube between the ends of which
the potential difference is A¢ (i.e., A¢/L is
the hydraulic potential gradient),

N = viscosity of the fluid,

p = its density,

Figure 1. Research needs for prediction and control of moisture in
pavement systems.
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= gravitation constant, and

g
R = radius of the tube.

The configuration of the pore space in a porous
material such as soil is far too complicated to permit
the rate of flow of a fluid to be calculated by the Stokes-
Navier equations. However, Darcy (3), from experi-
ments on the infiltration of water through filter beds of
sands, formulated a law that has been widely accepted
as the basis for describing the flow of a liquid in a
saturated porous material. In 1950, Childs and Collis-
George (2) introduced the soil-water diffusivity concept
as a way to describe the flow in a water-unsaturated
gsoil. Their theory for the unsaturated flow of water
assumes that Darcy's law can be written as a diffusion-
type water-flow equation in homogeneous soils, where
gradients of water content rather than gradients of total
potential are expressed as

q=D()Va -K() )
where
q = water flux,
g = soil-water content on a volume basis,
K(8) = soil hydraulic conductivity,
D(s) = K(g)/C(9), the soil-water diffusivity,
C(8) = 36/3h, the specific soil-water storage capacity

where h is the soil water pressure head having
negative values, and
Vo = water-content gradient.

Both D(§) and K(g) are functions of the soil-water con-
tent, 9.

Equation 2 resembles Fick's law of diffusion with a
concentration dependent diffusivity, except for the K(9)
term, which arises from the gravitation component of
the total hydraulic head. If this equation is combined
with the equation of continuity (i.e., the conservation of
mass), adiffusion-type equationfor flow in porous media
under isothermal conditions is obtained (Q). This can
be written in the form

06/0t = 9[D(0)d6/0Z]/dZ + dK(9)/0Z 3)

where t is the time and Z is the vertical space coor-
dinate. The term 3K(8)/3Z in equation 3 is normally
referred to as the gravitational component. The validity
of equation 3 in describing the flow of water in unsatu-
rated soils has been demonstrated by several workers
(5, 17, 22, 25), and, more recently, by Dempsey and
Elzeftawy in a paper in this Record.

LABORATORY MATERIALS AND
METHODS

Materials

The soil-water properties were determined for an
AASHO A-4 soil, which was compacted in a plexiglass
column 150 cm (601in) high and having a cross sectionof 20
by 20 ¢m (8 in by 8 in). The composition and properties
of the soil as compacted in the column are given
below,

Component  Percent Component Percent
Sand 62.00 Plastic limit 14.70
Silt 20.00 Optimum water

Clay 18.00 content, W, 11.00

Liquid limit ~ 22.20 Whven 1.40
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Property Value
Maximum dry density (Yq max) 1016 kg/m®
Saturated hydraulic conductivity (K)  0.31 cm/h
Bulk density (o) 1.72 g/cm

The particle size distribution showed a predominance of
sand (more than 60 percent); however, the clay content
(18 percent) and the compacted nature explain the low
value of the saturated hydraulic conductivity.

Equipment

The gamma-ray attenuation method (_1_1) can be used ex-
perimentally to investigate most moisture-movement
problems in soils and subgrade materials. As shown
in Figure 4, this method uses a radioactive source on
one side of the soil column and a scintillation counter
on the other for the nondestructive measurement of the
water content. The assembly of source and detector
must be positioned at the elevation at which the mea-
surement of the water-content change is to be made.
The general design requirements of the traversing
mechanism are as follows:

1. The mechanism must be strong enough to move
the source and detector, together with the heavy shield-
ing involved, up and down the column with a minimum of
vibration and with accurate horizontal positioning of the
collimation slit relative to the column center line.

2. The source and detector assembly must be capa-
ble of being stopped precisely at any graduation mark
on the column.

3. The movement from one elevation to another must
be as rapid as possible (keeping in mind the accuracy of
positioning required by 2 above).

Water Content Measurements

The full and desirable specifications for water content
measurements for the unsaturated transient-flow type of
problem are

1. Measurement over a small thickness of the sample
to approximate as closely as possible a planar measure-
ment,

2. Determination by nondestructive means,

3. Measurement over a very short time interval,
and

4. Rapid means of making measurements at different
parts of the soil column,

Ferguson (7), Rawlings (19), and Gurr (11) have shown
that the principle of gamma-ray absorption can be used
to infer the moisture content of the soil from changes in
its density. The attenuation equation for a moist soil,
and for a collimated, monoenergetic beam is

I /To = exp - [ (g o 0) + (ks05)x] )
where
I,./1, = ratio of incident to transmitted flux for moist

_s8oil,
K, = mass attenuation coefficient for water,

i, = mass attenuation coefficient for soil,
x = thickness of soil,

9 = volume of water/unit volume of soil,
p, = bulk density of the soil, and

p, = density of water.

Study of equation 4 shows that its use in determining 9

requires (a) values of the mass attenuation coefficients,
(b) 2 uniform and known bulk density of the soil in the
column (this can be achieved by special packing tech-
niques), and (c¢) a constant thickness dimension along
the column length.

Figure 4 also shows the source-detector assembly.
A cesium-137 source, a scintillation probe, and a scaler
unit are used to determine changes in the moisture con-
tent of the soil along the length of the column. The
37Cs source and scintillation probe-preamplifier unit,
with the required lead shielding, is moved along the
length of the soil column by the use of three threaded
screws that are part of the supporting frame. The
scintillation probe, which absorbs the gamma radiation
after it has passed through the soil column, is connected
to a decade scaler and a pulse-height analyzer,

Soil-Water Pressure Measurement

A tensiometer system for the measurement of rapidly
changing soil suction (negalive pressure) should have the
following features: (a) a high gauge sensitivity, (b) a
response time of the order of a few seconds or less, (c)
rapid means of reading, and (d) convenience of record~
ing. The achievement of a very rapid response in the
tensiometer system to pressure changes in the soil in-
herently implies a negligibly small exchange of water
between the soil and the tensiometer, Klute and Peters
(13) and Watson (24) have reported the satisfactory use
of a pressure transducer for soil-water measurements
requiring rapid response with minimum transfer of
water between the soil water and the measuring system.
Their approach has been further developed in the present
tensiometer~transducer system, which can be used for
a suction head range up to 900 cm of water (350 in).

A porous cup with as large a pore size as possible,
yet with an air entry value greater than the maximum
pressure (or suction) to be encountered, should be used
to increase the response of the measuring system. The
ceramic porous cups (fine porosity) used here as ten-
siometers were 1.0 cm (0.39 in) in diameter and 3.0 cm
(1.2 in) in length with an air entry value (bubbling pres-
sure) of approximately 800 cm (315 in) of water. The
tensiometers were installed at eight positions and were
saturated with boiled, distilled water. All of the ten-
siometers were comnected by 1.6-mm (¥is-in) OD nylon
tubing to a single pressure transducer by way of a com=-
mon rotary switching valve. The output signal of the
pressure transducer was measured by a demodulator
and continuously recorded on a strip chart recorder.

A constant-head water column was used as astandard
to calibrate the transducer. The ratio of the signal
voltage to the differential pressure was 1 mV/cm of
water pressure head.

The response-time constant of the tensiometer-
transducer system when the flow system was water-
saturated was 0.5 s, but became quite large (=20 s)
when the flow system was unsaturated. Richards (20)
has defined the tensiometer conductance as the volume
of water passing through the tensiometer cup per unit
of time per unit of pressure difference: For a given
time and pressure difference, the cup conductance de-
pends primarily on the area of contact with the soil and
the pore size of its porous material. He has also de-
fined the gauge sensitivity s as the pressure change per
unit volume of displacement. Watson (ﬁ) has shown
that the gauge sensitivity, for the equipment used here,
could more precisely be described as the transducer
sensitivity, The response-time constani is thus related
to the tensiometer cup conductance and the gauge sen-
sitivity by the equation



7=1/ks (3)

where 7 is the response-time constant, k is the tensi-
ometer conductance, and s is the gauge sensitivity.
[The pressure transducer used throughout this study
has a volumetric displacement of 4,92 x 10~* em® (3.0 x
10-* in®); for a maximum pressure of 850 cm (335 in) of
water and a gauge sensitivity of 1.7 x 10° em=* (1.1 x
10° in™*), the tensiometer cup conductance can be cal-
culated from equation 5 for any specified response-~time
constant. ]

RESULTS AND DISCUSSION

The measured gamma-ray mass adsorption coefficient
for water, u,, of 0.0832 + 0.0006 em®/g agreed with the
theoretical value of 0.0857 em®/g calculated by Grodstein
(10). In water content calculations an average bulk
density p, value of 1.72 g/em® (107.1 pef), and an
optimum soil-water content W,,, of 11.0 percent, as
reported by Gurr (11), were used.

Figure 3 shows the soil-water content on a volume
basis as a function of the soil~water suction expressed
as cm of water head for AASHO A-4 soil. The solid
line was eye-fitted to connect all of the measured values
of the h(g) relation. (The particular data shown are for
the case of transient water flow during the wetting of the
soil column.) A value of 1.0 cm of water pressure head
(suction) was considered to be the value at which the
soil was saturated. The water content of this soil at
gaturation, 9,, was 0.44 cm®/cm® (in comparison to
0.28 cm®/cm® at -2066 cm (~813.4 in) of soil-water
pressure head, h. Thus, the soil has lost approximately
36 percent of its water content in response to a pressure
head of -2066 cm of water.

Campbell (1) has shown that if the water characteristic
function h(g) can be expressed by the equation

h=he(6/6,)" ©)

where h, is the air entry water potential and b is an
empirically determined constant, then the hydraulic
conductivity is given by

K =K(6/0,)% @)

where K, is the saturated hydraulic conductivity of the
soil. Since equation 6 is assumed to describe the water
characteristic curve for the AASHO A-4 soil, equation 7
can be expected to give valid estimates of K(p). The
measured and calculated unsaturated hydraulic con~
ductivity of the AASHO A-4 soil is shown in Figure 5.
K(g) was calculated by using equation 7 of Campbell (1)
and by the Elzeftawy and Mansell method (4), which is
a modification of the Green and Corey method (9) that
includes a spline function technique () to provide a
smooth continuous soil-water characteristic function.
The measured value of the hydraulic conductivity cor-
responding to water saturation (9, = 0.44 cm%cm®) was
used as a matching factor to determine the calculated
curve for the K(¢) function. Figure 5 shows that the
revised method (4) calculating K versus 8 gives better
agreement with the measured values of the unsaturated
hydraulic conductivity than does that of Campbell (1).
The divergence of the Campbell method from the mea-
sured conductivity may be related to the assumption that
the pore size distribution function is the same throughout
the porous body.

Just as the flow of heat can be expressed in the form
of a diffusion equation with a diffusivity expressed in
terms of the thermal conductivity, density, and specific
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heat of the material, so Darcy's law may be put into a
diffusionlike form with the water diffusivity D(g) given by

D(8) = K(8)/C(0) )]

where C(g) = 38/ah, the specific water capacity of the
soil. Figure 6 shows the AASHO A-4 soil-water dif-
fusivity as a function of the soil-water content for a
wetting case. As the soil-water content increases from
0.28 to 0.42 cm¥em®, the soil-water diffusivity increases
from 3.2 x 10='to 5.4 x 10' em®/h, For the same range
of water content, the soil hydraulic conductivity in-
creased from 3.1 x 10-" to 1.9 x 10-* cm/h (Figure 5).
Recent studies (g_l_) with a large number of soils from
the Midwest, Oklahoma, Georgia, and the Carolinas
have shown that a water-content change of 1 or 2 percent
by weight can have considerable influence on the strength
of the AASHO Road Test subgrade soil.

Dempsey and Elzeftawy, in a paper in this Record,
have used numerical solutions of equation 3 to develop
a moisture model to predict moisture movement in sub-
grade soils. The model can be used for one-dimensional
or two-dimensional moisture flow through homogeneous
or multilayered subgrade soil and pavement systems
under iso or nonisothermal conditions. The experi-
mentally determined relations of h versus 8 (Figure 3),
K versus 6 (Figure 5), and D versus @ (Figure 6) were
used in this model to predict the upward moisture move-
ment into compacted subgrade soil columns having uni-
form initial water contents and a water table at the
bottom of the soil column. Figure 7 shows the calculated
and measured soil-water distributions for AASHO A-4
subgrade soil as a function of soil height after 6, 13, 36,
and 60 d from establishing a water table at the bottom of
the soil column. The soil-water content at the water
table position increased from the initial value of 0.21
cm¥em® to 0.44 cm”em®, which is equal to the saturated
gsoil-water content. After 13 days, the water front
reached 40 cm (15.75 in) above the water table. The
decreasing soil~water content with height at a specific
time (t > 0) is due to the increase in the negative soil-
water pressure (suction). At equilibrium, the soil-
water content distribution profile should be similar to
that of the soil-water characteristic function, h(g). The
agreement between the measured and calculated soil-
water content distributions in AASHO A -4 subgrade soil
is good, and thus the Dempsey-Elzeftawy moisture model
can be used to predict the water movement in a sub-
grade soil.

SUMMARY AND CONCLUSIONS

A water table was established at the bottom of a
compacted subgrade soil column, and the movement

of water through the soil was studied under isothermal
conditions, A gamma-ray method was used for the non-
destructive measurement of the water content, and a
tensiometer-pressure transducer arrangement to mea-
sure the soil-water pressure (suction); the unsaturated
hydraulic conductivity, diffusivity, and soil-water char~
acteristic parameters were evaluated from these data
and used as input data for the Dempsey and Elzeftawy
moisture model to predict the movement of moisture
through subgrade soil. The following conclusions were
made:

1. Darcy's law and the continuity equation can be
used to describe and explain soil-moisture flow through
compacted subgrade soil in both saturated and unsaturated
flow.

2. Soil moisture moves through subgrade soil under
unsaturated transient-flow condition.
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Figure 4. Soil-moisture column and source-detactor assembly.
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3. The experimentally evaluated soil-moisture pa-

rameters are necessary for the prediction of moisture
content and its movement in subgrade soil.
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Evaluation of Freeze-Thaw
Durability of Stabilized
Materials

Marshall R. Thompson and Barry J. Dempsey, Department of Civil

A suggested procedure for evaluating the freeze-thaw durability of stabil-
ized materials is developed. Pertinent background information and pre-
vious related studies are summarized. The residual strength concept is
used in the suggested evaluation procedure. Quantitative characterization
of cyclic freeze-thaw action, freeze-thaw testing procedures and tech-
niques, durability criteria, and construction influences are considered.
Detailed data are presented for Illinois conditions, and the applicability
of the proposed procedure is illustrated. It is demonstrated that current
technology is sufficient to develop a realistic approach for evaluating the
freeze-thaw durability of stabilized materials.

Methods of durability testing of stabilized materials
were studied to develop a satisfactory and realistic
procedure for evaluating the freeze-thaw (FT) durability
ol partially cemented highway materials such as soil-

cement, lime-fly ash-aggregate, and soil-lime mixtures.

An illustrative example for a typical Illinois condi-
tion is presented.

DEVE LOPMENTAL ACTIVITIES

Freeze-Thaw Cycles and Testing
Procedures

A heat-transfer model for evaluating frost action and
temperature effects developed for multilayered pave-
ment systems (1) was used to establish relevant quanti-~
tative frost-action parameters for stabilized pavement
systems for five locations in Illinois. The frost-action
parameters were determined by statistically analyzing
pavement temperatures for 30 years of past climatic
data (2). The parameters generated by the model (a
standardized FT cycle) were programmed into a unique
FT testing unit (3, 4, 5, 6). The FT cycle was repre-
sentative of field conditions in the more severe environ-
ments of Illinois (the central to northern parts of the
state).

A vacuum saturation durability testing procedure was

Publication of this paper sponsored by Committee on Frost Action.
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also developed (6). This procedure is much more rapid
than the rather lengthy (48-h) FT test.

Laboratory Testing Program

A wide range of typical Illinois stabilized materials
(soils, gravels, and crushed stone) was included in the
laboratory testing program (8). The stabilizing agents
congidered were lime, lime-fly ash, and cement. Other
factors considered were compaction density effects,
curing time effects, and percent additive effects.

The various soil-stabilizer mixtures were subjected
to 5 and 10 cycles of the standard FT cycle. The evalua-
tion techniques used to measure the durability included
meagures of compressive strength, length change, and
moisture change.

The laboratory data have shown that 5 and 10-cycle
FT strengths can be predicted based on the strength of
the stabilized material after curing (prior to FT testing)
or on the vacuum saturation strength of the cured ma-
terial, Figures 1 and 2 show the 10-cycle FT relations
developed. Those factors that influence the cured
strength (density, percent additive, curing time) affect
the FT strength in the same manner,

DEVELOPMENT OF FREEZE-THAW
DURABILITY CRITERIA

General

The results of the early phases of the FT durability
project provided valuable information and data concern-
ing field conditions and the response of typical stabi-
lized materials to realistic FT exposure. However, in
the development of tentative FT durability criteria, it

is not only important that use be made of laboratory data
and information but also essential that consideration be
given to the many aspects of stabilized material use such
as mix design, construction operations, pavement be-
havior, climatic factors, and curing conditions.

The Residual Strength Concept

The concept of residual strength has been used in estab-



lishing quality requirements for soil-lime stabilization
(7). The residual strength is the strength of a stabilized
material following the equivalent of the first winter FT
cycles. If the residual strength is adequate to ensure the
desired level of structural pavement response, and the
material displays a projected strength-time history that
will ensure that the field strength will always be greater
than some minimum strength requirement, then pave-
ment performance will be satisfactory. The residual
strength concept is illustrated in Figure 3, Field ex-
perience with partially cemented highway materials has
shown that if the cured material possesses sufficient
durability to survive the first winter FT cycles, the
probability of durability problems during subsequent
years is quite low. The additional curing and autogenous
healing that may develop during the summer following
construction and during subsequentsummers arebeneficial
in developing additional strength in the stabilized mix-
ture (especially in properly designed lime-fly ash and
soil-lime mixtures).

Residual Strength Durability Criteria

The development of durability criteria based on the
residual strength concept requires several steps.

1. Establish the minimum tolerable strength.

2, Estimate the cured strength of the stabilized
material prior to cyclic FT action.

3. Estimate the residual strength following the first
winter cyclic FT action.

4, Consider the projected strength-time profile for
the material,

5. Check the adequacy of the residual strength and
the strength-time profile,

The various factors are discussed in detail below.
Minimum Tolerable Strength

If a given set of pavement design parameters such as
subgrade support, traffic loading, and design life is as-
sumed, most pavement thickness design procedures con-
sider the strength of the component pavement layers in
establishing the required layer thicknesses. The
strength of the stabilized materials must therefore be
established for field service conditions. For such ma-
terials as soil-cement and lime-fly ash-aggregate mix-
tures, the most criticalfield service condition in FT areas
is during the spring following the first winter of ex-
posure to FT cycles. The strength during that period
is therefore probably the strength that should be con-
sidered as a minimum strength for assessing the struc-
tural capacity of the pavement section.

Regardless of the thickness design procedure used to
design a pavement section containing a stabilized layer,
it should be possible (assuming the design procedure has
some quasi-rational basis) to establish some minimum
tolerable strength that corresponds to the lowest strength
required to ensure the structural adequacy of the pave-
ment during the critical spring period. An alternate ap-
proach for establishing minimum tolerable strength
levels is to consider field performance and job history
data.

Cured Strength

The cured strength that a stabilized mixture develops
prior to cyclic FT action is dependent on many factors,
but particularly on the mixture proportioning and mixing,
the density, and the curing.
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1. Field correction factors. Field correction fac-
tors must be applied to laboratory strengths to correct
for mixing inefficiencies and the nonuniformity of field-
mixed material. For equivalent mixture proportions
the strength of field-mixed material is less than that for
laboratory-mixed: For mixed-in-place operations the
ratio of the field-mixed strength to that of the laboratory-
mixed strength ranges from about 0.6 to perhaps 0.8.
Plant mixing is more efficient than field mixing, but
although ratios approaching 1 are sometimes achieved,
a realistic range is perhaps 0.75 to 0.95. The variability
in field mixture strength due to deviations from mix de-
sign proportions (primarily of additive and water con-
tents) is substantial. Unpublished data (Barenberg, De-
partment of Civil Engineering, University of Illinois) for
lime-fly ash-aggregate plant-mixed material indicated
coefficients of variation of strength from 7.7 to 18,2
percent with an average of approximately 11.5 percent.
Similar data (8) for a cement-treated base (California
type A material plant mix) indicated a coefficient of
variation of 16 percent. The coefficient of variation
for the compressive strength of a California specifica~
tion class C cement-treated base constructed by using
blade mixing techniques was about 19 percent (8).

[There are limited data concerning the strengthvari-
ability of field-mixed materials, although another Cali-
fornia study (9) considers indetail various items of
mixed-in-place field operations including additive con-
tent and depth of mixing.] Thus it is reasonable to con~
clude that plant-mixed materials will be more uniform
than mixed-in-place materials and to assume a coef-
ficient of variation of 10 to 15 percent for plant-mixed ma-
terial and 20 to 25 percent for mixed-in-place material.

2. Density effects. The compacted density of sta-
bilized materials substantially influences their cured
strength and FT durability (6, 10). Density effects
must be carefully considered in the development
of a durability evaluation system. If it is assumed that
field quality control is adequate to ensure complete
compliance with the applicable specifications, the min-
imum acceptable specification density should be used for
the laboratory preparation of specimens. In most in-
stances, the stabilized mixtures are field compacted at
approximately optimum moisture content, and a similar
moisture content should be used in laboratory specimen
preparation. If extensive field data for compaction
density and water content are available, such data should
be considered in establishing laboratory preparation
procedures,

3. Curing effects. The influence of time and tem-
perature on the strength development of soil-lime, soil-
cement, and lime-fly ash-aggregate mixtures is well
documented. For adequately proportioned mixtures,
increases in the temperature and time of curing result
in higher strengths. The problem of accurately predict-
ing the combined temperature~-time influence on the
strength development of a field-cured material is com~
plex. The field temperature in the stabilized layer is
quite variable within any 1 year and also shows sub-
stantial variability from year to year. The critical con-
sideration in the use of stabilized materials in FT cli-
mates is that adequate curing must be provided to ensure
sufficient strength development in the material prior to
the cyclic FT action. If the cured strength is not ade-
quate at this point, the residual strength of the material
after it experiences FT cycles will not be adequate (i.e.,
the residual strength will be less than the minimum
tolerable strength). It is possible to develop information
for establishing construction cutoff dates, as illustrated
by MacMurdo and Barenberg (11) for various materials
and geographic locations. The heat-flow model is readily
available for use, although it requires extensive labora-
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tory testing of the different materials to establish the
minimum curing necessary to ensure adequate strength
development. Such a procedure is cumbersome, but it
represents the best current approach for considering
curing effects. In the absence of such quantitative data,
it is necessary to arbitrarily set the cutoff construction
date sufficiently early in the fall to ensure attaining the
curing essential to achieving the desired cured strength,

Figure 1. Relation between strength after curing and 10-cycle freeze-
thaw strength.
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Residual Strength

Two basic factors must be considered in predicting
the residual strength of a stabilized material. The first
factor is the determination of the number of FT cycles
the material will experience during the first winter. The
second is the prediction of the residual strength based
on the number of FT cycles and some property(ies) of
the stabilized mixture.

1, Prediction of the number of FT cycles. The num-
ber of FT cycles a particular point in a pavement will
experience is affected by many factors, of which the
major ones are geographic location and climatic vari-
ability, and the pavement system characteristics.

(a) For a given pavement system, the number of FT
cycles for a particular reference point will depend on
its geographic location. The intensity of cyclic FT ac-
tion varies from year to year. Figure 4 (2) shows the
degree of variability (X) associated with cyclic FT for
various Illinois locations: The standard deviations (o)
are approximately 5 to 6 for northern and centralIllinois and

Figure 3. Residual strength concept of freeze-thaw durability.
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about 3 for southern Illinois. The data developed in the
Thompson-Dempsey study (2) were analyzed using the
hydrologic statistical concepts employed by Dempsey
(12). In this procedure, a relation between the number
of FT cycles and the recurrence interval (in years) is
established, and by using the recurrence interval con-
cept, it is possible to determine in a rational manner
the number of FT cycles that should be considered for
FT durability evaluation purposes. The recurrence
interval selection should be based on a comprehensive
consideration of such factors as economy, field con-
struction practices, pavement design, and performance
factors. If a recurrence interval of 2 years is used,
that number of FT cycles is exceeded on the average
once every 2 years. As illustrated in Figure 5, the
cyclic FT-induced strength decreases are not linearly
related to the number of FT cycles (6), and later FT
cycles are not as detrimental as those initially ex-
perienced. This means that FT cycle prediction errors
are not necessarily critical.

(b) The thickness of the component pavement layer,
the characteristics such as thermal properties and
color of the paving materials, and the subgrade soil
properties all affect the number of FT cycles experi-
enced by a pavement system. The major uses of sta-
bilized materials are for base courses in flexible pave-
ments with agphalt concrete surface courses or bitu-
minous surface treatments, or for stabilized subbases
beneath PCC pavements. Only flexible pavements are
considered here, Many subgrade soils are fine-grained,
and subgrade soil is not considered as a variable in the
following discussions. The FT cycle data shown in Fig-
ure 4 were developed for a 20-cm (8-in) base course of
a stabilized aggregate mixture (cement-aggregate mix-
ture, pozzolanic aggregate mixture). Similar data were
also developed (13) for 30 years of climatic data at three
locations (Chicago, Springfield, and St. Louis) and for 1
year of climatic data for Moline for a pavement section
in which the base course was 20 ¢cm (8 in) of a stabilized
fine-grained soil (soil-cement, soil-lime). Fewer FT
cycles were experienced in the stabilized fine-grained
soil base. On the average, the ratio of the number of
FT cycles for a stabilized fine-grained soil to the num-
ber of FT cycles for a stabilized granular soil was 0.70.
The effect of the base course thickness was also eval-
uated (13). The basic pavement section examined is
that shown in Figure 4. The thickness of the stabilized
granular base was varied from 10 to 20 ¢cm (4 to 8 in).
Ten years of climatic data for Springfield, Illinois,
were evaluated. The data indicated an insignificant
effect (0.7 FT cycle maximum difference) of base course
thickness on the number of FT cycles. Thus, no ad-
justment is required for base course thickness varia-
tions if the thickness is within the 10 to 20-cm (4 to
8~in) range. The thickness of the asphalt concrete sur-
face course overlying the stabilized base also influences
the number of FT cycles experienced by the base course.
As the surface course thickness increases, fewer FT
cycles are experienced, If the reference surface course
thickness is taken as 5 cm (2 in), an adjustment factor
(FT cycles for x inches of surface course/FT cycles for
2 in of surface course) can be developed as shown in
Figure 6. The surface course thickness and stabilized
material type will substantially affect the number of
FT cycles for a pavement system with an asphalt con-
crete surface course and a stabilized base course. These
effects should also be considered in evaluating FT dur-
ability.

2. Prediction of residual strength. Three techniques
have been developed for predicting residual strength (8).
Any of the procedures (FT testing, FT strength-cured
strength relations, FT strength-vacuum saturation
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strength relations) can be used.

(a) The standard FT testing procedure outlined by
Dempsey and Thompson () is the most realistic and
direct procedure for evaluating the FT durability of a
stabilized material. The major constraints of the pro-
posed procedure are that the programmable FT testing
unit is not a common piece of laboratory equipment, and
that the procedure is very time consuming (48 h/cycle).

(b) Cured strength data for the mixture can be used
to predict the 5 and 10-cycle FT strength as shown in
Figure 1. The standard error of estimate for the re-
gression equation given in Figure 1is 869 kPa (126 b/
in") for 10 cycles.

(c) Vacuum saturation strength data developed ac-
cording to the testing procedures of Dempsey and
Thompson (14) can also be used to predict the 5 and
10-cycle FT strengths, as shown in Figure 2, The stan-
dard error of estimate here is 462 kPa (87 1b/in®) for 10
cycles.

The most direct approach for evaluating residual
strength is obviously the FT testing procedure. How-
ever, in view of its limitations, the cured strength and
vacuum saturation strength correlations are both very
attractive. However, since the errors of estimate for
the vacuum saturation strength correlations are lower
than those for the cured strength correlations, better
predictions can be made based on vacuum saturation
strength data. Also since the time and equipment re-
quired to conduct the vacuum saturation test are nominal,
the FT strength-vacuum saturation strength correlations
are better (more accurate predictions of FT strength
that are only slightly more expensive) than the cured
strength correlations.

The major advantage of using the cured strength
correlation is that cured strength criteria are com-
monly used in materials and construction specifications.
If FT strength-cured strength correlations are used,
residual strengths can be estimated quite readily (as-
suming that the specification strength is equal to the
cured strength).

Strength-Time Profile

A major premise of the residual strength concept is that
the stabilized material is capable of developing additional
strength following the first winter of FT action. The
additional curing (provided favorable temperature con-
ditions prevail) experienced after the first winter is
beneficial in developing additional strength in the sta-
bilized material.

Typical strength relations (field data for areas with
FT action) for soil-cement and lime-fly ash-aggregate
mixtures have shown that the net effect of cyclic FT ac~
tion and additional curing is a general strength increase
(13). Cyclic FT damage is therefore not cumulative on
a year-to-year basis. The general increasing strength
with time relation for stabilized materials is further
supporting evidence for the earlier statement that "if
the cured material possesses sufficient durability to
survive the first winter FT cycles, the probability of
experiencing durability problems during subsequent
years is quite low."

It is essential in developing mixture designs for sta-
bilized materials that the mixture be capable of develop-
ing additional strength following the first winter. It may
be appropriate to use laboratory curing conditions to
gimulate (a) curing prior to the first winter and (b) addi-
tional curing. The additional strength increase must be
achieved with increased curing to ensure an adequate
mixture design.

If the residual strength of the mixture is greater than
the minimum tolerable strength and the mixture is capa-
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ble of developing additional strength following the first control is being achieved in mixture preparation and
winter of FT action, then the durability properties of the construction, then the mixture design becomes a very
mixture should be considered adequate. important and key process.
Freeze-thaw durability evaluation is but one aspect of
Other Considerations the mixture design problem, but it is a critical part of
the process. An acceptable mixture must meet not only
In using the residual strength concept, due considera- durability requirements, but also other applicable
tion must be maintained for good mixture design, quality criteria, For properly proportioned and constructed
control, and construction practices. If it is assumed stabilized mixtures, the cured strength normally cor-
that acceptable quality stabilizing additives (lime, relates well with FT durability.
cement, and fly ash) are used, and that adequate quality The mixture durability is controlled primarily by the
Figure 5. Effect of cycle interval on freeze-thaw MN/m?
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Figure 7. Mean winter temperature data and freeze-thaw durability
zones in lllinois.
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quality of the matrix material in the stabilized granular
materials (cement-aggregate mixtures and lime-fly ash-
aggregate mixtures). In order to ensure the develop-
ment of a highly durable matrix fraction in the mix-
ture, it is essential to ensure the development of a float-
ing aggregate mixture in which the larger aggregate
particles are separated and the matrix material (the
stabilizing additives plus the fraction passing through a
No. 4 sieve) is a continuous phase.

The gradation criteria shown below have been de-
veloped for cement-aggregate mixes to ensure a floating
aggregate mixture,

Percentage
Sieve Passing
No. 4 56
No. 10 37

Nos. 10 to 200 25

Good quality lime-£ly ash-aggregate mixtures normally
contain sufficient quantities of fines, fly ash, and lime
to achieve a floating aggregate condition. In some cases,
for example with a uniformly graded sand, increased
quantities of lime and fly ash are required to fill the
voids in the sand and form a continuous phase, high-
quality matrix material,

PROPOSED ILLINOIS PROCEDURE

The following procedure, which is based on the residual
strength concept, has been developed for Illinois conditions:
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1. Establish the minimum tolerable strength.

2. Determine the number of FT cycles to be expected
during the first winter following construction.

3. Establish minimum field-cured and laboratory-
cured strength requirements.

Durability Zones

To develop reasonable and realistic durability criteria
for Illinois, it is essential to subdivide the state into
various durability zones. Based on a consideration of
the FT cycle data for various locations in Illinois (Fig-
ure 4) and the mean winter temperature data for Decem-
ber, January, and February, the state was divided into
the three durability zones (northern, central, and
southern) shown in Figure 7. The corresponding FT
cycle-recurrence interval relations are shown in Figure
8 (13).

Minimum Tolerable Strengths

A key element in a residual strength-based durability
concept is the establishment of a realistic minimum
tolerable strength. Various approaches to establishing
minimum tolerable strength levels have been discussed
earlier in this report.

Cured strength requirements (laboratory conditions)
and estimated 10-cycle FT strengths (based on the rela-
tion shown in Figure 1) are summarized in Table 1 for
typical stabilized materials used by the Illinois Depart-
ment of Transportation, The approximate 10-cycle FT
strength groupings are 1.03 MPa (150 1b/in®), 1.72 MPa
(250 1b/in”), 2.41 MPa (350 1b/in®), and 3.79 MPa (550
1b/in*). These strengths can be used as minimum toler-
able strength groupings. (These values could also be
based on material properties for pavement thickness de~-
sign or on field performance data.)

First Winter FT Cycles

Only pavements with asphalt concrete surface courses
and stabilized bases are considered in this paper. A
similar approach has been developed for stabilized sub-
bases beneath portland cement concrete pavements (E).
The FT cycle predictions are based on data previously
generated in the University of Illinois study (6) although
it may be desirable, in some applications, to actually
consider a particular pavement system and the local
climatic conditions in more detail by using the heat-flow
model techniques developed by Dempsey and Thompson (1).

The following FT cycle prediction procedure is pro-
posed:

1. Select an appropriate frequency-of-return period.
(If a 2-year return period is used, that number of FT
cycles will be exceeded on the average once every 2
years).

2, From the FT frequency-of-return chart (Figure 8)
for the appropriate durability zone, determine the num-~
ber of FT cycles for the standard pavement structure.

3. Modify the FT cycle value by using the materials
factor. (This factor is 1.0 for stabilized granular ma-
terial and 0.70 for stabilized fine-grained soils.)

4, For an asphalt concrete surface course thickness
different from 5 cm (2 in), modify the FT cycle value in
accordance with Figure 6, [Thethickness ofthe stabilized
base or subbase material is not a significant factor
(within normal ranges of thickness), and a modifying
factor for this is not needed.)
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Table 1. Minimum laboratory
strengths and estimated

Material
residual strengths for stabilized

materials. Cement aggregate base course (bureau
of local roads and streets)

Pozzolanic base course, type A

Soil cement (Illinois DOT flexible
pavement design)

Soil cement (bureau of local roads
and streets)

Stabilized shoulders and subbases, cement-
aggregate mixture, pozzolan-aggregate
mixture

Minimum Laboratory Curing 10-Cycle FT
Compressive Strength (MPa) Condltlons Strenglh® (MPa)
""Not less than the design T days—moist 3.71

strength specified" (4.48)
2.76 7 days at 38°C 1.71
2.07 7 days—moist 0.91
2.07 or 3.45 - 0.91 or 2.51
2.76 (FT durability criteria) 7 days at 38°C 1,71

Note: 1 MPa =145 psi; 1°C= (1"F - 32) 1.8.
2Estimate based on the relation shown in Figure 1.

Strength Requirements

1t i possible to establish a field-cured strength require-
ment based on the minimum tolerable strength level and
the predicted number of FT cycles. The relations shown
in Figure 9 can be used to estimate the field-cured
strength requirement (i.e., the strength corresponding to
0 FT cycles). This should then be adjusted (increased)
sufficiently to account for mixing efficiency, field vari-
ability, and curing considerations. The adjustedstrength
requirement can be considered as a laboratory strength
requirement for the material when it is cured under
simulated field conditions; and as more information
and experience are developed concerning these im-
portant factors, further refinements in strength re-
quirements should be made.

Illustrative Example

The following example of the application of the residual
strength procedure is illustrative in nature. A similar
approach could be used to establish cured and laboratory
strength requirements for different applications. The
tools and concepts have been developed, but careful
study and judgment are required to establish specific
requirements.

Assume the following conditions: (a) The minimum
tolerable strength = 1,72 MPa (250 psi), (b) the predicted
number of FT cycles (first year) = 10, and (c) the ma-
terial is plant mixed. In accordance with the suggested
procedure:

1, Estimate the required field-cured strength. From
Figure 9, the field-cured strength (prior to the first
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Figure 9. Generalized relation between 900D 6.20
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winter) should be approximately 2.76 MPa (400 psi),

2. Adjust for field variability. If the coefficient
of variation for the field compressive strength is
assumed to be 15 percent, in order for 84 percent
of the material to have a strength greater than 2.76
MPa (400 psi), the average field-cured strength
should be

X - 10 = 2.76 MPa (400 psi)
0=0.15X
X -0.15X = 2.76 MPa (400 psi)

X = 2.76/0.85 = 3.24 MPa (470 psi)

3. Adjust for mixing efficiency. For plant mixing

operations with a mixing efficiency of 0,85, the adjusted

strength is
3.24/0.85 = 3.81 MPa (553 psi)

It it is assumed that field density and curing will be

approximately equivalent (i.e., develop similar strength)
to laboratory conditions, then the 3.81-MN/m?* (550-psi)
strength requirement can be considered as the laboratory

strength requirement for the field material to have a

strength of 1.72 MN/m” (250 psi) after 10 FT cycles for

the conditions and assumptions previously stated.

SUMMARY

Freeze-thaw durability evaluation of stabilized materials
and the development of durability criteria are considered
by usingthe residual strength concept. Since so manyfac-

tors influence the FT durability of stabilized materials

and the field FT environment is so variable, the use of

Number Of Freeze-Thaw Cycles

this type of procedure is justified. Freeze-thaw dura-
bility is not an inherent material property, but relates
to the conditions (geographic location, position in the
pavement, type of pavement, mixture variables, con-
struction variables, and curing) under which the ma-
terial is used.
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Designations of Excavation
Characteristics for
Materials Identified

in Field Investigations

David L. Royster, Division of Soils and Geologic Engineering, Tennessee

This paper describes a system whereby geologic materials could be cate-
gorized according to their excavation difficulty during preconstruction
field investigations and defines designations of excavation characteristics
for each of the types of materials. It is based on the premise that geologic
formations, by their very nature, have rippability characteristics that are
traceable, and thus predictable, from one locality to the next, The in-
formation obtained within right-of-way limits as a part of geologic
mapping would be supplemented by numerous closely spaced auger bor-
ings. Examples of road and drainage excavation costs in various geologic
environments and of costs of field investigations relative to total project
costs are given.

In recent years many legal questions about representa-
tions of subsurface conditions relative to the design and
construction of transportation facilities have arisen.
The entire June 1972 issue of the NCHRP Research Re-
sults Digest was devoted to the subject (1). In it, the
problem was summed up as follows:

Contractual representations of subsurface conditions to be encountered
in highway construction, which prove to be incorrect after the contract
has been let and work has begun, frequently become costly burdens on
highway construction programs and even serious impediments to the or-
derly course of planning and development.

As a result of such problems and the growing number of
cases that have gone to litigation, government agencies
have become more and more reluctant to reveal all that
they know about the subsurface at a given site, and plans
and specifications that do contain subsurface data are
often accompanied by statements disclaiming guarantees
of the accuracy of the information that is supplied. The
thinking seems to be that the less information that is
furnished concerning conditions at a construction sgite,
the less likely is the possibility of being held liable for
misrepresentation. However, while disclaimers and
policies that disallow or discourage the inclusion of all
available subsurface data may be one way of attempting

Publication of this paper sponsored by Committees on Earthwork Con-
struction and Exploration and Classification of Earth Materials.

Department of Transportation

to avoid litigation, nondisclosure, or failure to provide
all of the available information, may be just as con-
testable in court as information that is incorrect.

This paper discusses some of the factors that may
have caused the increasing number of legal problems
associated with subsurface investigations and offers sug-
gestions as to how they might be resolved or minimized.

ROOT OF THE PROBLEM

Aside from the fact that the states are weakening in their
claim of sovereign immunity, there are a number of
reasons why misrepresentation suits are increasing.
One reason may be traced to the building boom that began
soon after World War II and reached its peak in the last
15 years with the construction of the Interstate system.
In the rush to prepare projects for contract, there was
simply not enough time to investigate the subsurface in
the necessary detail. There has also been a tendency

to cut short investigations and handle unforeseen prob-
lems arising during construction with supplemental
agreements, but while supplemental agreements are an
expedient way of handling such problems, they usually
result in greatly increased costs. They are also rarely
to the advantage of the contracting agency in that they
must be negotiated from a disadvantageous position.

Furthermore, soil engineering in its fullest definition
did not gain significant acceptance by the highway con-
struction industry until about the middle 1960s. Con-
tractors and construction engineers, for the most part,
have been inclined to view many aspects of soil engi~
neering as impractical, too theoretical, and a deterrent
to the mass production approach to grading operations.
Even now, many individuals without training in soil
mechanics or engineering geology tend to underestimate
the frequently complex nature of the subsurface. In this
regard, soil engineers and engineering geologists (geo-
technical personnel)—because they are so few in number—
have had difficulty in publicizing the virtues of their
trades.

Another factor in all this is that subsurface investiga-
tions historically have been almost totally design-
oriented. Information from such investigations that can
be used by construction people is, in most cases, only a
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by-product of the design work. This is a failing of the
geotechnical personnel who have not geared their in-
vestigations to maximize construction information. Nor
have they developed a language that can be understood
by others. For example, a contractor who is told that

he must move 250 000 m® (327 000 yd*) of Bodine cherty
silt loam, residuum from the Pennington shale, or even
an A-7-6 with a group index of 25 may be no better in-
formed than if he were told nothing at all. This com-
munication problem, on the other hand, may be directly
attributable to the role and position of the geotechnical
staff in the total department operation, who may be so
situated in the structure of the department that they
cannot function to their fullest capabilities.

Still another reason is that subsurface investigations,
if done correctly, usually require a large inventory of
specialized equipment and a staff of technicians to
operate it. Subsurface investigations, whether they be
for deep mineral or petroleum exploration or for rela-
tively shallow foundation studies, involve difficult,
oftentimes complex, and always very dirty work., Fur-
thermore, the work continues year-round. While con-
struction workers may hibernate, so to speak, during
the winter months, geotechnicians must continue their
work to prepare for the next construction season. People
who do this work and are good at it become harder and
harder to find.

Subsurface investigations —to borrow terms from the
medical profession—involve both diagnosis and prog-
nosis. But since geotechnical engineering is not as
precise, exacting, and predictable a science as med-
icine, a great deal more interpretation is required.
This, then, is the root of the problem as well as the
key to its solution. For, if wrong interpretations or
no interpretations at all have created an increase in
misrepresentation and nondisclosure cases, correct

interpretations should result in a decrease in such cases.

IMPROVING COMMUNICATIONS

Part of the solution to the problem may be the develop-
ment of a language or a method of depicting subsurface
materials and conditions that is both design and con-
struction oriented,

In this period of soaring construction and mainte~
nance costs, it is more and more important that the
contractor have as much advance information as pos-
sible about the soil and rock materials and the condi-
tions at a construction site. This applies not only to
highways but also to all types of civil engineering
projects such as airfields, dams, canals, buildings,
and reservoirs. For bidding purposes, as well as for
scheduling and equipment selection, the contractor
must be aware of any excavation and grading probleras
that may be peculiar to the conditions or materials at
a particular site. It is incumbent upon the contracting
agency to furnish such information, for, after all, how
can a design be conceived and be considered safe and
feasible to build, without knowledge of the subsurface ?
Such information, if adequate for the design, will in
most cases be adequate for construction. There are
times, however, when the area to be excavated may
need more thorough exploration with conventional
augering equipment, to further delineate variances that
may affect the kinds of equipment and the time involved
in the excavation process itself, It may be necessary to
express or present this information in a different man-
ner. While the designer may be interested in shear
strengths and bearing values, the contractor may be
more interested in moisture contents and rippability
characteristics.

NEED FOR ACCURATE GEOLOGIC
INFORMATION

It is not always possible to precisely determine excava-
tion characteristics from subsurface investigations alone,
but such investigations, coupled with experience in con-
struction in various geologic environments, can be used
to evolve fairly accurate interpretations. Geologic for-
mations, by definition, have characteristics that are-
consistent from one location to another. These include
strata thickness, color, structure, grain size, texture,
topographic expression, associated soil types, and
weathering characteristics. It is logical to assume that
a given type of formation would also have similar excava-
tion characteristics that would be predictable from one
site to another. This, then, is a major premise in the
applicability of the excavation designations proposed in
this paper, for, in addition to a thorough auger-boring
program, the geology of an area must be known if its
subsurface is to he properly and accurately interpreted
for construction purposes.

It is no doubt possible to develop an approximately
quantitative approach to the classification of materials
that is based on a gauged drilling resistance that could
be correlated to the measured ability of that same
material to be moved by various types and sizes of
earth-moving equipment. There are so many variables
in a scheme such as this, however, that it would prob-
ably be unreliable. The best approach seems to be a
simple qualitative system in which numbers are as-
signed, based on field investigation and past obser-
vations as to the relative ease or difficulty of excavation
of the various materials that constitute the particular
geologic formation. Such a scheme includes only the
materials; it does not include other factors such as
terrain conditions and the type or denseness of the
vegetative cover. (If desired, these factors could be
assigned values that would be added exponentially or in
some other manner to the primary excavation difficulty
value.)

In devising such a system it is necessary to begin by
thinking in terms of the extremes in excavation situa-
tions, while at the same time considering the equipment
and methods available for use in such excavations. In
highway construction, the simplest major excavation is
that which can be accomplished with a self-loading
scraper. Relatively dry, loosely compacted silts and
sands are the easiest and simplest materials to excavate.
At the other extreme are the various types of solid rock
that require blasting for removal: Unweathered granites
and limestones are in this category. On a scale of 1 to
10, the dry sill and sand condition would be assigned a
value of 1, and the granite and limestone, the essentially
solid rock condition, would be assigned a rating of 10.
The main problem, of course, is in deciding on the
numerous combinations of materials and conditions that
make up the eight other values between. Nevertheless,
the following is an example of how a classification sys-
tem of this type might be set up.

Excava-

tion Degree of Excavation

Index Difficulty Examples

1 May be easily scraped Relatively dry sand or silt;

some clays

2 May be scraped or Moist gravel, sand or silt;
bladed most clays

3 May be easily bladed Moist clay with minor—less

or may be scraped
with difficulty

than 25 percent—small dis-
seminated rock particles;
some highly weathered



Excava-
tion Degree of Excavation

Index Difficulty Examples

shales; some organic ma-
terials
Clay with moderate to
heavy—25 to 50 percent—
small disseminated rock
particles, or with minor pin-
nacle and/or boulder con-
tent; some moderately
weathered shales; colluvium
with minor boulder content;
sanitary landfill material; al-
luvial boulders
Clay with heavy disseminated
to some bedded chert;
slightly weathered shale;
talus or colluvium with
heavy boulder content; sat-
urated clay, silt, sand, or
gravel
Very slightly weathered shale;
thin and slabby, disjointed
limestones and siltstones;
saprolite {rotten igneous or
metamorphic materials)
Thin-bedded chert with clay
seams; thin-bedded limestone
or siltstone with interbedded
shale
Weathered granite, slate, and
other igneous or metamor-
phic rocks; friable sandstone;
medium- to thick-bedded
limestone with cutters, or
disjointed with clay or shale
seams; soils with rock pin-
nacles or large boulders
Hard shale; thin- to medium-
bedded sandstone, siltstone
or limestone with inter-
bedded shale; soils with
numerous rock pinnacles
or large boulders
10 Requires blasting Thin- to thick-bedded sand-
(greater than 50 stone, siltstone, and lime-
percent) stone; granite, slate, and
other well-indurated or
fresh igneous, metamorphic,
and sedimentary rocks

4 May be bladed with
difficulty

5 May be bladed with
great difficulty; or
may be easily ripped,
dredged, or draglined

6 May be ripped with
some difficulty

7 Rippable with great
difficulty

8 Requires blasting (up
to 25 percent)

9 Requires blasting (25
to 50 percent)

Each state or agency would have to prepare, more
or less by trial and adjustment, its own criteria for
the materials and conditions that would fall into each
category of excavation difficulty. These categories
would then be incorporated into the profiles and sec-
tions that are normally used to depict subsurface con-
ditions (Figure 1). At some later time it might even be
possible to standardize such a system, at least on a
regional basis, so that contractors who work on projects
in those areas could develop a more confident and con-
sistent approach to bidding.

The creation and successful application of a classifi~
cation system such as this will depend on the position,
role, staffing, and overall competency of the geotechnical
units responsible for field investigations. Correct in-
terpretations will depend on a great deal of field work
on the part of the professionals in the organization. Not
only must the soils engineers and the engineering
geologists be on hand during the drilling and sampling
program, but they must also be constantly observing on-
going grading operations on nearby projects, noting and
comparing the construction methods used and the excava-
tion efforts required in the various geologic formations
that occur in the area. They must also spend consider-
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able time on the project once it has been let to contract
to check the accuracy of their interpretations and to
make adjustments and refinements in the system.

UNIT COSTS VERSUS SITE GEOLOGY

Many things go into establishing a bid price: the prox-
imity, type, size, and location of the project, the num-
ber of projects being worked by the bidder, the specialty
areas of the bidder, and the degree of competition are
all important, but a principal factor, though it may not
be consciously defined as such, is the site geology. This
involves such things as the rock and associated soil
types, the extent of weathering, the terrain and drainage
conditions, and the structure (faulting, jointing, and
direction and angle of dip of the strata), All of these are
directly related to the ease or difficulty of excavation of
the site and, thus, to the grading and drainage costs.

In Tennessee, as in most other states, the geologic
structure may vary considerably over a given area, but,
at least on a small scale, certain broad assumptions and
predictions can be made about the excavation charac-
teristics of the materials present in a given area. For
example, Tennessee is divided into six major physi-
ographic provinces; that is, there are six regions with
their own distinct patterns of geologic structure, relief
features or landforms, and climatic conditions. These
are, from east to west, the Unaka Mountains, the Valley
and Ridge, the Cumberland Plateau, the Highland Rim,
the Central Basin, and the Coastal Plain as shown in
Figure 2 (2). The Highland Rim, the Central Basin, and
the Coastal Plain are often further subdivided, but for
the purposes of this paper only the major divisions will
be considered., The most complex province physio-
graphically, as well as geologically, is the Unaka Moun-
tains province. The least complex is the Coastal Plain.
As might be expected, highway construction costs in the
Coastal Plain province are significantly less than those
in the mountainous province. Some relationships of
physiographic areas, probable excavation indexes, and
excavation costs for recent projects are indicated below.

Excavation Index

Area Range Recent Costs {$/m?)
Coastal Plain 1to5 0.84 t0 1.33
Highland Rim 35106 1.64
Central Basin and
edges of Cumber-
land Plateau 3to9 2.22
Cumberland
Plateau 61t07.5 2.03
Valley and Ridge 4t07 1.44
Unaka Mountains 510 10 2.62

This kind of correlation could be used as a reference
for creating a classification system based on the excava-
tion difficulty of specific geologic formations.

The next step would involve the collection of informa-
tion about individual projects in each province according
to the geologic formations that are traversed. This
involves detailed surface mapping along the alignment,

a detailed subsurface investigation program, and a com-
parison of the materials and conditions found along the
alignment with those of nearby projects that traverse.
the same geologic formations that are traversed. This
involves detailed surface mapping along the alignment,

a detailed subsurface investigation program, and a com-
parison of the materials and conditions found along the
alignment with those of nearby projects that traverse the
same geologic formations, The subsurface investigation
should be accomplished primarily with power augers.

In some cases, geophysical methods may be used but only
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Figure 1. Schematic of boring pattern in plan and profile.
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Figure 2. Generalized physiographic map of Tennessee.
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to supplement the borings. The drilling should follow
a pattern commensurate with the geology, terrain con-
ditions, right-of-way limits, and proposed roadway
gradient (Figure 1). In most cases, borings on 30-m
(100-ft) centers will be adequate; however, there are
times when 15-m (50-ft) centers or less will be re-
quired. This, again, will depend on the geology of the
area and the degree of accuracy that is desired, Fur-
thermore, occasional core borings may be required to
further delineate variances in materials and conditions
at a given site.

Samples for the determination of in-place moisture
should be taken periodically by the standard penetra-
tion test method (AASHTO T206-74). The number of
samples required for this will depend on the depth,
width, and length of the interval to be excavated, as
well as on the geology of the drilling site. An approxi-
mate rule might be to sample every fifth hole along the
centerline. This procedure can determine not only the
amount of moisture, but also the resistance to penetra-
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tion by the sampler, which may be useful in developing
designations of excavation characteristics for the project.

All of this information could then be depicted graph-
ically in plan and profile (Figure 1), and typical cross
sections, as well as detailed sections of the more com-
plex areas, could be developed. The subsurface infor-
mation displayed in this manner would relieve the con-
tractor of the time-consuming chore of studying the
boring and geophysical records and reports to make his
or her own determinations of the materials to be excavated.

At first consideration, field investigations in this
detail may appear to be too expensive of both time and
money. However, the costs of overdesign or the some-
times catastrophic results of underdesign, as well as the
construction problems that result from simply not know-
ing what to expect, make detailed site investigations the
most realistic approach.

As a percentage of the total costs involved, the costs
of adequate field investigations on most projects are not
significant. This is especially the case when auger



borings are the principal means of investigating the
subsurface. Some typical cost examples are given
below.

No. of  Total Percentage of
Holes Depth Drilling Total Project
Example  Drilled Drilled (m) Cost ($) Cost
1 298 915 8 400 0.34
2 309 1525 14 000 0.31
3 272 1186 10 900 0.30

In Tennessee, where almost all subsurface in-
vestigations are conducted by state employees, total
costs, including all borings, samplings, analyses, and
evaluations, rarely exceed 0.75 percent of total project
costs, with most ranging between 0.35 and about 0.60
percent.

PREBID SITE INVESTIGATIONS
BY CONTRACTORS

There is a trend, at least in Tennessee, toward fewer
geotechnical investigations by contractors prior to
bidding on highway construction projects. There are
several reasons for this. The principal one is that the
benefits are no longer considered worth the time, effort,
and costs involved if a reasonable amount of information
is supplied by the contracting agency. A forthcoming
NCHRP synthesis on subsurface investigation practices
by highway and transportation departments will indicate
that at present only 15 to 25 percent of contractors make
a geotechnical investigation prior to bidding. Of those
who do so, most do so primarily to determine for them-
selves the rippability and general nature of the materials
to be excavated.

Itis logical to assume that most contractors would forgo
the effort and expense of prebid subsurface investigations if
they were more confident about the information furnished
by the contracting agency. It is logical to assume that,
the more subsurface information supplied, the more
realistic and competitive the bids will be. A contractor
would be more confident about bidding on projects for
which the subsurface information was depicted in a
manner similar to that shown in Figure 1. This should
be reflected in road and drainage excavation unit prices:
If excavation costs could be reduced as little as 1to 5
cents/m’, this would amount to hundreds of thousands or
millions of dollars for all projects during a year.

CONCLUSION

Obviously, the more time, effort, and money expended
on subsurface investigations, the more information will
be gained, and the more information gained, the more
appropriate and realistic will be the design. Further,
the more information supplied the contractor, the
greater will be his confidence and the more realistic
will be his bid. This information, however, must be
presented in a form that is oriented to construction,
A classification system such as that described here
would seem to meet this criterion. Such a system
should help to close the communications gap that
exists between the contractor and geotechnical engi-
neers, and this, in turn, should reduce the number of
misrepresentation and nondisclosure cases brought to
litigation in the future.
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Pore Structure of Selected
Hawaiian Soils

R. A. Lohnes, E. R. Tuncer, and T. Demirel, Civil Engineering Department

Many studies have emphasized that the structure or fabric of deeply
weathered tropical soils has important influences on their engineering
behavior. This study attempts to characterize the structure of five soils
from the island of Oahu, Hawaii, by mercury injection porosimetry. All
the soils were derived from basalt, but each had weathered under a dif-
ferent mean annual rainfall. A comparison of air-dried, oven-dried, and
freeze-dried samples showed that the method of drying has little effect
on the pore size distribution and is interpreted as evidence that the struc-
ture of these soils is more stable than that of soils in which the main
bonding material is clay. From 89 to 72 percent of the voids in these
soils fall within a size range greater than 0.004 um. Although the void
ratio variations between these soils do not show any systematic trends,
the pore size distributions do. The soils that had developed under wetter
climates have higher percentages of pores smaller than 2 um in diameter
and a more uniform pore size distribution. The pore size distributions
can be related to the mineral and chemical contents of the soils in that
soils weathered in wetter environments are higher in sesquioxide con-
tent and lower in kaolinite content.

The engineering behavior of deeply weathered tropical
soils in the undisturbed state is largely controlled by
their structure, which appears to result from the ce~
mentation of the clays by iron oxides (2,11, 13, 16, 21,
22,23,24,27). For this reason, the Unified and AASHO
classification systems, which are based on engineering
index tests using disturbed samples, are inadequate to
predict the field performance of these soils (7, 8, 10, 14,
g_g), and an engineering classification based on parent
material and degree of weathering (4,9, 10, 15) has been
recommended.

In an effort to better understand the structure of such
soils in relation to their weathering environment, the
porosity of five soils, all derived from basalt but weath-
ered under a wide range of mean annual rainfalls, was
measured by mercury injection porosimetry tests.

THE SOILS

The soils used in this study were Paaloa, Manana,
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Wahiawa, Lahaina, and Molokai soils from Oahu, Hawaii.
All were derived from the Koolau basalt series on the
leeward side of the Koolau mountain range. Since this
basalt series is uniform chemically and petrologically
(26) it may be assumed that all of the soils were derived
from essentially the same parent rock. These rocks are
described as Pliocene olivine basalt flows, which dip
from the crest of the mountain range at angles of 3 to 10
deg. The basalt has a high permeability, resulting from
interstitial spaces in the clinkers, shrinkage cracks, and
gas vesicles (18, 19),

The soils are classified as Oxisols and Ultisols. All
have a seasonal high water table deeper than 150 cm and
bedrock at depths greater than 150 cm. A complete
morphologic description and other physical and chem-
ical data are given by Foote and others (7).

The sample locations are along a 5-km traverse on
the divide between Kipapa Stream and Panakauki Gulch
about 5.5 km northwest of Pearl City. The elevations of
the sample sites range from about 165 to 365 m. Since
the rainfall is orographic, there is a mean annual pre-
cipitation of 58 to 216 ecm/year. The slopes on which the
soils formed range from 2 to 7 percent. The pedologic
classification and environmental factors are given below.

Mean Annual

Soil Pedologic Rainfall Slope
Series Classification (cm/year) (%)
Molokai Typic torrox 58 2
Lahaina Typic torrox 21 2
Wahiawa Tropeptic eutrustox 127 2
Manana Orthoxic tropohumult 158 7
Paaloa Himoxic tropohumult 216 7

Samples were collected from the B horizon of each
soil series at depths of 25 to 135 em in thin-walled Shelby
tubes 7.62 em in diameter and about 25 em long. Three
borings were made at each location and samples taken
from various depths. The range of sampling depths for
each series is shown in Table 1. The engineering index
properties of these soils are also listed in Table 1 al-
though they do not correlate with the porosimetry data.



METHOD

The use of mercury injection porosimetry to character-
ize the pore size distribution of soils in order to relate
the soil structure to its engineering properties was in-
troduced by Diamond (6), Since then several related
studies on compacted soils (1, 3, 17) have been conducted.
The technique is based on the Washburn (25) equation

P = (-2T cos 8)/r €3]

where P is the pressure, T is the surface tension, 6 is
the angle of contact, and r is the pore radius. The soil
samples were dried and placed in the sample cell of the
porosimeter, and the sample space was then evacuated
with a vacuum pump so that air would not block the flow
of mercury into the pores of the sample. After evacu-
ation of the pressure chamber, mercury was allowed
into it to immerse the soil sample. Since the volume

of the chamber is known and the volume of mercury that
flows into it can be measured, the total volume of the
sample can be calculated. Then, as pressure is applied,
the mercury penetrates the sample. Both the volume of
mercury penetrating the soil and the pressure required
to cause this penetration are measured, and these data
are used in equation 1 to compute the pore radius that is
being penetrated at a given pressure. These results are
then plotted to give the pore size distribution curve.

The instrument used in this study has a pressure
range of 0,035 to 3500 kg/em?® With it, if the surface
tension of mercury is taken as 47.4 mN/m and a contact
angle of 140 deg is used, it is possible to measure pore
radii between 105.4 and 0.00210 um. This porosimeter
also has the capability to empty the pores by reducing the
pressure to produce a vacuum at the end of the penetra-
tion phase. This allows measurement of the pore size
distribution on the extrusion cycle and, from those data,
a characterization of the irregularity of the pores.

OBSERVATIONS

The influence of drying methods was evaluated for all
of the soils by taking three portions of soil from the
same boring and depth, and air-drying one, oven-drying
the second at 100°C, and freeze-drying the third. Fig-
ure 1 shows that there is little or no difference in the
pore size distribution curves for samples of the same
soil dried by the different techniques. The same be-
havior is true of all five soil series and contrary to the
results of Ahmed and others (1). This observation sup-
ports the conclusions of other studies on tropical soils
that the clays are cemented together by iron oxides., If
the clays themselves were the main source of bonding
in these soils, significant volume changes would result
from air- and oven-drying as compared with freeze-
drying.

Pore size distribution determinations were made for
6 to 10 samples from various depths and borings of each
series. Figure 2 shows the range of pore size distribu-
tion curves for 9 samples of the Paaloa soil series,
which is typical for all of the series. The variation in
pore size characteristics within a soil series is fairly
small.

On the other hand, when the pore size characteristics
of the various series are compared, there is a wide
range in the curves as shown in Figure 3. From these
curves, each of which is representative of a soil series,
it is possible to generate a set of parameters to charac-
terize the pore structure of each series.

Some similarities in the curves are observed. For
example, the Molokai, Lahaina, and Wahiawa series all
show a distinct bimodal distribution, one in the 10 to

7

20-um size range and the other in the 0.01 to 0.1-4m
range. The other two soils show only the smaller size
range. These quantitative data support earlier qualita-
tive studies made witha scanning electron microscope (_2_3_).
The extrusion curves were plotted to describe the
pore diameter versus volume relation as the mercury
was removed from the soil. In all soils there is a con-
siderable hysteresis loop that indicates the necking down
of the pores. A typical curve having a hysteresis loop
is shown in Figure 4. The volume of mercury that is
retained in the sample at the end of the evacuation is a
measure of the nonuniformity of the pore size distribu-
tion. The percentage of the total amount of mercury in-
jected into the samples that was retained in the soil var-
ied from 36 to 55 percent. The values for each series
are shown in Table 2. Table 2 also shows the following
other pore size characterization parameters: the median
(50 percent) and small mode pore diameters, the uni-
formity coefficient, the percentage of pores smaller than
2 um, and the void ratios computed both from mercury
injection data and from measurements of the bulk ge-

‘ometry of the Shelby tube samples and the dry weight of

the samples., The uniformity coefficient is defined, by
analogy with the uniformity coefficient calculated from
particle size distribution curves, as the ratio of the min-
imum pore diameters corresponding to 60 and 10 percent
of the total pore volume penetrable by mercury re-
spectively,

Comparison of the void ratios calculated from the
mercury injection data with those calculated from the
bulk density measurements shows that not all of the voids
were intruded by the mercury. That is, there is a con-
siderable volume of pores having diameters smaller than
0.004 pm. The portion of pore volume not intruded by
mercury, expressed as a percentage of the total volume
as measured by bulk density, is about 11 percent for the
Molokai soil and ranges from about 21 to 28 percent for
the other four., From these data the pore size parame-
ters can be computed on the basis of the total pore vol-
ume rather than on the basis of the pore volume intruded
by the mercury; but, although there are small changes
in the values of the parameters such as the percentage
of pores smaller than 2 um and median pore diameter,
the trends, which are observed as the five soil series
are compared, do not change. For convenience, all of
the pore size parameters reported here are based on the
volume of pores intruded by mercury.

RELATIONSHIP OF PORE SIZE TO
WEATHERING AND MINERALOGY

The soils are listed in Table 2 in order of increasing
mean annual precipitation. Although there is no apparent
relation between the void ratio and the amount of rainfall,
there are trends between other pore size parameters and
rainfall. This emphasizes the usefulness of information
related to pore size as opposed to information based on
total pore volume only. Data both on the percentage of
mercury retained at the end of the withdrawal cycle and
on the uniformity coefficient show that the soils that have
developed under wetter climates have a more uniform
distribution of pore sizes than those developed under
drier climates. The small pore mode diameters range
from 0.014 to 0.031 um, and the wetter soils have larger
mode pore sizes. There is no clear trend for the median
diameter or for the total pore volume. The percentage
of pores smaller than 2 um increases systematically
from soils developed under drier climates to those de-
veloped in wetter areas, The mineral and other chemi-
cal constituent contents of the soils (based on B horizon
data of the Soil Conservation Service) are shown below.
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Table 1. Engineering index

z Gradation

properties. Range of
Soil Sand Silt Clay Liquid Plasticity Specilic Sample Depths
Series (<) (%) (%) Limit Index Gravity (cm)
Molokai 28.7 51,1 20.3 45.5 6.8 2.946 43 to 135
Lahaina 31.0 38.8 30.3 49.1 10.6 2.937 48 to 122
Wahiawa 10.7 45.6 43.8 51.3 15.3 2.989 34 to 104
Manana 69.3 16.7 14.0 67.1 16.7 2.991 25 to 124
Paaloa 27.8 39.3 33.0 57.1 17.8 3.098 38 to 135
Note: 1cm =04 in.

Table 2. Pore size parameters. o il

Void Ratio Void Ratio Pore Pore Mode Uniformity Mercury Pores

Soil by Mercury by Bulk Diameter Diameter Coelficient Retained 2 um
Series Injection Measurement (um) (um) (x 107" (%) (#)
Molokai 0.960 1.085 0.037 0.015 4.3 55.2 61.5
Lahaina 0.919 1.276 0.019 0.014 8.4 47.6 70.5
Wahiawa 0.723 1.011 0.017 0.015 8.9 50.0 19.0
Manana 0.978 1.237 0.023 0.022 28.1 36.1 84.0
Paaloa 1.029 1.321 0.038 0.031 30.7 40.4 85.0

Note: 1um=4x10*%in,

Figure 1. Effectof 130 MANANA SOIL SERIES

drying method on ::: —_ FREEZE DRIED
cumulative pore size 35| - ﬂ‘.’n"‘né’.'é'nm
distribution. = oo}
= 5o
> .u -
=30
& 20
o+
o TS i 1 1
000 100 1.0 0.1 001 000
PORE DIAMETER, um
Figure 3. Cumulative ’gg —— o,
pore size distribution 0 —— A
curves for five soil LT S fE A
series. %6
=
S
w 3
$2 — = —
1 [
100.0 10.0 ¥ 0 CXTRT ]
PORE DIAMETER, xm
Soil lron ___ Keolinite
Series Kaolinite  Gibbsite Oxide Gibbsite + Iron Oxide
Molokai 53 0 121 4.38
Lahaina 52 2 16.0 2.89
Wahiawa 53 6 136 2.70
Manana 30 1 209 094
Paaloa 12 34 258 0.20

The kaolinite content decreases with increasing rainfall
(E, 12, @), and the gibbsite and total iron oxide contents
both increase with increasing rainfall. The systematic
trend is indicated by the variation of the kaolinite to
gibbsite plus iron oxide ratios with rainfall. From these
trends it appears that both the aluminum and iron oxides
may be involved in the cementation of the clays. Ac-
cording to the weathering model of Alexander and Cady
(2), as the kaolinite is weathered to gibbsite there may
be more cementation, which would result in a higher
percentage of smaller pores and a more uniform size
range of those pores.

SUMMARY AND CONCLUSIONS

Tests on five basalt-derived soils from Oahu showed
that mercury injection porosimetry can be used to char-
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acterize the pore size distribution of these deeply weath-
ered tropical soils. The method of drying the soil has
little effect on the pore size distribution. This is inter-
preted as evidence that the structure of these soils is
more stable than that of soils in which the main bonding
material is clay. From 89 to 72 percent of the voids are
within the size range greater than 0.004 um. Although
the void ratio of the soils does not show any systematic
trends in relation to the mean annual rainfall, the soils
that developed under wetter climates have higher per-
centages of smaller pores and pores of a more uniform
size distribution. These data can also be related to the
mineral contents of the soils in that the soils that had
weathered in wetter environments are higher in sesqui-
oxide content and lower in kaolinite content.
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Insulated Road Study

E. Penner, Division of Building Research, National Research Council of

The results of a 3-year insulated road study showed that frost penetration
inward from the edge of an insulated area is about the same as the down-

ward penetration on a control section. Moisture accumulated in the frost-

susceptible subgrade after the frost line penetrated the insulation. During
periods of rapid cooling, the temperature of the surface above an insu-
lated pavement may be lowered sufficiently to permit surface icing if at-
mospheric moisture conditions are suitable, Terminating the insulation
without feathering induces abrupt changes in elevation in the roadway as
a result of heaving.

Thermally insulated roads attenuate frost penetration
in winter by reducing ground heat loss to the air., The
pavement thickness of such roads can be reduced in
areas where frost penetration and its subsequent damage
are critical factors. Since base course material is be-
coming scarce in some areas, the use of insulation may
reduce the cost of road construction.

Insulated road sections have been constructed in
Canada and the northern regions of the United States (1,
2,3,4,5). In Ontario insulation is now used as a stan-
dard method for repairing frost-damaged highway sec-
tions, although it has not yet been used in new highway
construction, The information in the literature is still
sparse on some aspects of the field performance of in-
sulated roads despite the general acceptance of the tech-
nique for the fast and efficient repair of busy highways.
Among the less understood aspects are (a) the extent of
ice lensing when the frost line penetrates and remains
below the insulation layer in frost-susceptible soil for
a considerable period and (b) the thermal pattern in the
soil at the transition zone between the insulated and un-
insulated sections.

The first is particularly significant if an insulated
section has been underdesigned, either in error because
of a lack of air temperature information or intentionally
to keep construction costs as low as possible or to de-
crease the likelihood of surface icing, Information about
the thermal regime at the transition zone is important

Publication of this paper sponsored by Committee on Frost Action.
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Canada

for extending the insulation a sufficient distance beyond
the protected area to prevent abrupt changes in elevation
at the ends.

SOIL CONDITIONS

The experimental work was conducted on the grounds of
the National Research Council of Canada in Ottawa. The
soil is a postglacial clay of marine origin that is com-
monly referred to as Leda clay (6). It consisls of about
70 percent clay-size and 30 percent silt-size particles.
Frost heaving is approximately 9 to 12 em (0.3 to 0.4 ft)
during most winters in snow-cleared areas.

DESIGN OF INSTALLATION

Figure 1, a plan of the 30.5-m (100-ft) test road, shows
the location of the instrumentation, which consists of
thermocouple strings, survey plates, and access holes
for neutron moisture measurements. The pavement de-
sign for the 15-m (50-ft) insulated section is shown in
Figure 2. The procedure for preparing the subgrade for
placement of the insulation boards was to fine grade il,
then hand rake the surface. The 0.6 by 1.2-m (2 by 4-ft)
insulation boards were staggered and held in place with
15-cm (6-in) wooden dowels, The crushed rock base
was end-dumped from trucks and spread by hand.

MEASUREMENT TECHNIQUES

Temperatures were measured by 0.8-mm (20-gauge)
copper~constantan thermocouples attached to 4-cm
(1.5-in) diameter wooden dowels. A 0.3-m (1-ft) length
of thermocouple lead was wrapped around the dowel in a
groove at each measurement position to minimize con-
duction errors. At each location in the control section
at which temperatures were measured, thermocouples
were placed 0.076, 0.3, 0.6, and 1.2 m (3, 12, 24, and
48 in) from the surface; in the insulated section thermo-
couples were placed 0,076, 0.2, 0.3, 0.6, and 1.2 m (3,
10, 12, 24, and 48 in) from the surface.

Subgrade moisture contents were determined with a
neutron moisture meter near the center of each section
(7,8). The access holes of the neutron meter probe were
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locations shown in Figure 1 and referenced to a stable
benchmark.

cased with 4-cm (1,5-in) diameter aluminum tubes
sealed with rubber stoppers; desiccant was kept inside
the tubes to prevent moisture condensation on the inner
walls, Elevation surveys for heave measurements were
carried out with a precise level on metal plates em-
bedded in the surface of the asphaltic concrete at the

RESULTS AND DISCUSSION

The thermal pattern for the time of maximum frost pene-
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Figure 4. Depth of frost
line at various locations as
given in Figure 1 for winter
1965-66.

Figure 5. Frost heave on

road centerline of insulated
section and adjacent control.

Figure 6. Moisture density
profile in subgrade, 1967-68.
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tration, at the transition zone between the insulated and
control sections on the road centerline, was similar for
the 3 consecutive years, 1965-66, 1966-67, and 1967-68.
Figure 3 gives such a pattern for 1 year. The base
course above the insulation was colder than the surface
of the control section, but differences in the tempera-
tures of the surfaces would depend on the air tempera-
ture prior to the measurements. The thermal response
of the base course above the insulation to changes in the
air temperature gave warmer temperatures for the in-
sulated sections in the summer and colder temperatures
in the winter.

Figure 4 shows the frost penetration at the edge of
the insulation 1.2 m (4 ft) inside the insulated area, 1.2
m (4 {t) inside the control area, and at the center of
each section. In all cases, the frost penetration at the
center of the control area and that at a point 1.2 m (4 ft)
from the edge of the insulation were similar. During the
3-year period when the measurements were made, the
frost penetration in the control area ranged from about
1.1 to 1.5 m (45 to 55 in). Thus, at a distance inside the
insulated area equal to the depth of frost penetration al-
most all end effects due to insulation have disappeared.

The heave pattern for the three winters shows the
severity of frost heave in Leda clay. Figure 5 gives
the results for 1967-68. Heaving was observed in the
insulated area as well as in the control section since
5 cm (2 in) of insulation does not provide complete frost
protection for the subgrade. The water table at the site
characteristically rises to the ground surface in the fall;
as the surface of the pavement is level withthe surround-
ing terrain, this results in a fully saturated base course.
The small heave above the insulation measured during
the period of freezing is attributed solely to expansion
of water, Normal ice lens growth is thought to be re-~
sponsible for the measured heave that takes place after
the frost line has passed through the insulation into the
subgrade. The measure of moisture increase below the
insulation is given in terms of moisture density in Fig-
ure 6, which also shows the position of the frost line at
a maximum penetration in relation to the depth at which
the moisture was measured.

Two final items are of particular interest, The ther-
mal equivalents of soil versus insulation for the Ottawa
trials and for those at another test site in Sudbury, On-
tario, are shown in the table below, which also lists the
cumulative degree-days for each year at each site.

Penetration

Into Penetration
Subgrade Into Sub-
Location Below grade in Insulation
and Insulation Control Equivalents  Degree-
Year {cm) {cm) {cm) Days
Ottawa
1965-66 15 84 14 748
1966-67 20 104 17 988
1967-68 13 105 19 1065
Sudbury
1964-65 30 119 18 1443
1965-66 13 94 16 1127
1966-67 33 107 15 1212
1967-68 46 117 14 1476

The values range from 14 to 19 cm of soil per centimeter
of insulation. The average thermal conductivity of the in-
sulation (measured in the laboratory) was 0,39 W/m-.K
(0.27 Btu-in/h.ft*. °F) after 10 years burial at the Ottawa
test site. After 6 weeks drying at 41°C (105°F) this
value was reduced to 0.35 W/m-K (0.24 Btu.in/h.it*. °F).
The moisture absorbed and retained was 6.8 percent by
volume, which appears entirely acceptable after 10
years of exposure in the ground.
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CONCLUSIONS

Although the heat extraction rate is slow when the frost
line is in wet frost-susceptible soil below insulation,
moisture flow is induced and heaving occurs, Under the
soil and climatic conditions of this study, frost penetra-
tion inward from the edge of the insulation was about the
same as that downward in an uninsulated area, Abrupt
heaving at the edge of the insulation was well demonstrated
and can be avoided by feathering the insulation at the ends
of the insulated sections.
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