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ABSTRACT:

Based on over 50 years experience in geotechnical engineering, this book summarizes the mech-
anisms of sinkhole formation in limestone (or karst) terrain. The author also provides methods for
overcoming sinkhole-related failures and for avoiding or minimizing future sinkhole collapses that
impact on human activity. Professor Sowers also discusses site investigation, as well as the
design and construction methods that are appropriate for building foundations in areas where
sinkholes are likely to develop. It is written for engineers and geologists, in addition to other pro-
fessionals who work together to solve sinkhole problems.

Library of Congress Cataloging-in-Publication Data

Sowers, George F. . _
Building on sinkholes : design and construction of foundations in Karst terrain / George F. Sowers.

p. cm.
Includes bibliographical references.

ISBN 0-7844-0176-4

1. Foundations—Design and construction. 2. Sinkholes. 3. Limestone. 4. Karst. |. Title.
TA775.5645 1996 96-17831

624.1'5—dc20 CIP

The material presented in this publication has been prepared in accordance with generally
recognized engineering principles and practices, and is for general information only. This infor-
mation should not be used without first securing competent advice with respect to its suitability
for any general or specific application.

The contents of this publication are not intended to be and should not be construed to be a
standard of the American Society of Civil Engineers (ASCE) and are not intended for use as a
reference in purchase specifications, contracts, regulations, statutes, or any other legal docu-
ment.

No reference made in this publication to any specific method, product, process or service con-
stitutes or implies an endorsement, recommendation, or warranty thereof by ASCE.

ASCE makes no representation or warranty of any kind, whether express or implied,

concerning the accuracy, completeness, suitability, or utility of any information, apparatus,
product, or process discussed in this publication, and assumes no liability therefore.

Anyone utilizing this information assumes all liability arising from such use, including but not
limited to infringement of any patent or patents.

Photocopies. Authorization to photocopy material for internal or personal use under circum-
stances not falling within the fair use provisions of the Copyright Act is granted by ASCE to
libraries and other users registered with the Copyright Clearance Center (CCC) Transactional
Reporting Service, provided that the base fee of $4.00 per article plus $.25 per page is paid
directly to CCC, 222 Rosewood Drive, Danvers, MA 01923, The identification for ASCE Books is
0-7844-0176-4/96/$4.00 + $.25 per page. Requests for special permission or bulk copying
should be addressed to Permissions & Copyright Dept., ASCE.

Copyright © 1996 by the American Society of Civil Engineers,
All Rights Reserved. ‘

Library of Congress Catalog Card No: 96-17831

ISBN 0-7844-0176-4

Manufactured in the United States of America.

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/168432185/Building-on-Sinkholes-Design-and-Construction-of-Foundations-in-Karst-Terrain?src=spdf

TABLE OF CONTENTS

PREFACE .ouueciviireenscsnnssninencssssessssannsssenssssssnsanses seereretirsssistastinsasannaans vii
CHAPTER 1. INTRODUCTION ....ccovccriunieinsscscnsnennnsnisncsnsns .
1.1 House in a Sinkhole .......ccoceiviiiinii e 9
1.2 Decanting Basin DropouUL.......cccicevveniviiiiriiiimreni i 10
1.3 An Extraordinary Sinkhole........ccociiiiiniiiiiie 12
1.4 Extent of Subsidences and Dropouts Related to

ROCK SOIULION ...ttt e 12
1.5 Definition of Limestone and Subsidence-Dropout

TOPOGraPhY ....eoviiiiiiiie it e 14
CHAPTER 2. FORMATION OF LIMESTONE DEPOSITS .......cccuveeee. 17
2.1 DEPOSItION ..ieiriieviiitinriee it e e 17
2.2 Induration and AREration ...........cocceeivieeinieciineneceienece e 21
2.3 Engineering Character of Limestones ..........c.ccvcvevicinnnnnnenne. 22
2.4 SOIUDINILY w.veooeevveeees e es e 23
2.5 Effects of Limestone Solution On Primary Porosity ................. 27
2.6 Residual Soils from Limestone .........ccccecvreviiiiiniemcinesenierenennne 31
CHAPTER 3. LIMESTONE SOLUTION AND ITS EFFECTS.............. 39
3.1 Continuing Dissolution of Primary Porosity .........c...cccoceeeennee. 39
3.2 Solution-Enlarged Fissures: Aggravated

Secondary POrOSIty.......ccuvvueeirciiiiiiniiic st 41
3.3 Rock Cavity Roof Collapse..........ccovurinmivvinniiienicniinnnnen. 41
3.4 Overburden Subsidence From Near-Surface

ROCk SOIULION ....ociiiiiiiiiiciic e 48
3.5 Ground Surface Settlement From Pinnacle Punching .............. 50
3.6 Carolina Bays .ccuueveereeeereeenieiiereeeieee ettt e a et 50
3.7 Soil Ravelling-Erosion Dome Formation and Collapse ............ 52
3.8 “Fossil” Sinkhole and Solution Pits ........ccccoevvmivciiienincncriennen. 56
3.9 Tower and Cone Karst ............... e e 59
3.10 Aggravating Sinkhole Activity .........ccccooviniiiininninine e, 60
3.11 Subsidence and Sinkhole Terminology .......ccocoeveiiirccniiennnnn. 64

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/168432185/Building-on-Sinkholes-Design-and-Construction-of-Foundations-in-Karst-Terrain?src=spdf

TABLE OF CONTENTS

3.12 PSEUdO-KArSE ..coceeeieieiiiiiiiiiccniine et 66
3.13 Example of Subsidences and Foundation Failure
From Dome Collapse .......cocevemivnmiiniciiiecciienccrie s 69

CHAPTER 4. GROUNDWATER IN

LIMESTONE TERRAIN ...ccoiiiinreininnntiiinniccsinnannann 73
4.1 Seepage and Water Flow Related to the
Soil-Rock Profile .......ccovivieiiiiiiiiiiniiiciiiis e 73
4.2 Saturated Flow of Water in Soil and Porous Rock .................. 73
4.3 Flow Through Rock With Enlarged Pores or Fissures .............. 75
4.4 Seepage in Soil Overburden in Limestone Terrain .................. 75
4.5 Seepage in Limestone With Significant
Primary POrosity ......coceiiiiicviniiieniniiieie e, 78
4.6 Flow in Rock Fissures and Cavities ......cc..covvererneieinncceneeenne 79
4.7 Piezometric Levels—Water Tables .......ccccvviviieeiniennniniencnenns 80
4.8 Relation of Groundwater and Climate to Sinkholes ................ 83
4.9 Examples of Sinkholes Induced by Human Activity ................ 85
CHAPTER 5. SITE INVESTIGATION ...coovvmrineinniruninsssnnnnnssccsensns e 91
5.1 ODbJECHVES ..ccovviititiiiiiiieet ettt e 91
5.2 Recognizing Sinkhole and Solution Depressions:
Karst TEITAIN ....cccocviiiiiieiciinieree ettt e s 92
5.3 Preliminary Investigation .........c.ccocevivirceniivinecnrcniere e 95
5.4 On-Site ReCONNAISSANCE ....ouceuviiieerririeeieeeenersaieeeeseess e sviesens 98
5.5 Direct Investigation .........ccccveiviiiinincinie et e 98
5.6 Geophysical EXploration ......c.oeceeveeeeivenie e 103
5.6.1 The Geophysical Approach ..........c.ccceceeeireeienieninenann. 103
5.6.2 Ground Surface Natural Force Fields ........ccoeveuennene. 104
5.6.3 Ground-penetrating Radar ......c...c.cceeevvueeveeeceseeerennnnn, 104
5.6.4 Electrical ReSiStVItY .....ccccevrrerrrerriiere s 105
5.6.5 Seismic Refraction .......ccccvereveniivecnenirineenieciseienn 106
5.6.6 Seismic Reflection ..........cceevevinivienecinicereecineeveenn, 108
5.6.7 Direct Wave Transmission (Uphole,
Downhole, and Crosshole) .....c.coeeviiciecveueeeeiceereseinens 109
5.6.8 Shear Wave Seismic Exploration ............ccoceverurcnnnsn. 110
5.6.9 Tomographic Interpretation and
Representation ..........oceveevveiniiiiinic e 110
5.7 Borehole Probe Geophysics ...........cccouviverieinerinnccnniesennane 110
5.8 Groundwater EXploration ...........cecveveeeeminireenrcrercn s 111
5.9 Site Characterization For Planning and Design .....c......c........ 113
5.10 Distribution of Solution Features at a Sit€ .......ceovveervrreerenenn.. 113

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/168432185/Building-on-Sinkholes-Design-and-Construction-of-Foundations-in-Karst-Terrain?src=spdf

TABLE OF CONTENTS v

CHAPTER 6. SITE PREPARATION AND EARTHWORK ....ccoevuneeee. 117
6.1 Site Preparation Considerations........c.ccceevveeeiiveneevanssvnrannns 117
6.2 Excavating Overburden Soil ......ccoevevvineniienneeie e 118
6.3 Excavating Near the Soil-Rock Interface .......ccoccoverreenniene. 119
6.4 Effect of Site Excavation on Sinkhole Activity .......cccceveeuenene 120
6.5 Open Sinkhole Treatment ........cccecceereeriniecernieeesncne e 121
6.6 Solution Depression TreatMent .........cco.ccveveerrceeneneerraeniennens 125
6.7 Improving Overburden Resistance to Dome

COllAPSE .ttt 125
6.8 Inhibiting Ravelling and Erosion at the

Soil-Rock INterface ......ccocevecvicciiiiiiiiniiniciiceniceccsiee s 129
6.9 Embankment Construction ..........cceccovervenercvercnsiineensreeeennes 132
6.10 Residual Soils for Embankment Construction ........c.ccc.ccvveeeee. 133
6.11 An Example of Misdirected Site Preparation

and COoNSTUCHION .....coovuiiniieiitiec e 134
6.12 Minimizing Earthwork Disputes ......cccocceeeiiciennnieiniieciennne. 136
CHAPTER 7. FOUNDATIONS SUPPORTED

ON OVERBURDEN .....iiiennreininnnescessneecrisssseenes 139

7.1 Foundation Alternatives for Soil Overburden ........c.cc..ccu.e... 139
7.2 Basis for Design of Foundations Supported by

Residual SOil ....oociiiiiiiiiiiiciii e, 139
7.3 Swelling and Shrinking Overburden Soils. .......ccccceeneiniann. 141
7.4 Foundations Supported Directly on Overburden.................... 141
7.5 Building Foundations Resistant to Soil Collapse..........cc.c...... 145
7.6 An Example of a Settlement and Collapse

Resistant Design .....cociiiiiuiiiiiiiineiierearers 148
7.7 Corrective MEasUres ........oevviciveeeiviiieei it 149

CHAPTER 8. FOUNDATIONS SUPPORTED

ON LIMESTONE ....ciiiiiiniiimrnnieiensenisnenssinsasssnssssnnes 153
8.1 Near-Surface Rock SUPPOIt ......cococviiiimiriiiieniiici e, 153
8.2 Risk of Cavern Collapse in Rock......ccoiivccieiniinniiniiiiinnn. 156
8.3 Greatly Enlarged Primary POrosity ........cccovviveimmnccvniinninns 159
8.4 Rock Improvement by Grouting........ccccocevvivininiiiiciiniinnn 160
8.5 Deep Foundations on ROCK......cccoimimiiiiiriniiniicniiiiiiiinns 163
8.6 Pile FOUNAtIONS ..cceoivemieiiinieciiicienine e e 164
8.7 Drilled-Shaft Foundations............ccooieiiniiiennniiinnnicee, 167
8.8 Shafts Below the Groundwater Level ........ccccovvneciinniinnne 174
8.9 Wet ShaffS...coiivueriiiiiniiiiiieci v 176

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/168432185/Building-on-Sinkholes-Design-and-Construction-of-Foundations-in-Karst-Terrain?src=spdf

Vi

TABLE OF CONTENTS

8.10 Reinforcing Steel and Concrete Placement ........cocccccuriennnen. 179
CHAPTER 9. RISK AND RISK ACCEPTANCE ....ccoovvvvmeeeriivnnnnsanenes 183
9.1 Damage and Casualties..........cccooniivieinininiiniiicic s 183
9.2 The Risks Associated With Sinkholes ........c..ccocevviiiinininn 184
9.3 Accepting Risk of the Unknown ........ccccovvniiiiininiininnnnnne, 185
BIBLIOGRAPHY AND REFERENCES .....cccicuveeriicnenmneesisisnssnanesanees 189
INDEX couriiieiinniiricnnaiinnieneniniecsreesnessenesssnnsessssssseasessssssssnsasssnsaeas 193

This is a preview. Click here to purchase the full publication.



https://www.civilenghub.com/ASCE/168432185/Building-on-Sinkholes-Design-and-Construction-of-Foundations-in-Karst-Terrain?src=spdf

PREFACE

This book reflects a half century of geotechnical engineering. A signifi-
cant part of that time was involved with investigating damage caused by
sinkholes to buildings, roads, dams, and other structures. This evolved into
developing the most effective ways to prevent sinkhole problems during
planning, designing, and constructing new projects in areas prone to sink-
hole development.

The book summarizes my observations and research into the mecha-
nisms of sinkhole formation and the natural and human forces that drive the
mechanisms. Fifty years ago there were many misconceptions of the nature
of sinkholes. This has changed. There are new and better ways to explore site
conditions. Extensive and deep construction excavations have made it pos-
sible to examine the rock-soil interface directly. New data have helped to
clarify the relation between groundwater changes, rock solution, and soil
erosion. This has made it possible to correct most failures that have occurred
and to avoid or minimize future sinkhole collapses that impact on human
activity. The text reflects this progress. It describes, in some detail, for the
non-geologists as well the non-engineers, the mechanisms of sinkhole devel-
opment and their impact on humans. However, geologists can learn from the
engineering observations based on construction experience and the engi-
neers can learn form the geologists and hydrologists. The text includes site
exploration, familiar to both engineers and geologists, but its emphasis on
the particular techniques that are most useful in areas underlain by solutioned
rock should be helpful to both. It also points out the similarities of sinkholes
over solutioned limestone and those over openings in other rock formations,
such as lava and even over sewers and mines. A third part of the text deals
with design and construction measures appropriate for building structures in
areas where sinkhole activity is liable to develop. It also describes where
some measures that are sometimes employed not likely to succeed. The text
does not include water-retaining structures. Although the present work
reflects the author’s experience with dam design, construction, and
remediation work, material on that specialty would nearly double the size
of the present work; therefore the preparation and design for dam founda-
tions are not discussed.

Many people have contributed to this work by their insights when
working with the author in solving foundation problems and failures. Others
have reviewed drafts of this text and made many helpful suggestions. Most
are or have been co-workers with Law Engineering and Law Environmental
Services, particularly, Randy Knott, Clay Sams, Luther Boudra, and David
Wheeless, who reviewed earlier versions of the text; their comments and
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suggestions improved it greatly. Dr. Janet Sowers Horn, the author’s daugh-
ter, a consulting geologist and an expert in cave geology, made many helpful
suggestions as well as provided insight into the geometry of the underside of
sinkholes. Frances Sowers, a retired hydrologist with TVA and The U.S.
Corps of Engineers, the author’s wife, has shared the field examination of
sinkholes and sinkhole damage with me for the past 53 years. She contrib-
uted her critique of the written text, improving the logic and the flow of the
wording, as she has with my previous works. Finally, Robert Alexander,
draftsman with Law Environmental Services turned sketches into finished
drawings, and secretaries Betsy Reed, Peggy Farley, and Chris Shattuck
helped smooth rough drafts into the completed manuscript. The author
thanks all for their help in making this book a reality.

The two technical reviewers, Dr. Dan Brown Professor of the Depart-
ment of Civil Engineering, Auburn University, and Dr. Allen Hathaway,
Professor of Geological Engineering, The University of Missouri at Rolla,
made significant contributions to the scope of the text and the flow of the
words. The subject is so broad and at the same time technically so complex
that some compromises were necessary to challenge the diverse persons that
are involved with sink hole problems. it is my hope that the book will be a
catalyst to bring this diverse expertise together to solve the problems instead
of debating endlessly who is responsible and who should pay (although
those problems also require answers).
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CHAPTER 1

INTRODUCTION

1.1 HOUSE IN A SINKHOLE

After 2 years of unusually dry weather, a family was enjoying the sound
of the latest of several intense thunderstorms at supper time. Their one-story
house had been built in a new subdivision approximately 5 years previously
on former farmland, just north of the town of Bartow, Florida. Bartow is in
the central part of the state, approximately 35 mi (60 km) east of Tampa, in
a part of a broad low ridge that forms the backbone of the Florida peninsula.

Suddenly, the house shuddered. The family members ran out the front
door to find a 20-ft (6-m) diameter hole near one corner of the house. The
hole enlarged during the night, but the house, although bent, remained
intact. During the next day, the city dumped several truckloads of sand from
a nearby pit into the hole, filling it to the original ground surface and
temporarily stopping the subsidence. Subsidence continued erratically for
several days, followed by refilling in an attempt to maintain the ground
surface level. This only retarded the house settlement.

After several days of subsidence and filling, a second sudden dropout
occurred accompanied by the loss of one end of the house in an open hole
(Fig. 1.1). By this time the family’s possessions had been removed and the
family was housed elsewhere.

The uppermost soil in the subdivision consists of poorly consolidated
silty sands and slightly clayey silty sands, 30 to 40 ft (9 to 12 m) thick,
underlain by an irregular layer of highly plastic clay and clayey sand
containing calcium phosphate nodules from 1 to 10 mm in diameter. Still
deeper is a porous limestone with irregularly spaced, steep solution-enlarged
fissures. During the dry years proceeding the failure, the local groundwater
table had been further depressed by wells supplying domestic water to the
city. In addition, large volumes of water had been utilized for processing the

phosphate pebbles obtained by strip mining of the phosphate-bearing clay
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