TECHNICAL REPORT STANDARD TITLE PAGE

- 1. “‘Report No.

 FHWA/TX-81/09+211-3F

2. Government Accession No.

3. Recipient’'s Catalog No.

4. Title and Subtitle

Field Tests and New Design Procedure for
Laterally LoadedﬂDril]ed Shafts in Clay

5. Report Date

January 1981

6. Performing Organization Code

7. Author's) )

Mark W. Bierschwale, Harry M CoyTe, and
Richard E. Bartoskewitz _

8. Performing Orgonization Report No.

Research Report 211-3F

9. Performing Organization Name and Address
Texas Transportation Institute
The Texas A&M University System
College Station, Texas 77843

10. Work Unit No.

11. Contract or Grant No.

Study No. 2-5-77-211

12. Sponsoring Agency Name ond Address .

State Department of Highways and Public

Transportation; Transportation Planning Division

P. 0. Box 5051
Austin, Texas 78763

13. Type of Report ond Period Covered

5 1_September, 1976
Final-y qust, 1980

14. Sponsoring Agency Code

| 15. Supplémentory Nétes

Research performed in cooperation with DOT, FHWA. :
Study Title: Design of Drilled Shafts to Support Precast Panel Retaining Walls

16. Abstract
Lateral load tests were conducted on three drilled shafts in predominantly CH
soil. Shaft sizes varied from 30 in. (760 mm) to 36 in. (910 mm) in diameter and
15 ft. (4.6 m) to 20 ft. (6.1 m) in length. Loads were applied incrementally at a
point 2.6 ft (790 mm) above the ground surface. Duration of the tests was 57, 24
~and 205 days. Measurements of lateral earth pressure at various points along the
length of the shaft, displacement near the ground surface, and rotation in the plane
- of ‘Toading were obtained for each increment of load. Additional data on five shafts

tested under similar conditions were obtained from the literature. : : :
Based upon an analysis of the test data, the ultimate lateral load capacity of a

rigid shaft was defined as the load required to produce a shaft rotation of 2

degrees. This definition was used to obtain an empirical correlation of rotation

with lateral load. A correlation of the coefficient of ultimate resistance at the

groundline, Ny, with soil shear strength was also made. A design procedure

~ utilizing the two correlations was developed. ' i

~ Several analytical methods described in the literature were used to calculate

The results were compared with computed

capacities obtained by use of the design procedure developed for this research

the capacity of the eight test shafts.

study.

17. Key Words
Design procedure, drilled shafts, field

tests, lateral load, pressure cells,
ultimate resistance.

18, Distribution Stotement
No Restrictions. This document is
available to the public through the
National Technical Information Service,
Springfield, Virginia 22161

19. Security Clossif. (of this report)

Unclassified

20. Security Classil. (of this page)

Unclassified - 129

21. No. of Pages 22. Price

Form DOT F 1700.7 je-s9)







- Technical Reports Conter
Texas Transpona;ion- Institute

'FIELD TESTS AND NEW DESIGN PROCEDURE FOR
LATERALLY LOADED DRILLED SHAFTS IN CLAY

- by

Mark W. Bierschwale
Research Assistant

Harry M. Coyle
Research Engineer

and

Richard E. Bartoskewitz
Engineering Research Associate

Research Report No. 211-3F

Design of Drilled Shafts to Support Precast Panel Retaining Walls
Research Study Number 2-5-77-211

. Sponsored by
State Department of Highways and Public Transportat1on
in Cooperation with the
U.S. Department of Transportation
Federal Highway Administration

January 1981

TEXAS TRANSPORTATION INSTITUTE
Texas ASM University
College Station, Texas







Disc]aimer

The contents of this report reflect the views of the authors who
are responsible for the facts and accuracy of the data presented herein.
The contents do not necessarily reflect the views or policies of the
Federal Highway Administration. This report does not constitute a
standard spec1f1cat1on or regulation. : .

There was no- 1nvent1on or d1scovery conceived or f1rst actually
reduced to practice in the course of or under this contract, 1nc1ud1ng
any art, method, process, machine, manufacture, design or composition of
~ mdtter, or any newenuiusefu] improvement thereof or any variety of
plant which is or may be patentable under the patent laws of the United
States of America or any fore1gn counthy




ABSTRACT

Lateral load tests were conducted on three drilled shafts 1n pre-
dominantly CH soil. Shaft sizes. var1ed from :30-in. (760 mm) to 36 1n.
(910 mm) in d1ameter and 15 £t (4 6 m) to 20 ft (6 1 'm) in length Loads
were applied incrementally at a point 2.6 ft (790 mm)babovérthé ground |
surface. Duration of the tests was 57, 24 and 205 days. Measureents
of lateral earth pressﬁﬁe at various boints a]ohg the length of the
shaft, displacement n'eaf the ground surface, and rotation in the plane
“of loading were obtained for each incrémEht of load. Additional data
on five shafts tested under similar conditions were obtained from the
literature.

Based upon an éhalysis 6f the test data, the u]timate'lateraj load
capacity of a rigid shaft was defired as the load required to produce a
shaft rotation of 2 degrees. This definition was uséd to obtain an
empirical correlation of rotation with lateéral load. A ;orreTatien of
the coefficient of ultimate resistance at the ground1ine,'Np, Wfth.5011- 
shear strength was also made. A design procedure utilizing the two
correlations was déVéTopéd- , | B
' Several ana]yt1ca1 methods described in the literature were used to
caleulate the capacity of the eight test shafts The results were
compared with computed capacities obtained by use of the design proce-

dure developed for this research study.

KEY WORDS: Desigh Procedure, Drilled Shafts, Field Tests, Lateral Load
Pressure Cells, Ultimate Resistance.




SUMMARY

This report pnesents the results obtained during the fourth year of
a four year stndy on drilled shafts that are oSed to eupportAprecast panel
retaining walls. A summary of data from thentwo'previOUS tests conducted .
for this study is included. The objective of the study was to develop
criteria for the design of foundations for thiéipurpose}, '

A drilled shaft sustaining a lateral load may behave as either a
flexible or rigio.foundation member. During the first year it was
determined that many drilled shafts that are used in'this manner can be
designed or ana]yzed as rigid structural memoere. _The first pant,of
this report discusses the characteristics and behavior for both flexibie

and rioid shafts in'addition to briefly summarizing research which has

~been undertaken in recent years relating to the design of rigid shafts.

During the final year of this study, a lateral load test was con-

ducted on a 2.5 ftodiameter‘oy 15 ft deep instrumented drilled shaft

" founded in a o1ay soi]._'During this test, -long-term or sustained lateral

loads were applied to the test shaft. . The ourpose of this phase of the
study was: to determine if.the application of Tong-term Sustained Toads
wdu]d'resolt in excessive time-dependent deformations.r For edch incre-
ment of -the applied 1atera1_1oad the shaft-rofation,‘soi] resistance,
and laterai deflection were measured.

Using the resuTts:Of the three field load tests conducted during
this study and five Tload tests reported in the literature, the ultimate
capacity for rigid shafts was defined as ther1oad,which'corresponds to
a shaft rotation of 2 degrees. .Based upon fhis definition, an empirical
correTation was derived relating lateral load to rotation. This corre-
lation enabiee’ﬁhe engineer to oredict'a Toad-rotation curve for a

iv




Apartlcular s1ze ‘shaft up to a rotation of 2 degrees A1s6 ‘using the
results of the e]ght 1oad tests, various ana]yt1ca1 methods were
emp]qyed to compute the capac1ty of the shafts, Cempar1sons were made
between measured f1e1d 1atera] capacities at 2 degrees of rotat1on with
those predicted by the ana]yt1ca1 methads Based upon these compar1sons
and a correlation deve]oped relating soil shear strength to the ultimate
resistance ceeffic1ent, Np, at the groundline, a regommended de51gn
pro¢edure for rigidh1aterel1y loaded drf]ledéshafts was‘formulated.

Use of ¢he'recommendedudesign procedure resu1ts'in excellent :
' agreement between measured and pred1cted u1t1mate ]atera] capac1ties,
and pred1cted and measured rotat1ons between 0 and 2 degrees. In

add1t1on the procedure a]]ows the eng1neer to des1gn a shaft such that

the amount of rotation may be ]1m1ted to a spec1f1ed amuunt




~ IMPLEMENTATION STATEMENT"

A recommended procedure hés been developed for the design of rigid
]ateraliy loaded drilled shafts founded in‘c]ay and used to Support pbe—

cast panel retaining walls. However, the procedure can be employed for

other highway industry‘related applications. This proceduréhwas deve]opéd

from the results of eight field load tests conducted on shafts similar to

those that would be used in practice. Based upon these Toad test

results, the ultimate capécity of a drilled shaft was dgfined as the
lateral 1oad'corresponding to a shaft rotation of 2'degkees. Using this

definitioh, an,impirita] correlation was deriyéd relating ultimate load to

. shaft rotation.. An important feature in the design of retaihing wal]s,i

as well as other structures, is the allowable amount of rotation. Recog-

nizing this fact, it appears that driT]ed'shafts:for this purpose may be'

| realistically designed on the basis of a limiting value of‘rotation ih

conjunction with a required lateral load. The désign procedure presented
herein enables the engineer to design'the shaft such-that the amount of
rotétidn.may be limited to a specified amount. It is recommended that

this.design procedure be ‘implemented by the sponsoring agencies.

g
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INTRODUCTION -

Drilled Shaft Characteristics

Drilled shafts éré cylindrical foundation elements designed for
 the purposé of transferring loads to'a'depth'in the soil where adequate
Joad transfer can be obtained. In recent:yeafs, the use of drilled
shafts for supporting both axié1'and lateral loads has -increased in
foﬁndationsfbr bdi]dings, retaining Walls, ahd numerous other applica-
tions in a variety'of‘soilrconditions.‘ The drilled shaft may also be
térmed'a,dri11ed”pier, a caisson, a bored-pi]e; or a cast-in-p]aée
- piles | |

A drilled shaft obtains its axial bearing capacity from a combfna—
tion of frictional resistance on the sjde'of the shaft‘and end bearing
resistance. The ratio of frictional to end bearing resistance is
‘governed by soil conditions at thé site and the drilled shaft
| geometry. The bottom of thé shaft.may bé_éh1arged or Undefreamed,
either to increase the‘bottom beariﬁg area or to resist:up]ift.
| Dri]]ed‘éhafts are analyzed for axial cabacity'with the'static
equétipns Which'érefused for driven piles. However, the effects of
such factorsbas piacement of fresh concrete and stress relief due to
excavation can signifiéant]y;ihf1uence the pfoperties of the soil in
the vicinity of the shaft. Fortunately, research haé been conducted

and design methods developed which take into account the various o

Numbers - in parénthesés refer to the references in Appendix I.



supporting seil. The dvilled

uncertainties inveﬂ Ved (29)

The lateral résistaﬁce of dri11éd shafts is. QQVerned by severa1

factors; one of the mast 1mportaﬁt beiﬁg the ratio of stﬁuctura? stiff—

ress to soil stiffness. The relative stiffness of the sai} with
réspect to the foundation é1ement'ééﬁtﬁﬁ1s the mode of failure and

the manner in whieh the shaft will behave'under an applied lateral -
Toad. Aﬁpiiéﬂ_iaﬁé%ai 1oads are resisted by the lateral earth préségre
developed in thé supﬁéﬁting saii'a1@ﬁg the length of the shaft. By

" using a driiled shaft foundation, the design engineer can take 7
advantage of the lateral soil resistance and make more efficient use
of the soil in the-foundatioﬁ désigh a8 cormpared with other types of

~ foundations.

The design ﬁrﬁﬁésév?@f drilled shafts has three ﬁntggréi parts.
The first paﬁi ﬁﬁﬁ@i@é& conducting an adequate subsurface exploration -
progiam in order to establish the technical and economic feasibility
of using drilled sha?%g_aﬁﬂ the tﬁa?é@i@ristics of the supporting
soil. The second 5@?%.iﬁV%3VéS selecting the %33@wa%ﬁé-W@rkﬁng 1oad
to be used in design, the size and type of drilted shaft, and the
methods to be used in construction and installation. Finally, the
design or t@hs%?ﬁ@t%@ﬁ procedure is modified and ?@vis%ﬁ3rﬁ$.ﬂ%téssa¥y, |

according to the actual conditions encountered during the installation

process.

Piles and dvilled sha?ts serve essent1a11y ‘thie saime ?E%cti@nb the
on]y maJor dﬁ?f*‘é’r’e!hce beiny the ‘méft’h@é of installation. Piles are 7

usually mstaﬂed by driving the structural member aﬂa é1sp1ac‘mg the

d shaft, on the other hand, is constructed




by drilling a cy]ihdrica] hole, or a'cyTiﬁdrich‘énd underreamed hole,
into.the soil and subsequently filling the hole with concrete and the
necessary reinforcihg-étee].

~ Compared to a spread footing, the drilled shaft usually Fequires 
less concrete and more'reinfofcing steel. A1so, the drilled shéft
requires no formwork and the reinforcing'steel can be pre-fabricated.
Thus, the drilled shaft is usually more economical due to reduced labor
requirements. - | |

“Major ecohbmfc advantages were gained during the late 1940's with
the development of truck-mounted and crane-mounted drilling and
excavating rigs. Mechanical rigs are capable of drilling shafts_ﬁo
Hepthsgreater thén 100 ft (30.5 m) and up to 12 ft (3.66 m) in
diameter, with enlarged bases or underréamed bells up to 25 ft (7.63 m)
in diameter (40). As this new mechanical équipment‘became avai]ab]e,
drilled shafts became attractive in many areas whére they‘were not
previously considered.

The fe]atiVe merits of drilled shafts in comparison with other
types of foundations depend not only on economics but a]so.bn several
technical factbrs; In situations where it is not clearly evident
whichvtype:of foundation is more desirab]e,'the advantages and dis-
advantages of,eéch type of founddtibn should be cafefu]]y considefed.»

Some of the édvanﬁages of drilled shafts for a foundation are
(31): | | o

1. Drilled shafts can be successfully constructed in soils where

it might be difficult to install other types of foundations. -

2. Soil movements during construction due to heave or vibration




are m1n1m1zed, o
Se011 expesed QMPIHQ the ;gnstrgct1@n operation and inspection
€an reveal whether or not the seil is consistent w1th tha;
ﬁnedlszed by the subsgrfaca 3n¥eSt1gat1@n.

the é@ﬂ§§$9§§195 aperation so that ¥§F1§tlgﬂ§ 1n>§gb§urf@§§
conditions can he accommodated,

Drilled shafts ean be built rapidly as cempaved to some ether
types of foundations.

. Construetien materials are readily available and construetion

equipment is generally gygi!éble in all §§r§§ of the United
States. - |

P11e caps can be eliminated on many jobs, Teading to SQ¥1ﬂQS _
in cgﬁt

CﬁﬂSEFUCtIQn nala@ is tolerable as campéred to ather types

of construction,

Some of the disadvantages of drilled shafts for a foundatien are:
1.

An excellent subsurface investigation must be earried out in
erder that designs are made properly and in order that the
appropriate construction procedure is selested.

Brilled §hﬁ€§§ af goed quality are critically dependent en
the constryction techn1ques that are gmplgyeq '

The appropriate ipspection of the censtruction requires @
canslgerab1a amaunt of knewledge and experience. It is

normally nat possible to investigate the completed shaft to

see whether or not a geod construction job has been obtained,




4, The shear strength of the supporting sqi] in general is
‘reduced by the construction operation.
5. Failures of a drilled shaft can be expensive because a single

shaft is usually designed to carry_a ]oad of_]arge'magnitude;

Behavior of Laterally Loaded Drilled Shafts

The prbb]em of a drilled sshaft subjected toviateral 16ading is
one in a class of problems concerned with the interaction of soils and
structural members.. The_u1timate lTateral résistahée of a driljed shaft
is governed by a combination ofrthe yield strength of the shaft

« A \' section and by the ultimate lateral resistance of the suppofting soils.
:.Consequent]y, the mode of failure depends on the shaft length, the
stiffness of the shaft section, and the 1oad‘def6rmation character-
“istics of the soil. 7 | A |
| The usual appfoach to the problem of é 1atera]1y‘1oaded shaft is
to categorize'the foundatidn member as either rigjd or flexible. How-
ever, a firm boundary does not exist.betweeh what constitutes a rigid
and a flexible drilled shaft. T |

Pioneering work by Matlock and Reese (23) on laterally loaded

pﬂeé has indicated thé,t the definition of rigidity is related to the

" ratio of the flexural stiffness of the pi]e,_EI, and the fodndation

v 5611'modu]us, br'coefffcient of lateral subgrade reaction, k. Several
other methods of determining how the shaft will behave have been
proposed by Broms (2), Vésic (38),-Davisson and 6111'(6), and Lytton
(21). These méthods utilize a stiffness ratio in order to determiné

the relative stiffness of the shaft with respect;ﬂathesoi1. Kaschetal.




(206) Eﬁfﬁiﬁié?‘éﬁ the ’f"’é§u1§§ obtained by the different methods and found
thé Various iethods yielded s1mﬂar déterﬁnnati@ns. Kasch also
détermined values for the ratm of depth to d1ameter‘ DiB based on a

wide range of 3611 stifﬁ\ess ‘whieh would classify the shaft as rigid

or ﬂ‘es(iblez Kasch cgm?uaed that ih @rder‘ to insure rigid behavwr,

the B/B8 ratie should mt ‘exceed ab@ut 6. . However, under cer*i;a‘in

condaheﬁs a ?’eﬁhéati@iﬁ ¢an have a D/B ratio as h1gh as HQ ahd still

béhave in a rigid ﬁaahh*eh Thas *excé;atii}ﬁ oteurs wheﬁ dﬁﬂed shaf‘t

is founded in a relatively weak soil. Kasch also found that ‘t@ﬁ‘nswe
| flexible behavier, the D/B should be in excess of 20.

In Flexible or long shafts, failure is usually stmctwm s
occuwmg when a plastic hinge forms at the point of waximum ‘béndmg

iioietit. The solutivh to the problem usually requires the use of 7

iterative techhiques because the soil vesponse s a monlinear function

of the @flection of the shaft. OF most practical interest to the
ehgieet Ts @ knowledge of the deflection and bending moment. The
bending Hoiieht ' Wé’?q*&wé@ ih the sizing of the ‘?Fat*la@?h, and the
deflection is Tmportant with *r‘ég:a?fd o the S’eif‘mic%a:}b“‘l Tity of ’?the
supported stricituve. “’rh*é Family of curves fsh@wn im Fig. fl(a) indicates

the Fori of a e"bm;ﬂe% ise*l%a‘tf@h to the problem, ih addition to
ilTustrating Flexiblie behavior of a drilied shaft.

Equiattion (1) s %he governing diferential equation for the

probTem of Vaterally Toaded deep foundations; §t s well known and has
‘been -ahat yzed fby @ Highiber of Futhors (9, 10, 13, 23, 30, 38):
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where; P, = axial 1ead;'y = deflection; x = depth 5@19w Qféundiiﬁé*"aﬁd :

%
p = soil ?éééiiéni The def]ect1en; s]ope; momehtg shear, and soil
‘reaction at any point of the foundat1on is obta1neé from the se]ut10n of
Equatwon (1). - The solution ¢an be readily obtained if an expréssian for
the soil modulus, E,, can be found (22, 24, 27, 28, 36). The soil
modulus may be éstifiated best by a family of curves that show the s0il
reaction, p, as a function of deflection, y, as 1‘11u§,ﬁrated in Fig. 2.

A computer solution of Eq. (1) is avaiiabié‘w%th appropriate documenta-
tion from the Computing Center; University o?ACoT@faab Boulder,
coiorado Thée program 15 entitied, "Aralysis of Laterally Loaded Piles
by Computer," afid the Code naie is COM622 (30)

Failure in rigid or short shafts takes place when the lateral earth
" pressure resulting from lateral loading excéeds the lateral res1stance
of the support1ng soil along the fu11 length of the member. The shaft
~ rotates as a unit around a point located at some distance below the
ground surfaeé; Aésuming rigid body motion, fhé rotation of theVShaft
and the displacement at the groundline define the p951t1on of the shaft
>F1g 1(b) 111ustrates the behavior of a rigid dr111ed shaft As 1nd1ca—
ted, the lsad- defTéct1on characteristics of a rigid shaft are qu1te |
d1fferént frem those of a flex1b]e shaft. The r1g1d shaft is assumed to
shaft as a rlg1d_body about some point on the axis of the shaft.

It should be pointed out thét absolute rigidity does not exist éhd
bending stresses are always associated with defleéctions of the shaft.
However, the effect of such deflections on the soil pressuré decreases
as the rigidity of the shaft increases (4). For the rigid shaft the
resulting deflections are not significant enough fo introduce error in

8
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- FIG, 2 — Set of p-y Curves (After Reese ~1977)
p=Soil Reaction,x= Depth Below Groundline,
"y= Lateral Deflection
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the analysis aﬁd can be neglected.

From ihe kesu1ts 6f7a¢tua1‘10ad-def1ectibn testéa(14, 19, 20, 34) |
and sever31 ana1ytica1 épproéches (4, 12), it was observed that the
pdint of rotation does not remain at a constant distance below the
-ground surface bdt shifts»to Tower depths with incfeasing lateral load.
Dunlap and Ivey (19) observed that when the strength. of the s0il
decreases with increasing depth, the point of rotation shifts upward
towards the ground surface. However, in most cases_thé'kotatioh point
s approximate1y tonthirds of the depth doWn frcm.the top of the |
- shaft. | | |
 There are a number of methodé which are available for predicting

- lateral load behavior of rigid drilled shafts. In these methods

®

several arbitrary assumptions are made, the most notable being that th
poﬁﬂt of rotation is constant and occurs at a depth of two-thirds the
embedment depth. A compariéon of the various methods is beyond the
scope of this report. Detailed desériptions of thé'vaficus»methods
can be found in references 2, 11, 16, 17, and 33.

Bhushan, Haley, and Fang (1) have advocated the use of a finite-
difference meﬁhod based on elastic theory, for thé solution of lateral
load behavior of rigid shafts. The results of this study indicated
that, for\def?ections up to 0.5 in. (12.7 mm) the finite-difference
approach broduced good agreement. However, for large deflections, the
prediction of actual behavior became progressively worse. Mat1ock'and
- Reese (23) have reported that piles which tend to behave as rigid
members cause the difference equation method used in the elastic-

theory solution to become inaccurate and unstable because of the very
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small successive differences which are involved.

Background and Objectives

Rigid drilled shafts are being used eXtenSive]y in many types of
foundations which must support lateral loads. However,,little is
known about the actual performance of*these foundation elements dnder
Tateral Toading. The existing methods for the design of ]aterale
1oaded'dri11ed shafts generaily appear to be overly conservative The
absence of . reported failures tend to ver1fy th1s s1tuat1on Hence,
an evaluation of the field performance of r1g1d drilied shafts
subjected to.latera1 loads is needed to ascerta1n the actual foundation
behavior and to develop new design procedures.

In recent years the Texas State Departmentoof Highways and,Public
Transportation (SDHPT) has developed a new concept in‘earth'retainingj'
,'wail design which otilizeé drilled shaffs. _Thie new type of retaining
wall conaists of precast concrete panels positioned between T-shaped
pilasters which are founded on drilled shafts as shown in Fig. 3.
Active earth pressures acting on the precasc panel wall due to backfill o
are transmﬁtted to the drilled shaft'through the piTasters. Conse-
‘ouent1y, both'passive and active pressdres-may.be developed in'tne
foundation soil contacting the drilled shaft. At the present time, the
- magnitude and distribution of these pressures are not;we]l known and
| understood, and as a result, it is probab]e that shafts supporting
precast panel reta1n1ng wa]]s have been overdes1gned

In 1975 Wright, Coyle, Bartoskew1tz, and Milberger (41) conducted

a study investigating the performance of precast panel retaining walls.

1
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As a part of this research study a drilled shaft supporting a bfecast
panel wall was instrumented with pressure cells in order to detefmine
the practicability of fnsta]]ing cells and measuring 1atera] eafth
pressures.‘VTheee‘researchers concluded that theAuse of pressure cells
provided a reasonéb]e mefhod for measuring latefal earth pressure and’
recommended that this method be used in future research. In 1978
Ismae] and Klym (15)7c9nducted a number of tests on rigid»dri]]ed
shafts, one of which was a cylindrical pier instrumented with pressure
cells. A total of five pressure cells were placed in front of and in
the back of the cy11ndr1ca] shaft in order to obtain a comp]ete
~picture of the pressure distribution along the fq11 depth of the
shaft. The use of the pressure cells proved successfu]vand a diagram
of the pressure distriﬁution with depth was‘reperted. Ismael ande]ym
.also analyzed various'methods for predicting the behavior of rigid
shafts and discovered that certa]n des1gn methods y1e1ded conservative
resu]ts. Furthermore, . 1t was concluded that additional test1ng was
needed in order to deve]op an 1mproved design method for r1g1d shafts-
~ in cohesive soils. o

Reese and We1chvconducted two independent studies, one in 1972
(39) and another in 1975 (31). Both studies included the investiga-
tien of'the'beha91or of drilled shafts.fodnded in clay and subjected
to short-term StatiC'lateral loads. Tﬁe test shafterwere‘instrumented
with strain gages ih order to measure the bending moment.a]ong}the |
length of thelsheft developed by the applied Tatera] Toads.. fhe soil
reaction was then determined mathematically by ddub]e'differentiating

the bending moments. In 1979 Bhushan, Haley, and Fong (1):presented
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the results of fu11 sca]e 1atera1 1oad tests on 12 dr111ed shafts 1n
~clay. The tests 1nc]uded both ‘belled and cy11ndr1ca] shafts During
these tests on]y the 1atera1 load and the def]ect1on of the shafts

were recorded No effort was made in any of these stud1es to directly
Ameasure the 5011 reaction so that the d1str1but1on Qf the 5011 pressure
could be détermined' | | -

In 1967 a five-year study was begun at Texas A&M Un1vers1ty to
develop a usab]e design procedure for drilled shaft footings for
minor service structures, The study was initiated because - of the
belief among some SDHPT eng1neers ‘that the existing des1gn methods for
drilled shafts were very: conservat1ve. In 1970, as a part of this .
research study, Dunlap and Ivey (19) correlated full-scale, short-term
f1e1d performance tests with a theory deve]oped earlier by Ivey (17)

_A design procedure was developed which allowed the se]ect1on of a
part1cu]ar size shaft as a function of the loads_act1ng on the shaft
~and the characteristics of the soil, Soil reaction measurements were
not made durfng'this study. A later study condusted by Dun1ap,‘Ivey,
and Smith (8) investigated the long-term, sustained loading of drilled |
_ shaft footings. Only a limited amount of test-data‘was‘ébtained for
Tong-term loading. However, the study resulted in cchsidefab]e
vimprovement in the existing design methodstused for minor service
structures. | _ _

With the advent of the new precast pane1 concept in reta1n1ng wall
des1gn the SDHPT deve]oped an increased 1nterest in 1atera11y 1oaded
rigid shafts. The SDHPT recogn1zed that 1mprovements in design

procedures may result in savings in construction costs. With this
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goal in mind,'a four-year rééearch,étudy was initiated at Texas A&M
Univeréity._ The study began.in 1976 with the objective of developing
a new design procedure. for drilled shafts which support precast péne]A
retaining walls. Kasch, Coyle, Bartoskewitzland Sar?er (20) in 1977
and Ho116Wdy, Coyle, Bartoskewitz and Sarver (14) in 1978, reported
Vthe results of two short-term static tests conducted during this
research study. In each test, lateral loads weré applied énd 1
horizontal deflection, shaft rotation and lateral earth pressdrer
measurémehts werevrecordéd. The use of pressuré cells in acquiring
soil rea@tion measureménts was succesSfu]g In bofh theée reports
* preliminary design proceduresAfor rigid drilled shafts in clay were
proposed. However, one additional sustained 1atéra] Toad test Was
needed before the final design procedure cou]d be fdfmu]ated.

' Duking the fourth and final year of the research study the
- following objectives were established in order.to develop a new design
procedure for drilled shafts supporting precast panel retaining walls:

1. Continue to conduct a 1iterature review in order to include
-any current résearch which might be re]éted'to this §tudy,

2. Tést_one additional shaft by applying sdstained lateral loads
and recording resulting TatéraT earth pressurés and shaft
‘movements, |

3. Investigate existing theories and proCedures'used for the
_design,of rigid laterally loaded cylindrical shafts in

| clay, and | |

4,v Correlate available fest data with eXisting theokies and
procedures, and deve]dp a new design procedure for drilled
shafts supporting precast panel retaining Wa]]s.
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FIELD LOAD TESTS

The predfgtion of the behavior of.]éterally_Toaded‘shafts_invo1ves
the determination of the shéft—soi] interaction. One approach to the
determination of the-éhaft-soi] interaction is to conduct field load
tests on full-scale instrumented drilled shafts ahdrdiréctTy measuré
the system interaétion:during testing. Fie}d 1qad tests were conducted
~ during this Study'andrthe test site wasllocatEd at the southwest end of
: thé‘northwest-soﬁthwest runway on the Téxas’A&M University Research

and Extension Center.

Soil Conditions

The dri]]edvshaft which'was tested during the fourth and final
year of thevresedrch study was fested in ihe same clay soil and at the
same test site used by Kasch (20) and Holloway (14) in previous studies.
Soil conditions were investigated separately for each load test,dué
to changes 1in c]imatic-conditions which produced s]ight variations in
the soil shear strength. | |

Three initial soil borings and one.Tean'Cone-Penetrometer (TCce)
tegt were cénducted'by Ka§ch (20). The soil borfngs were drilled on
Jaﬁuary 7, 1977, March 15, 1977, and July 26, 1977. Undisturbed soil
" $amp1es Were'taken with a 1.5 in (38.1 mm) thin-wall tube sampler.
Results of the-soil testing are logged in Figs. 4 through 6, designa-
ted B-S1, B-S2, and B-S3, respectively. A shear strength profile
using the TCP teét was a]so'deve1oped and is shown in Fig. 7. The
N-values (blow counts) obtained from the TCP test were converted into

‘undrained cohesive shear strength using a correlation developed by
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Duderstadt et al. a( 7). Kasch reported the average undra1ned shear
strength to be 1.30 tsf (124 kN/m2) |

During the second,year of the research study two additional soil
borings were made by Holloway (14) on January 6, 1978.  These borings,
- designated as 5754 and B-S5, are shown in Figs. 8 and 9 respectively.
 Holloway reported the average undrained shear strength to be 1.40 tsf |
(134 k/n). | | |

On Ju]y 1, 1980,during the fourth and final year of the research,
one additional boring Was‘made which Was-designated B-S6 and is shown
in Fig. 10. Due to the abnorma] amounts of ra1nfa11 before and dur1ng
the load test, the average undrained soil shear strength was reduced
to 1.14 tsf (109 kN/mz). A11 of the soil borings, B-S1 through B-S6,
seem to indicate that the soil shear strengths at the test site are
fa1r1y un1form and cons1st of stiff clays with med1um plasticity
ranges. The bor1ng locat1ons with respect to test shaft 1ocat1ons
for all tests are shown in Fig. 11. |

~ Upon completion of boring B-S3 in July 1977, a standpipe was

installed for ground water observations A perforated PVC p1pe,
- covered with screen wire, was placed in the borehole and surrounded
with clean gravel. Kasch, in August, 1977, reported the water Tevel
to be at a depth of 15 ft (4.57 m) below the ground surface, while
-Holloway, in 1978, reported the water level to be located at a depth
of 18.8 ft (5.73 m).

Loading System

The loading and reaction system used in performing the final field
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load test on the instrumented dr111ed shaft is shown in Fig. 12. The
react1on pad foundat1on consisted of two 3 ft (0.92 m) d1ameter x 20 ft."
(6.1 m) deep drilled shafts which were connected-by a4 ft(1.22 m)
wide X 3.5 ft (1.07 m) deep reinforced concrete tie beam. The lateral
load was ‘applied to the test shaft by a w1nch and pu]]ey system fThe
winch used was a single drum, 20 ton (178 kN) capacity Garwood cable
winch driveh'by a gasoline powered hydraulic unit. Av12:1 meChanicaT
advantage was achieved by using two six sheave 100 ten’(890 kN)‘
capacity pulley blocks. The céble used in'the'1oading system was a

3/4 in. (19.1 mm) 6 x 19 standard hoisting wihe rope.

'Bo1ted on the top of the drilled shaft was a 12 WF 120 steel
column which was used as a link between the test shaft and the reaction
system; »The load applied to the shaft was measured by a strain-gaged
- load ceT]:positioned between the pulley block and the steel column at
a he1ght of 2.6 ft (0.79 m) above the groundline. |

The reaction system used in this part1cu1ar study was a s]1ght1y
"mod1f1ed version of the one used prev1ous]y by Kasch ' (20) and Ho]]oway

(14). The modifications, in the 1oad1ng system were made in an attempt
to compensate for d1ff1cu1t1es exper1enced dur1ng the previous tests.
The.primary difficu]ty encountered in the test system used by Kasch
and Ho]]qway'was the Toad variation which occurred due to a relaxa-
“tion in the_cab]es'caused by temperature'f]uctuatiohs.' Hence, a
constant 1atera1>1oad‘had hot been maintained on thevshaft over an
“extended period of time.
In an attempt to alleviate this problem an A-frame was constructed

- at the edge‘of the reactioh'péd. The winch cable was placed over the
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frame and dead-ended to the reaction pad. A dead weight was
suspended from the free hanging cable incorporatiﬁg the concept thét
the dead weight system would take up any slack which developed due to

temperaturé related cable relaxation.
Test Shaft

The final drilled shaft tested was 2.5 ft (0.76m) in diameter by
15 ft (4.58 m) déep; The test shaft waé positioned on the center-Jine
of the reaction pad at a distance of 67 ftr(20,4' m) from the winch as
shown iﬁ Fig. 11. Excluding the pressure ce11[instrﬁmentafion process, -
the procedure used in constructing the test shaft Waé the same}aé |
would normally be used in the field. After comp1étion of pressufe
cell installation, the reinforcement'cage was Towéred into and
positioned in the excavated hole. Ready mik concrete was then p]acéd
~ and vibrated dfﬁect]yvinto the hole. |

The reinforcing cage used in the test shaft was constructed using
twoflayers of 10ngitudina1 reinforcing‘baréisurrounded by No, 3 smooth>
‘spiral reinfdr;ing. The spiral reinforcing Was spaced at a 2 in.
(50 mm) pitch for the top 6 ft (1.83 m) and at a 6 in. (152 mm)
piich for the remaining length of the shaft. The outer 1ongftﬁd1na1
bars consisted of eight No. 11 (grade 60) standard'reinforcing bars
spaced equally at a diémeter of 23-3/8 in. (59.3 cm). For the innef
layer of reinforcing, twelve 1-1/2 in. (38 mm) (14S grade 60)
threaded rods wereAused and Spaéed at é diameter of 19-1/2 in. |
(495 mm). The threaded reinforcing rods»were used to enable the 12

WF 120 steel co]umn to be fastened to the tdp of the test shaft. The
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: reinfcrcfng‘steel cOnfiguration is shown in Fig. 13.

SeveraT strength test. cy]1nders were cast during p]acement of
the concrete. The Qy11nders were cured both mo1st and dry to
determine the compress1ve strength of the concrete Based on a 28 day
test, the compress1ve strength of the dry cured cy11nders was 5200 ps i
(35 900 kN/mZ) the moist cured cylinders produced a 28 day o
compressive strength of 5300 psi (36,500 kN/mZ).'

Drilled Shaft Instrumentetion}

Pressure-ce]1s. - Of major 1mp0rtance in the research study was

the instrumentation ot the test shaft to measure'earth pressure
| response during Tateré] }oading. To accomb]ish this, the drilled
shaft Was instrdmented with.earth pressure cells. 'Previous research
(14, 20, 41) using earth pressure cells proved successful, and it was
decided tocontinue to use them in this study. A

The CQmplete earth pressure measuring system consiets nf'the -

Terra Tec preSSnre cell, the pressure ]inee, and the control and
readout unit. A échematic of the cell is shown in Fig. 14. In
principle,}measured air pressure from the control unit is applied
'through arcTosed loop system inside the bellows to be]ance the exter-
nal stress applied to the cell (3). Thus, by assuming that the
internal fluid pressure is equal to the app]ieaAexternal stress, the
pressure on the shaft is determined. A total of ten Terra Tec
pressure.cells were placed on the front and backrof the cy]indriCaT
shaft in order to obtain a complete picture of the pressure distribu-

tion along the length of the shaft. The decision on p]acement_of the
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cells was influenced somewhat by previous,work conduéted by Kasch (20)
and Holloway (14). In both of the previous studies no soil reaction
measurements were made near the ground}fne,_ Hence, for this phaSe of
~ the research study, a pressure cell was placed near the groundline in
an attempt td determine the magnitude of the sofl'reactfon near the -
'dround surface. Seven of the pressure'ce11s were placed on the front
side of the shaft in the direction of the applied load. Three cells
A-were b]aced on the back side. The eract location of the individua]
cells is shown in Fig. 15.

Each cell was checked for malfunctions and ealibrated in the
1abdratoryrbef0re instelTation in the test'shaft, ,The installation
took pTace’éfter excavation'and»before p1acement of the concrete.
Cavities were made in the wall of the excavated hole and the pressure'
cells were then placed into the cavities and held in place by steel
pins. The cav1t1es were made in such a manner that the pressure ce]]s
wou]d lie f]ush with the outer surface of the completed shaft.

Load cell. - A 200 kip (890 kN) capacity strain-gaged load cell

was used to measure the lateral Toad applied to the drilled shaft.

The. lateral load was measured in units of microétrains with a Budd 350

strain indicatdr and conVerted.to load using a predetermined conversion
constant. The conversion constant was determined during calibration of
‘.the 1béd cell prior to its installation. The accuracy of the Toad cell
and Budd 350 strain ihdicator system was determined during calibration
' to be approximately + 0.036 kips (0.16 RN).

Dial gages. - Lateral displacement of the drilled shaft at the

groundline was measured by two dial gages located on each side of the




Lateral Load

151t

T x=10.9 ft Joig#4

x=12.3 1t Jeo7

x =13.8 ft |909

Groundiine (1f1=0.3048m)
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steeT column center line. The dial gages were attached to a stee]~beam
that was remotely supported behind the shaft as shown in Fig. 16. The

accuracy of the dial gages was to the nearest j_0.001,1n; (0,03 mm) .

Rotationvinstrumentation. - The rotation of thé tést shaft was
measuredAby'méans'of a Hilger and Watts TB108-1 inclinometer and a
" plumb bob apparatus. The 12 WF 120 steel éo]umn bp]ted to the top of
- the shaft was used as a reference datum,for:both rotation measuring

devices. Using the inclinometer, rotational measurements-werefmade

by placing the inclinometer at five reference points along the flange
of the steel column. The inclinometer measures the angfe of tilt
'direttly with respect to the horizontal p]ane."Accuracy of the
1nc]fnometer measurements are approximately + 1 minute.

By suspending a pTumb bob a fixed distance from the top of the
steel co]umn,“an additional syétem forrmeasuring shaft rotation was
devised. Horizbnté1 measurements from the plumb-Tine to the,F1§e
reference points on thé flange of-the steel column allowed the
determination of the relative mbvément'of the points. Knowing the
geometry of the plumb bob system, the re]ativé movements weﬁe cbn-

verted to degrees of rotation.

Loading Procedure,r

A1l reported previous research work dealt with the behavior of
drilled shafts under short-term static loads. Kasch et al. (20) in
1977, and Ho]]oway et al; (14) in 1978, reported the résu]ts of tW6
short-term static tésts conducted during this‘reSearch study. Kasch

simulated the bdckfi]]ing process of a retaining wall and the
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’overbﬁrden pfessure imposed by the backfill bn thé retaining wall,
during a six-day beriod; 'Holloway also used a short-term loading A
procedure,':At higher loads, it was abparent durfng each of the-twov
tests thdt for any givén load the movement WasntohiihQTng for an
indefinite period of time. A plot ﬁ]]ustkating the timéedebendent
behayior for Holloway's test shaft is shown in Fig. 17. This t%me—
dependent deformation behavior of aAsoil mass under a sustained load
is usually referred to as soil creep.

In 1979 Bhushan, Haley, and Fong (1) pkeseﬁtéd the results of
fuT]—scalé Tatera] load tests on 12 drilled shafts_ih.stiffroyercongo]i-
dated clay. The loading rate épp]ied to the shafts'was short-term; |
however, the effect of soil Creeprwas observed. Although no,]ong-ferm,'
ioadédeflection measurements were hade, it was inferred thaf for loads
gehérai]y_]éss than one-half the ultimate load, deflections underA
sustained loading were not 1ike1y to exceed the def]ectibn uhder short;
term static loading by more than 20%. 'Untjl,the Bhushan study, actual
full-scale fieid testing to support the above assumption had not been
performéd_on drilled shafts.' In an earlier study’cohducted by Dunlap,
Ivey, énd Smith (8), Tong-term ‘loading effectsvwere’investigated on
drilled shaft footings which support minor sefviée struétures.

During the fina] test of»this,research effort; Tong-term ok
sustained lateral load$ were applied fo the test shaft. The purpose of
this phase of the study was to Qetefmine if the application of 1ong-'
term, sdstained lateral loads wod]d result in excessive time-dependent
deformations. . |

The loading of the final test shaft began on June 13, 1979 and
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confinuédvuntil-danuary'4, 1980. Initia]]y;’loads were applied by
hangihngeights from the suspended cable. This was dohe main1y to
I»'seau:“ the ]Qading éystem and to utilize the "dead-weight" system.
Thereafter, loads were applied in 2.5 kip (11.1 kN) dincrements by'the
>hydrau]1¢ winch. Each 1oad'increment was maintained until the shaft
movement had essentially ceased. The time usually required for shaft
movément to stop was approximately one week.v |

Unfortunately, thev"dead weight" system did not perform entirely
as had been expeéted. Daily temperature chahges caused the cables in
the Toading system to expand and contract, thus creating a small
cyclic effect fn the applied load. | |

When the shaft reachedAa rotation of approximately 1.5 degrees,
the loading procedure was altered. At that time it was decided to
load the shaft continudus]y until it was pu]Ted out of the supporting

soil.
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FINAL FIELD LOAD TEST RESULTS

The results of the final lateral load tesf conducted during the
period from June 1979 to January 1980 are presentéd,ih this section
along with the presentation and analysis of deflection, rotation and

5011 reaction characteristics of the test shaft.

‘Load-Deflection and Load-Rotation Characteristics

The measured values of Tateral ioad versus ground]fne def]ectioh
fof.both'the immediate and long-term 1oading conditions are shown in
Fig; 18. The immediate deflection values fdr each load increment
were obtained by taking the difference between the initial dial

reading before 1oad1ng and the reading taken approximately 30 minutes

after the load was appTied. The immediate curve was then constructed

by sdmmdtion of the 30 minute time interval readiﬁgé,for each applied
load jhcﬁemeht,vdisregarding deflections occurring after the 1hitia1
30,mfnu£e time span. The long-term def]éctibns were obtaihed in a
similar mannef, excebf that therfina]~d1a] feadingVWag taken when
éhéft mbvementvhad»essentially stopped. The Tong-term curve
illustrates the total amount of shaft~movement.  Measurements taken in
this mannerienab]ed the time-dependent behavior of the soil to be
observed to some degree. However, it should be,pofnted out that the
immediate curve does ndt accurately represent a tfue~shoft—term 1oad;
 1ng curve which would be obtained if such aIShort-term'1dad test were
' conduéted. The 1hmediate curve as extrapolated from the long-term

load test data indicates smaller deflections for a given load then
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wodid be'obtaihed'fn a short-term load test. Néverthe]gsé,-the test
daté'i11uétrate that some amount of timeQdependent deformation was
present. For comparison‘purpdses the total and immediate,def]ections
fbf each>1oad applicatfon afe~tabu1ated in Table 1. |

 Bhushan et al. (1) indicated from field 1oad'tésts_performed on
]2>p1ers that additional deflection under constant 1oad,_except_for
loads near failure, ihcreased on the order of 10% with a‘range of 0
to 20%. However, it should be pointed‘out that ;hese,load tests were
conducted in very stiff clays 2.38 tsfr; 2.75 tsf (228 kN/m2 -
263 kN/mz). In relatively soft_soi]s.theAtime-dependent response
}ch]d be much mdreAdetrimentai. Dunlap and Ivey (8),réported per-
centage_reductidns on the order of 33% to 50%'1ong—tefm loads based on
differeht soil conditions. However,'these percentages were based on
a 1imitéd amount of data aﬁd the va]des récomhended'afe believed to
be highly conservative. | :

| The load-rotation curve'for the final test shaft is shown in
Fig: 19. Values of rdtation were.récordéd in'the samé'hannef as the
lTong-term defiection readings, that is, before and éfter:each'1oad
‘increment. - Referring to the load rotation curve it caﬁ be seen that
the test shaft féached-its maXimum 'capacity at approximately 92'kips
(4097kN), corrésbonding to a rotation df about 2'degrees. Similar
relationships between ultimate load and rot;tion wére.reported by Kasch
ef al. (ZQ)land Holloway et a].'(lﬁ). These relationships forvthé |
other test shafts will be discussed-ih greater detail in a later

section./
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TABLE 1. - Deflections For Final Load Test -

Load

Immediate Deflection,

Total Deflection, . |

in Kips in inches ~in inches
5 0.012 0.041
10 0.043 0.133
15 0.076 0.192
20 0.111 0.247
25 0.147 10.310
30 0.193 0.375
35 0.259 0.486 -
40 0.324 0.611
45 0.417 0.798
50 0.497 0.930
55 0.568 1.080
60 0.629 1.308
65 0.738 1.580
70 0.973 2.045
75 1.200 2.633
80 - ©2.902
85 - 3.21
90 - 3.662

NOTE: 1 kip = 4.45 kN; 1 in. = 25.4 mm
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Préssures Diring Lateral Loading

Throughout - the entire Final field-Toad test the soil pressures
that resulted from the applied latéral loads were monitored afid
recokded Init1a]1y, before the app11cat1on of the f1rst 1oad
1ncrement pressure cell ‘readings were taken to establish a zero
read1ng for each ce]l Severa] read1ngs were taken to insure that.
the cells were funct10n1ng proper]y At th1s po1nt, 1t was d1scovered
that ce]] 912 produced err&t1c readihgs and was 1noperat1ve Thé;
remainder of_the cells at th1s stage seemed to be functioﬁing 
properly. | | '

The soil pressires that resulted from the appiied ldteral Toads

to the dr111ed shaft were obtalned by subtract1ng the 1n1t1a1 cell

_read1ng (zero read1ng) froin the ce11 réad1ng at a part1cu1ar 1oad.

The soi1 pressures obtained for each cell throughout the test are
plotted in Figs. 20 tﬁréﬂgh 28.

A plot of laterdl préssure versus depth for various lateral load
levels is shown in Fig. 29. From this plot it is observed that the
upper 4 pressure cells (915 916 913, 914) appear to be 1nd1cat1ng '
erroneous resu]ts when compared to the pressures reco?ded in the Towér

5 ce]]s (887, 895, 911 897 909) and the results obtained from

prévious research (14, 15 20)

A possibié.ca&sé of the aﬁpéﬁéﬁéfy erronecis data was that a
ma]funct1on during the test. To investigate this poss1b1]1ty,'the
pressure cells were removed and taken to the Taboratory to verify

their operation after the load test was completed and the shaft was
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removed from the ground. It was then noticed that the fluid within

cell 915 had escaped due to é leak in the‘Tine connecting the cetl'with
the transducer (see Fig. 14). Referring to Fig. 20, it appears that
cell 915 was functioning preperly until the 60 kip (267 kN) load level.
It was also observed that cell 914 was reading 3 psi (20.7 kN/mz)’1ow
Therefore, a correction of 3 psi (20 7 kN/mz) was applied accordwng}y
to the raw data taken from the f1e1d The remainder of the cel]s
appeared to be funct1on1ng proper]y.

In an attempt to defermine ff the recorded pressures were valid,
the static equilibrium of the shaft was checked. This was écéomp]ished
by assuming that the pressures acted uniformly over the projected
diameter of the shaft ahd'by summing moments about the point of zero
lateral stress. The stétfc’ana1ysis showed that the shafe was not fn
equilibrium based on thé recorded pressures; and that, in order to
achieve equilibrium, the Tateral pressures in the upper portion of the
shaft would have to be 1ncreased substantially.

From the one additional soil boring taken for the-final test it
was noted that the shear strength of the soil had decreaéed in the
upper‘soilrstraté due to abnormally large amounts ef rain. This cod]di
possibly account for the low pressure readings acquired in the upper
cells. However the soil strength decrease, as compared to the other
two previous test shafts, is not significantly lower. Therefore, it
is concluded that the pressure distribution in the upper portion of
the shaft (above cell 887) is not representative of the actual soil
reaction which oceurred during the final load test.

Considering ‘the results shown in Fig. 29 it is poésib]e to draw
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“some general conc]ﬁsioné about the shape of the lateral soil preﬁéure
distribution. Disregarding the upper four pressure cells, the 1atera1
- pressure distribution in the lower portion of the shaft seems to take

': the form of a parabo]ic'function.‘ The ébsehce of’a'pressdre ce]i

near the 10 ft (3.0 m) dépth made it neceséany to interpb1até in -

order to obtain’pressukes-betWeen cell 911 And 897. :Consedueht1y the

distributibn is not as well defined in this region.. AT;Q, bésed on
the stress distribution, the point of zero lateral stress or the point
of rotation is located at a depth below the groundjSurfécé equal to
approximately 0.7 times the embedment depth of the shaft. This‘vr
location lies in the range which has been reported and documented by

_other researchers (12, 14, 15, 17, 20).

Rotation Point

Many of the proposed theories for the.desigh and analysis of
rigid drilled shafts assume a fixed positioh’for the point 6f rotétion.
As indicated in the 1ntf0duction of this repbrt, this is not always |
the case. The location of the point of rotation for thisAtest shéft
was obtafned in two Ways: (1) from inciinometer'or rotétion data,
assumihg a rigid shaft exists; and (2) from the lateral earth pressure
distribution along the length of the shaft, assuming the point of
rotation lies at the point of zero lateral stress.

| Based dn'the inclinometer readings, the point of rotation was
obtained by dividing the measured deflection of thé shaft by the»
tangent of the rotation angie. During the éna]ysis of these data, it

was realized that deflection of the steel column due to the applied
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Tateral load wou]d‘introduce error 1ntorthe computed values. There-
' fore, a correétion was applied based on the amount of deflection |
experienced by the steel column. = The measured and corrected rotation
points are presented in Table 2. The data given in Table 2 indicate
that the exact location of the point of rotation of the shaft is not
precisely defined. VHowever; the values 1lie in a range close to thé}
. two-thirds embedment depth as shown by other researchers (14; 15, 19,
33, 34). Also, tﬁefe seems to be a trend for the boint to shift
downward with ihcreasing lateral load as proposed by Hays et al. (12).
} Conf]icting resu]ts exist between the location of the point of -
rotation found by the pressure cell distribution and by the inclino-
meter. Use of the lateral pressure distribution seems to indicate
that the rothtion point 1ies in the range of 10.6 ft (3.23 m) to
11.8 ft (3.60 m) below the ground surface, while the corrected
inclinometer results indicate that the shaft was rotating at a
‘Eha1lower depth in the fahge of 7.44 ft (2.27 m) to 11.11 ft (3.39 m).
Both methods show that the rotation point shifted downward from some
point below the middle of the shaft for 1ight loads, to a point A
| épproximately thkee quarters of the embedment depth for maximum loads.
| Analytical studies performed by Hays et al. (12) also suggested this

type of behavior. )

Soil Reaction

In order for a rationa] and orderly prediction of the static
resistance of a laterally loaded drilled shaft to be computed, an

eétimate of the soil deformation characteristics should be known.
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TABLE 2. - Rotation Points Based on Inclinometer Data

| Ldad, 'Measured Rotation Corrected Rotation
in Kfps POint, in feet Pofnt, in feet

20 . 6.87 7.44
25 7.88 8.63
30 8.16 8.96
35 8.09 8.79
40 8.08 8.71
45, 8.57 9.17
50 8.62 9.21
55 8.82 9.39
60 8.96 ©9.49
65 9.17 9.6
70 9.71 110.16
75 10.38 10.76
80 10.72 1.1
85 10.61 10.97

NOTE: 1 kip = 4.45 kN; 1 ft = 0.305 m
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Instrumentation with préssure cells énab]ed soil pressurevmeasureﬁenté
to be made’ét aﬁy load on the test shéft. Thus it is poSsible to
convert field soil preésures into soil reaction.quantities by multiply-
ing the soil pressure by the diameter of the shéft;

Several different theories have been broposed by‘Rankine'(37),
Hansen (11), Matlock (24), Reese (25), and Hays (12) to compute the
soil reaction, p, which is the force per unit'Tehgth of'thé shaft.

The equations used by the various researchers are:

‘Rankine: p =:(yX +2C)B .. .: .......... (2)
Hansen: p=K € /B . ......... e e e (3)
Matlock: p = {3 + wie, + &% e oL oL@
Reese:  p= 3+ y/c + e B (5)
Hays? p = 2n Cu»B FaX o . e e e e e e e e e (6)
p = soillreaction ' |

-where
' ¥y = unit weight of the overburden material
X = depth'bélow the grbund]ine
C, = undrained cohesive shear strength
= shaft diameter
K. = theoretical earth pressure coefficient
n = soil strength reduction factor

« = slope of the soil reaction curve

A1l of the above theories; except for Rankine's, incorporate a
limiting value for the soil reaction at a critical depth below the

groundsurface. The 1imiting value for Matlock's, Reese's, and Hays'
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- theory is 9 Cu B, whi]erHanSen*defined the 1imit af 8.]4'C; B. 7
If a value of 92 kips (409 kN) is taken as the~u1timate Toad, then

the soil pressures at thié Toad level can be used to determine ultimate
'jsoi1 reaction. The lateral soil pressure which was recorded by cell
895 (see Fig. 29) 1n the direction of the applied 92 kip (409 kN)
lateral load was 36{8 psi (254 kN/mz). The corresponding value of
lateral soil pressure in the_directﬁon away_from the applied lateral
]oad was recorded by cell 909 (see Fig. 29) wfth a measured value 6f
49.1 psi (339,kN/m2). The soil pressures récorded by ce]is 895 and
909 for thé 92 kip ‘(409 kN) load were used to construct the test
~ shaft soil reéction curve. A plot of soil reactipn versus depth, as
determined by different theories and by field measuréments, is preQ

sented in Fig. 30.
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SUMMARY OF ALL FIELD LOAD TEST RESULTS

The prediction of the behavior df laterally loaded drilled shafts

" dinvolves the determination of the shaft and soil interaction. In

~order to rationally study the soil-structure interaction and develop
meaningful relationships, several différeht,size shafts founded in
“different typés of soil conditions should be investigated. The
optimum‘situation in developing such relationships would inVo1ve'a
full range of éhaft sizes founded in all types of soils. However,
this is not economically feasib]é from a testihgrprpgram, nor does the
literature furnish sufficient information to make it possible. This
~section of the report contains a summary of the soil-structure
interaction for a numbek'of shaft sizes founded in several different

types of soil conditions.

Load-Deflection and Load-Rotation Characteristics

The measured values of lateral load versus'ground1ine deflection
for the three load tests conducted during this research study are |
presented {n Fig. 31. In all three test shafts; deflection readings
were taken in the samé manner as for the finaT test._ From Fig. 31 it

. is seen that all three test shafts yielded a characteristically shaped
ibad-def]ectionvcurve. The 1977 and 1978vtest shafts experienced the
séme,amount of resistance for a given deflection up to the 30 kip
(134 kN) Toad. The 1979 test shaft, however, has a much flatter
slope in the lTower Toad regioﬁ. One possible explanation for this is
the time-dependent response of.the soil when sustained loads are

applied. However, it is difficult to determine the actual effect of
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1ong;term sustéined ]oéding without-compéring load-deflection
characteristics to a test shaft of the same dimensions, founded in
the,éame 5011, and subjebted to short-term loading.

The load-rotation characteristics for'fhe_three test shafts are
sHown‘in Fig. 32. The u]timafe lateral 1oadrcapacity for drilled
shafts in this study will be defined on the basis of rotation. The
load which correspondé to a rotationAof 2 degrees will be defined as
the ultimate of the test.shaft. The load corresponding to a rotation
of 2 degrees is not the absolute maximum capacity of the test shaft,
and it is considerably less than the Toad at 5 degrees rdtation which
Ivey and Duﬁ]ap (19) indicated was needed to develop the ultimate soil
resistance for minor service footings. However, based on the results
reported from other recently conducted field load tests (1,14,20), it is
believed that at'this load level any slight increase in load will cause
continued amounts of undesiréb]e deflection ahd rotation to occur. The
amount of deflection and rotation which occurs is important in
.regard to the serviceability of the supported stfucture. Also, the
load at 2 Qegrees rotation is not u]tra-conservatiVé in the sense of

under-utilization of the available capacity of the shaft.

Ultimate Load Ratio Versus Shaft Rotation Correlation

‘Using the results df the three load tests conducted in this-
research study (14, 20), two performed by Ivey and Dunlap (19) and four
reported by Bhushan et al. (1), a plot relating ultimate lateral Toad

to shaftfrotétion up to 2 degrees was developed as shown in Fig. 33.

The test shafts used in the plot ranged in size from 2.17 ft (0.660 m)
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in diameter by 6 ft (1.83 m) deep to 4 t (1.22 m) in diameter by
15.5 ft (4.73 m) deep. The D/B ratio expréséing the shaft figidity
varied from 2.77 to 7.75 and the undrained cohesive shear strengths
ranged from 0.58 tsf to 2.75 tsf (55 kN/n? to 263 kN/m?).

Ivey and Dunlap (19) developed a similar curve but defined
ultimate lateral load capacity at a shaft rotation of 5 degrees. iIn
~the deve]opmeht of the>p1ot, the }oad corresponding to 2 degreesr o
rotation for each Ioad test was assigned the value of 1.0. Each
intermediate Toad corresponding to some rotation between 0 and 2' '
degrees is then exbressed as a ratio of the 2 degree Toad. The p]dt by
Ivey and Dunlap (19) Was based on data from both model and full-scale
Toad tests founded in soils including both sands and clays (18).

Forbthis research study, rather than selecting a curve to cohéer-:
vatively represént the data, numerical methods were employed in the
formulation of a best fit curve. The deviation of the plotted points
from the selected correlation curve is remarkably small considering
the wide range of shaft sizes and soil strengths represented by the

data. The curve is described by the following equation:

PP‘*’O - TS - - - e L, )
2 0. - 0, w
where Pw = any intermediate load corresponding to an arbitrary .
shaft rotation, w, between 0 and 2 qegrees,
on = the lateral load at a rotation of 2 degrees (ultimate
load)
w = shaft rotation between 0 and 2 degrees, and
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, Pm/on = u]timéte }oad ratio
After the ultimate capacity of a given shaft has been determined,
'-thiS'eqﬂation can bé used to predicf a load-rotation curve. .The equa-
tion can also be incorporated in a design proéedure as a safety factor
against undesirable rotation. Both of these aspects will be elaborated

upon in a later section on design procedure.

Pressure Cell Data

Lateral soil préssures as a function of depthAresuTting from
applied lateral loads for four test shafts are presented in this report.
A1l of the test shafts described herein were instrumented with press&re
cells on the front and back of the cylindrical test shaft to give a
complete picture of the pressure distribution along the full length of
the shaff. Results of these field measurements are shown in Figs. 29,
34, 35, and 36. The results for the final load test are presented in-
Fig. 29, Hoiioway et al. (14) in Fig. 34, Kasch et al. (20) in Fig. 35,
and Ismael and Klym (15) in Fig. 36. | |

Considering these results, it is possible to draw some general con-
~clusions about the shape of the lateral pressure distribution for
. drilled shafts in a relatively hoﬁogeneous cohesive soil. The point of
zero lateral stress is considered as the point of rotation. For the
test shafts presented, the point of rotation ié located between 0.6 D
and 0.75 D, where D is the depth of embedment of the shaft. This
agreés well with the rotation point found from rotation-defiection data,
where the location was determined to lie at approximately two-thirds of

the embedment depth. It was also observed that the point of rotation
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shifted downward with increasing lateral Toad. Analytical étudiés'con- '

-ducted by Héys et'é]. (12) indicated similar behavior in'rotation'poiht

~movements. Conflicting results were reported by Kasch (20) in regard

to the rotation point location. Based on shaft rotation data, Kasch

determined the rotation point to lie at 0.4 times the embedment depth.

However, a structural failure occurred in his test shaft,‘and it is

possible to conclude that the shaft was experiencing flexural rather

~than rigid rotation.

- A characteristic shape of the lateral pressure-distribution is

formed for each of the four test shafts. The distribution reported

| by Kasch (19)(see Fig..35) and the final test (see Fig. 29) seem to

have more of a parabolic shape, while the disfributionS'reportedrby‘

Holloway (14)(see Fig. 34) and Ismael and Klym (15)(see Fig. 36)

indicate a shape similar to that proposed by Hays (12). For all

distributions the soil resistance at the ground surface appears to be
some value in excess of .zero. This conflicts with an assumption made

by Broms (2). Broms assumes that the soil resistance to a depth of

1.5 times-the pile diameter below the ground surface should be -

_'negiected. A similar assumption was made by Ivey,and-Hawkins (16).

Ivey and Hawkins assumed a parabolic stress distribution with zero

soil heaction at the grdund surface. The assumption of zero soil

. reaction at the ground surface is valid for cohesionless soils. How-

‘ever, for cohesive soils this does not appear to be the case.

Holloway (14), in addition to measuring pressures developed in

the vertical direction along the face of the shaft, measured pressures

developed in the horizontal plane. This was accomplished by placing




two pressure cells at hor1zonta] ang]es of 30 degrees and 45 degrees

from the direction of the app]1ed Toad. These resu]ts are presented

in Fig. 37 and the plot c]ear]y il]ustrates'fhe facf'thet tﬁevlatera1
preseures begin to drop significantly beyoﬁd'an angle of-30 degrees.'
This same type of behavior was observed by Reese and_Cox (46) fro@_an.
analysis of tests performedAon uninstrumented pi1es-sebjected to

lateral loading.

Ultimate Soil Reaction

Plots of ultimate soil reaction versus depth for the four
instrumented test shéfts are presented in Figs. 30,_38; 39 and 40.

The soil.reaction for the fina]vlbad test 1s presented in Fig. 30,
Holloway et al. (14) in Fig. 38, Kasch et al. (20) in Fig. 39, and
Ismael and Klym (15) 1n.Fig. 36. The soil reaction curves i]]ustfated”
were constructed by using theories proposed by Rankine (37), Hansen
(11), Matiock (24), Reese (25), and Hays (12) and field soil pressure
measurements converted to soil reaction., »The equations proposed by |
~the various fheories tq deve]qp the soil reaction curves have been
presented'previouSTy (Egs. 2, 3, 4, 5 and 6).

During the test conducted by Kasch (20) a structural failure
occurred before the load test was completed. HoWever, based on the
previously defined.u1timate load corresponding.to 2 -degrees rotation,
Kasch did verify that the theory proposed by Rankine was~conservati§e,
as shown in Fig. 39. The soil reaction curVe was consfructed by Kasch
using the soil pressures obtained from ce1]s 877 and 884 as shown in

Fig. 35. Referring to Fig. 39, it is observed that the computed field

73




45°

Cell No.890 |§ )| Applied Lateral
. |  Load
Cell No. |
876 ——150k

30°

FIG.37 — Horizontql Pressure VerSus Lateral Load_ (After
'Hollpw.qy et al.)(I kip=4.45kN, | psi= 6.89kN/mz) i

74




Depfh Below Groundline, ft.

Ultimate Soil Reaction » Py lb Zin
0O 1000 2000 3000 4000 5000 6000 7000
I R ’ ] .

« Reese

Hansen

10

pst Shaft

FIG. 38— Ultimate Soil Reaction Versus Depth(After
Holloway et al.) (Ift=0.3048m, | Ib/in.=175 N/m)

75




~ Ultimate Soil Reaction, py, Ib/in.
O 1000 2000 3000 4000 5000 6000 7000

: \‘: N
NS

: 1 ] \\ \Y\——M‘Ynock
PR
e\ |\ |

16

IHEERR
LT

20

Depth Below Groundline , ft |

FIG. 39 - Ultimate Soil Reaction Versus Depth (After
Kasch et al.) {1f1=0.3048m, |IbZin.=1.75N/cm)

76




Ultimate Soil Reaction, py, IbZin

OO | 500 \§|000 1500 | 20001 _'2500
. | \ <R\ |
. \\\ N\ Hansen | \
1of- “ \' N\ =
& \ \\\ ' Matlock
'_‘_'c;; < i | Hays—" _
2 201 ‘I 2 \
3 | \ N\
8 25 | N\ \ -
‘g; , \ Rankine - Hansen |
e 30 ‘\ |
| |
3 ~—Test N
| Shaft \
40 L -

FIG. 40 - Ultimate Soil Reaction Versus Depth ( After
Ismael and Klym), Note: Test Shaft Values are not
Ultimate Values ( | ft = 0.3048 m; | Ib/in.=1.75 N/cm)

7

7




W

reaction curve slopes in the positive sense, while the soil reaction

curves proposéd by the various theories slope in the negative
direction, increasing soil reaction with depth. A possible explanation

for this difference could be the fact that the Kasch test shaft

| experienced flexible behavior. The computed location of the point'of

rotation? 0.4 times the embedment depth, and a D/B ratio of 6.67

- suggests that some flexibility probably existed in this test shaft.

Pressures recorded by Ismael and Klym (15) on a pressure cell instru-

"mented shaft were converted to soil reaction and are pTotted in Fig. 40.

However, the computed field soil reaction curve is not at fhe_

defined ultimate load, but at some intermediate value. The soil

reaction in the region directly below the groundsurface suggests that

Rankine's and Hays' criteria are conservative.

For the final load test (Fig. 30) and the results obtained by

‘Holloway et al., (Fig. 38) the general slope of the field soil reaction

curve 1is almost identical to those determined from both the Map]ock

‘and Hays theony.  The equation used by Hays is basica]Ty the same as

that used by Matlock, except that Hays proposes a factor of two times
the pile diameter,for the ultimate soil reaction at the surface, 7

whereas Matlock proposed a factor of three. This factor is defined

.as the ultimate resistance coefficient and is denoted by the symbol,

Np. By adjusting the factor Np used to define the soil reaction at
the surface, it is possible that the field measurements could be
correlated with the theory postulated by Matlock. Also, it is

possible to conc1ude>that from the data presented and studies reported

by Matlock (24) and Reese (27, 39) that the Reese (25) method may
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represent an upper bound for ultimate soil reaction.

Ultimate Load on Rigid Shafts

MoSt problems in soil mechanics involving Toad capacity of soi1s
are hand]ed by consideration bf ultimate strength charaéteristics.f
Failure in rigid shafts takes place when the lateral earth pressure

.resulting frbm applied lateral loads exceeds the ultimate lateral
resistance of the supporting soil along the full length of thermember.

‘Various methods have been previously presented which can'be used
to predict the ultimate capacity of 1atera]1y 1oaded_dr111ed shafts.
These methods were used to calculate the predicfed ultimate load for
various test shafts at.2 degrees ‘of rotation. Comparisons were then
made between measuredilateral capacities at Zldegrees of rotation
with those predicted by the various methods.fbr several test shafts.
The results are summarized in Table 3. For the Bhushan test shafts
2, 4, and 5 presented in Table 3, a load rotation curve had to be
developed based upon a reported load-deflection curve. This was

,vaccomplished by assuming the shaft wasArigid and rotated about a
point located at 0.67 times the embedment depth.-]A1] of the shafts'
involved in the comparison conformed to the D/B rigidity requirements
of less than six. '

Inspection of_Tab]e 3 shows that some of the methods consistently

yield conservative predictions, while others yield unconservative
predictions. Broms' (2) method yields highly unconservative pre-
dictions in the lower shear strength soils (TTf Project 2211) and

conservative results in the higher strength soils (Bhushan et al. (1)).
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TABLE 3.

_ Comparison of Measured Ultimaie'tqad With Predicted Ultimate Loads

Load Test Results, -in kips

:Bhushan, Haley, Fong (1).

‘ , - Avérage
Method Project Project Project Project Project Shaft | Shaft | Shaft Pergent
2211 2211 2211 105 105 ' 2 4 5 Deviation
(Final (1978 (1977 (Galves- (Bryan) :
Test) Test) . Test) ton)
Measured ' ’
| Load @ 20 92 137 172 4.35 11.5 500 375 450 -
Ivey &
Bunlap
¢$=10 48 94 130 1.35 8.72 315 250 263 39%
Ivey & . B : .
Hawkins 58 62 89 0.96 5.94 179 138 175 57%
. Broms 157 171 260 1.55 9.54 315 228 304 4]%
Hays 108 125 191 4.34 12.59 320 223 | 287 20%
Hansen - 135 183 271 2,02 . 12.4 528 446 518 31%
Lytton 240 337 538 3.75 13.75 NA | 1800 | 2933 216%
NOTE: 1 kip = 4.45 kN




The design methdd'proposed by Lytton (21) produces highly unconserva-
tive results for the larger size shafts andl?eiatively goad predictions
for the smaller size shafts (19). 1t should be noted that the design
‘procedure probosed bydLytton is based on field 1dad teet results for
minor service type fodndations (19).

The averdgerpercentage differences between‘actualrand predicted
Toad capaciﬁy for each method are also tabulated in Table 3. Exaﬁina—
Ation of the averages shows that the methdd proposed by Hays (12)
produced the best correlation with measured field loads. VIndividual
examination of the percentages for each load test shows that the Haysi
method yields good results in the lower to mediumdsheér strength eoi]é =
(0.58 tsf - 188 tsf)(55 kN/m? - 180 kN/m%) and became 1e$s éccurate;'
‘but conservative in the sfiffer soils (2.38 tsf - 2.75 tsf)(228 kN/mz_-
263 kN/mZ).' It is poesib]e that the equatidn whicthays‘uses for
s0il reaction-is inappropriate for stiff c]ays} Th%s bossibi]ity was
investigatedrand, as will be shown in the next section abcorfe]ation

was developed which accounts for variations in soil shear stkength.-

Ultimate Resistance Coefficient Versus Soil Strength Correlation

The most difficult aspect of the soi]-structure_interaction
problem for drilled shafts is the relationship between soil reaction
and soil shear strength. The design method for laterally loaded
drilled shefts proposed by HayS (12) will be the basis upon which‘a
relation between soil reaction and soi]'shear strength wi]]ibe
deveToped. However, before the relation is deve1oped an explanation

of the criteria proposed by Hays is appropriate.
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The lateral soi1Vresistance'distribution'assumed by Hays (12) is |
shown in Fig. 41. The distribution and magnitude of the soil resistance
is based on stﬁdies'cdhductedvby Mat]oék (24). Matlock detérmined
that the ultimate soil resistance,pu, for clays under static Toading
varies linearly from the Qround surface to some depth where the
- resistance reaches amaximum. The ultimate resistance per unit length

" of shaft was expressed as:

P, = .NpCuB ............ e e e e e e e e (8)
where Np = a nondimensional ultimate resistance coefficient,

Cu = the‘undrainedlcohesive shear strength, and

B = the shaft diameter.

Equation (8) is well known and has been used by many researchers

(2, 22, 35,»31).7 The genera] concensus of the investigators appears
to be thét, for clay soils at a considerable depth below the grouhd '
surface, the factor Np'equqls 9. Matlock (24) reported that very
near the‘surface.fhe sof] in front of the pile will fail by shearing

forward and upwérd; Cdnsequent]y, therva1ue of_Np reduces to‘the
range of 2 to 4. Mat]ock believed a value of 3 to be appropriate for
cy]indrica1‘pipe pi]es.‘ This aspect of Matlock's soil reaction
criteria was modified in the design method proposed by Hays. For
reasons of consefvatism, Hays assumed a value of 2 for Np at the
ground surface. -

From the ground surface, the resistance reaches its maximum

(Np = 9) at,sbme_depth, Xps Which is termed the depth of reduced
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resistance. Based on Np-equal to 9, Matlock (24) formulated the

following equation for the depth of reduced resistance:

(9-N_)C B -
X, = ———4J17§L— e e e e e e e e e e e S )
"B+ %) A - o
Thus, knowing the value of the ultimate soil reaction at the ground
surface and the depth X where the maximum resistance is reached, the
change of soil resistance with depth can be determined. ,Simi]ar1y,
Hays assumed a ]ihear increase in soiT resistange with depth, the slope
, being designated as o as shown in Fig. 41. |
It has been shown that the Hays method yielded good predicted:
lateral loads for the Tower shear strength soils, and conservative
results for the stiffer soils. Since discrepancies exist among
various researchers (11,.24, 31) in the value choosen for N, at the
ground surface, an empirical relationship was developed bétween Np
- and Cu‘ VTHe.;orrelation, shown in Fig. 42 was developed by calculating

~ values of N_ for eight different test shafts at lateral loads

P
corrésponding to the u1t1mate load as defined previously. AT] safety
factors. suggested by Hays in the design method were disregardedbin'the '
formulation of the chkelation. It should be pointed out that the

test shaffs involved in this correlation were field load tested at

five different sites, with a broad range of soil strength, and the D/B
-ratio varied from 2.77 to 6.67.

| Referring to Fig. 42, it is observed that for the stiffer soils

the value of N increases, while for the lower shear strength soils,

p
the Np value consistently lies in the range of 2. Matlock (24)
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empirically determined that the value of N_ at the'grouhd'surface fbr"

_ p
piles was in the range between 2 and 4. ‘Reese (25) and Rankine (37)

analytically established a-va1de-of 2, while Hanéen'(11) theoretically

determined a value of 2.6 for Np. Therefore, Np approximates a

limiting value of 2 in the 10wer~shear'strength soils.  This value has o

a theoretical basis as well as an empirical one.
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RECOMMENDED DESIGN PROCEDURE

In highway construction, drilled shafts are~used extenéive]y for
foundations of bridges, highway fnterchanges, and retaining structures.
When designing drilled §hafts to support precast panel retaining walls,
it is probably appropriate to use shafts which behavé as rigid ele-
ments. However, it is possible that loads may be encountered in-the
highway industry'which require é_shaft of such large magnitude that
flexible behavior is experienced.by the mémber. In order to be
| reasonably assured of rigid foundation behavior, the depth to diameter
ratio, D/B, of the shaft should be limited tovabout six or less
(20, 40). |

Before the design .depth and diametér of a shaft can be determined,
seVerai'design parameters must be obtained. These parameters inc]ude |
the resultant force acting on the retaining wall, the point of appli-
éaiion'of the resu]tantAforce, the allowable shaft rotation, soil

creep potentiaT'and the ‘'undrained cohesive shear strength of the soil.

Force Acting on Retaining Wall

AThe férce acfihg on a refaining wall ié the resu]tanf of the
1éteral pressure in the backfill. Based on the results of a study
conducted on an instruménted precast bane] retaining wall, Wright et
al. (41) developed an equation to predict the resultant force for a
leée] cohesionless backfi]] with no surcharge, acting on a retaining

wall. The equation developed to predict this force is:

Fr=0.25 yh?L (Ka + 0.8) . . ... .o\ u. ... (10)
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where h is the height of the wall and L is the Tength of the panel, -
pilaster to pilaster. The term vy has been’défihed in Eq. 2 (p. 60)7 ’
The expression for Ka is the Rankine coefficient of active earth

pressure, and is defined as follows:

cos ¢ - VQOSZ z - c052¢' e '
Ka = cos ¢ - = (1)

| cos ¢ + VQOSZ z - c052¢fv

where ¢ is_the angle of the $1ope of the backfiil to the}horizonta1A
and ¢' is the effective angle of shearing resistance of the back-

fill material.

Application Pdint of Resultant Force

Wright et al. (41) also developed an equation to calculate the.
location of the point of application of the resultant force, Fr, '
of a 1eve1'backf11] with no surcharge. The equation is:

T h o (Ka + 0.267 T
H=d (&55L). . .- .. L L (12)
where H is the distance from,the'ground surface to the point where

the force is app]ied above the base of the retaining wall. The

terms h and Ka were defined in Eqs. 10 and 11, respectively.

Shaft Rotation

If excessive rotation of the drilled shaft were allowed to
occur, objectionable deflection of the panel retaining wall in terms

of aesthetics and possibly serviceability would result. It is
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therefore desirable to be -able -to use the design criteria to -guard
against ithis :potential -problem.
‘Tn the -section :,c:ove\réi\ngg ultimate Toad ratio -versus shaft

rotation ‘the Following equation was ;de;vefl:oped;:'

p
0

- :
Pzﬂ ~0.*538 + 0.73] PO L S L T B S S S Y (7)

‘The ‘equation expresses ‘the ateral Toad at some intermediate rotation
‘between 0 and 2 degrees ‘as a percentage of the ultimate 'toad defined
at a 2 degree motation. This allows ithe «engineer ‘to predict a Toad-
wretation curve for a jparticular "s='1'=fzre 'shafit «up ‘to -a rotation of 2
“degrees.. |

TFhe aibove wquation can e rearranged and used to compute @
 design hoad ibased ton a Fimiting angle of ‘rotation. Tf ‘the tems are
redefined ito coincite with ithe motation used n ‘the -design -criteria,

‘the ‘following sequation ‘s ‘obtained:

D538 + 07781 6

Sy = P )

o] r

where Sﬂ = gesign Toad
F_ = resultant Force f.tr:a*rrsmi%ﬁted *ﬂr’om “the walil ko ithe
drilled shaft., and
8 = tthe :desired limiting sangke of rotation
::,Bieitt»»emi%nﬁzt%i;on' of ‘the 'necessary Timiting wvalue For the angle «of
‘rotatiton ‘should -be :based -on the “importance :0f the :particular structure

and :sound engineering judgement.
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Soil Creep

The time- dependent deformation behavior of a soil mass under a N
given set of sustained stress is referred to as 501] Creep. At the
present time, no general theory or method exists which can adequateiy
predict the time-dependent deformation of cohesive soi]s.‘ The creep
phenomenon 1is-rather complex and is a function of several variables,
including soil type, soi] structure, and stress history (8).7 Since
drilled shafterused fgr almost ‘any type of structure may be subjected;
to long-term or sustained ]oads,.the creep:pdtentia1 of the support-
ing soil must be considered. | ‘

Dunlap et al. (8) conducted a study 1nvest1gat1ng the effects of,
long-term loading on shaft behavior for minor serv1ce structures. On
the basis of their research, the following conservative conc1usions
were made in regard to the effects of sustained loads for:varioue

cohesive soil types:

-Cohesive Soil Type Safety Factor.

Soft clay s _ 3
Stiff, non-fissured clays ) 2

Stiff, fissured clays 3

These safety factors are applied to_the design lateral 1dad. Also,
they are based on an ultimate capacity correspondfng to a shaft
rotation of 5 degrees, whereas, in this study the u1t1mate load has
‘been def1ned as the load at a 2 degrees rotation.

Based on the resu]ts‘seen in recently conducted field load tests -

and data presented in the literature, it is believed that these safety
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facﬁors are highly conﬁervative. 'Bhushanret a]; (1) indicated ffom
't Toad tests performed on 12 drilled shafts that, under sustained load,
~deflections increased on the order of O.to 20% over shoft-term Toading.
The Bhushan field load tésts were conducted in stiff clays Whére
‘undrained shear strengths varied frém 2;38'tsf‘(228 kN/mz) to 2.75 tsf
(263'kN/m2); Data from the final shaft tested in this research study
show that it is difficuTt to accurately determine:the effett of
sustained loading. It would be necessary to compare data'from~§haft
subjected ‘to short-term static loading with data obtained in this study.
However, it is felt that tﬁé effects of soil.creep are not as detri-
ﬁénté] as Dunlap et al. (8) indicated,vbut more on the order of.thé |
values presented by Bhushan et al. (1). | .

; It is obvious that in soft clays the:effects of creep would be
much more prbhounced‘than in a stiff highly oVerconso]iddted clay.
Therefore, engineering judgement and the importahce of the supported
étructure should be the controlling criteria in choosing an
'approbriaté safety factor.

‘For retaining walls it has been shown that the highest pressureé
apblied,to the wall occurred during the backfi11fhg process (41).
The pressures reached a peak value at that time and then decreased
with time. Thus, for retaining wall purposes, fhe loads applied to
the drilled shaft are not truly sustained énd the soil creep

phenomena may not be critical.

Soil Shear Strength

The State Department of Highways and PubTic Transpoktation often
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uses the Texas Cone Penetrometer Test as the primary means of deter-

mining soil shear strength in routine subsurface investigations.

Laboratory testing to determine soil shear strength is often omitted

bbecause of the addﬁtiona] expense involved. The TCP test consists.of'

driving a 3.0 in. (7.6 cm) diameter cone attached to a drill rod, with
a 170 1b (77.1 kg) hammer. The hammer is dropped 2 ft (0.61 m) for
each blow. The cone is seated with 12 blows and the number of blows,
N, required to produce the next foot of penetration is recorded (7).
An improvedhcorre1ation between the TCP blow count, N, and the.
undrained shear strength has recently been reported by Duderstadt'etA
al. (7). The correlation has been reported for h1gh1y plastic
homogeneous clays (CH) and for homogeneous c]ays of Tow to med1um

plasticity (CL). The results were reported as:

Homogeneous CH: C, = 0.067N . ... .. ... .. .. (18)

Homogeneous CL: C, . C e e e e e e e e - (15)

I
o
(e
[$)]
w
=

If it is desired by the des1gn engineer, a factor of safety may be

| app]1ed to the shear strength C Also, the undra1ned shear strength

can be obtained from unconfined compression tests, vane shear tests,

or unconsolidated-undrained triaxial tests.

Design Criteria

The method proposed by Hays (12) with a soil reaction modifica-
tion at the ground surface has been se]ected as the recommehded design

criteria. The results presented in Table 3 and the correlation
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estab}ished between the ultimate resisténce coefficient, N , and soil

P
shear strength,'cu, presented in Fig. 42 are the basis upon which
this decision was made. o 7

- The assumed so0il resistance_distribution used by Hays has been
presented in Fig. 41. By applying statié~equilibrium to the,é§sumed
soil'resistance distribution, equations for the ultimate épplied
lateral load, Su, and bending ﬁoment, M, Wére*deveioped in terms- of
the soil parameters, the pile embedment depth, D, and an unknown
distance, Z, to the point of rotation. Thevtwd equations of static

equiTibrium are:

. For Y 2 & (or2_n2 | .
Su APu‘0 (2z-D) + 5 (22°-D°) . . . v oo oo .'v(16)
\ uo . 2 A 3 - . . L] - - . » . . . > . .
where o = the slope of the soi]'resistanée diagram
| Pu = the ultimate soil reaction at the ground surface:
0

By defining a variable K as the ratio of Z over D, and introducing.

a nondimensional variable beta:

equations.fé and. 17 can be modified into nondimensional form as

follows:
5—94«-= 2K-1+6(K2-l) ' (19)
5 A Z) e e
Yo
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S 1

@ = -k xf-S@d-n ... (20)
u .
0 . } o

where H is the height above the ground surface to the point where the

lateral Toad is applied. This gives two equations with four unknoWns,
S :
Friﬁf’%3 K and 8. The dimensionless design chart shown in Fig. 43 was
developed for different values of K and 8, relating pﬁgﬁ-and %3 in

: _ o :

order to expedite the desighrprocess. The procedure is iterative,
with the designer choosing a trial diaméter and embedment depth and
then checking his solution to see if it has adequate strength,

converges quickly.

Design_Procedure

The following step by step procedure is kecommended for the
design of drilled shafts to support precast panel retaining walls:

1. Use Eq. 10 and Eq. 11 to calculate the force, F.., that will
be applied to the shaft by the retaiﬁing wall.

2. Use Eq. 12 to calculate the point of}application, H, Qf the
force, Fr‘

3. If a limit on rotation is desired, use Eq. 13 to calculate
the design lateral load, Sd.

4. Apply an appropriate Factor of Safety for creep, if desired.

~5. Determine the undrained shear strength, Cu’ of the soil by
use of Eq. 14 or 15. A factor of safety may be applied if
desired. '

6. Enter Fig. 42 with Cu and obtain the value for Np.

7. Choose a tria1.va1Ue for shaft diameter, B and embedment -
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depth, D.
8. \Use Eq. 9~td ca]cu]ate the depth of reduced resistance,_xr,

9. Ca]cq]até o using the following equations:

[
i

(9 -'Np) CuB/Xr for D < Xy

Q
]

(9 - Np) CuB/D for D > Xp

The first eduation given represents the actual slope of:the_

soil resistance. If the required embedmént_depth-is greater

than x., thé-second eduation conservatively extends the slope

of the soil resistance. . - |
10. Use Eq. 8 to determinevthé 5011'reaction,at'thé ground

surface, P .
Yo

11. Use Eq. 18 to calculate the nondimensional variable, g.
12. Determine the ratio of the height of the applied force, H, to
the depth of the shaft, D. A ‘
13. Enter the design chart (Fig. 43) with g and H/D to obtain
: S
. u
the ratio pa;ﬁu

_ | s | |
14, Multiply the ratio ﬁ—gﬁ-by P~ to obtain the ultimate lateral
u® = Yo

load, Su"
~ 15. Repeat Steps 7-]4 until the value calculated for Su equals

or exceeds the design load, Sq> calculated in Step 3.

Example Problem

The following example illustrates the use of the above procedure
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for the desigﬁ of'preéast panel retaining Qa11 foundations. A drilled
' shaft foundat1on is to be designed for the following s1tuat1on

N A reta1n1ng wall is to consist of paneTs having a depth of 11 ft
(3.35 m) and a Iength of 20 ft (6 1 m). - The backfill material will be
- clean sand havxng an effect1ve angle of shearing resistance, ¢', equal
to 36fdggfégsjand unit weight, v, équa] to 115 pcf (18.1 kN/m3). The
‘backfi}]iﬁjijfﬁavé'nO‘addiiional surcharge énd will have a horizontal
s1ope.: the,sab$6iI“at'the construction site has been c]assified as |

a'non-fissured CH. ~The ‘average N value obtained from the TCP test -

‘ conducted at the s1te is 17 The unit werght of the subso1] is 130

pcf (20 4 kam3) The>]1m1t1ng angle of rotation, 8, is 1 degree.

o step1i

o 2,10 2 270
B Ccs 0o Cos 0° .\/éos (0)» - Co;-(36 ) e 0.260
Cos 0° +7\/éesz(0)° - Cosz(36°)

~Using Eq. 10.

o F.=0. 25( 115 kef) (11 ft) (20 ft) (0. 260 + 0. 8) 73.7 kips

B Steg 2{f 
. Using Eq. 12.
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Step 3:
Using_Eq, 13.

1(10) | -
L3100 73,7 kips = 94K

s = 0.538 +0
sy D

'Steg-4:
No Factor of Safety is applied for’créep.
Step 5: o V

Ca1cuiate undrained cohesive shear Strengthfusing'Eq.,14.

€, = (0.067)(17) = 1.14 tsf = 2.28 ksf (No Factor of Safety is
-'appTied). : | A
Enter Fig. 42 with‘Cu = 1.14 tsf and ‘obtain the value for

N = 2.0.
p

Step 7:
Choose trial depth, D, and diameter, B.

2.5 ft

Try B
D‘
Step 8:

Ca]cu]ate_xr using Eq. 9.

10 ft

. (9-2)(2.28 ksf)(2.5 ft)
Xr 7 0.130 kcf(2.5 L) + 0.5(2.28 ksF)

= 27.2 ft

- Step 9:

 Calculate a; the slope of the soil reaction curve.

since D < Xy, then
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) - 147 k/“ffz

£aatuﬂate Py the soi] reaction at the surface using Eg. 8.

((2 93{2 28 ksf)(? 5 ‘F’t) ﬂ q ’k/ft »
zg '

Step 33‘7

Usamg £q_ 38 caitﬂlate B.

{; 47 k/ftz)igﬁ 1) _ 4 g
T onaker o E

, Stﬁ@ 32,.

Qampﬂta HJ@ ratza

2. ?3 ft_
H]B _iﬁ_?f" Q 273

Step 13:° | |
Enter Design Chart {Fig. 43) with H/D ratio and 8 to determine

“ ffVSe!ve fcr the uitlmate 3oad Sy

(9;44)(13 4 k/ft)(19 ft) = 5@*
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:,This'solutfon is not valid.
Step 15: | |

Since S, <’Sd repeat Stepsv7-14:

TRIAL 2:

Step 7:
Choose a new trial depth, D.

2.5 ft

Try B

[}

D=15 ft

Step 8:

Calculate X using Eq. 9.

_ _ (9-2)(2.28 ksf)(2.5 ft) ~ g
*r 7 0.730 kcf(2.5 ft) + 0.5(2.28 KsF) - 27.2 ft

Step 9:

Calculate .

since D < Xy then

_ (9-2)(2.28 ksf)(2.5 ft) _ 2

Step 10:

Calculate Py, using Eq. 8.

u

P = (2.0)(2.28 ksf)(2.5 ft) = 11.4 k/ft
o '

Step 11:
Calculate B using Eq. 18.
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e vre e ey
. (1.47 k/ft)(15 ft) -
B = TR AT 1.93

Step 12:
Calculate H/D. -

Step 13: \
Enter Design'Chart}(Fig. 43).

= 0.55
u‘O.

Steg 14:

Solve for Su,

s, = (0.55)(11.4 k/ft)(15 ft) = 94K

Sy

i}
LTe]
B
I
w
[=N

.*. The solution is valid

For pufpoSes of comparison, the example problem was délibefaﬁeTyA
set up'SO that the results would match the Toad-fotation data:obtained
_ fokjthe‘fina1 field load test. Referring to the exémpIé brob]emgand
the Toad-rotation curve presented in Fig. 19, ft is observed that the
wdrkingload,_Fr = 73.7 kips, is approximately equal to the field
load at a rotation of 1 degree, and the ultimate Toad, S, = 94 kips, is
apprgximately'equal to the field load at a rotation of’2 degreés.
This verifies that for the size shaft chosen in the exampTe.probiem
) at'a lateral load of_73.7 kips, 1 degree of rotation can be expected.

However, if 2 degrees of rotation is not objectfonab]e the shaft has
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the capacity to carry a load of S- equaT\to 94 kips; which.is the
defined ultimate. This comparison verifies the re11ab111ty of the
recommended design procedure. Further ver1f1cat1on,of thevre}1ab1]1ty

~ of the recommended design criteria is shown in the next section, -

Comparison of Predictions

Since the re]iabiTity of any type ofhdesign‘procedure can only
be based dpon the results it produces, comperisons of predicted o
capacities with those obta1ned in the field become a necessary exercise -
for the formulation of a positive conclusion. Therefore, the
validity of the recommended design procedure was eva]uated by comparTng
~ predicted ultimate loads with those observed in the field. The pre-
dicted capacities were compared with those obtained in the field
corresponding to degrees of rotation»betWeen 0 and 2 degrees. The
comparisons made for shafts involved in the empirical re]étionships
~are shown in Table 4. Table 5 presents the results of predictions
for shafts not invo]yed in any of the correlations. No safety foctors
were applied in the design criteria for the predictions shown.

Retios of predicted to observed loads for the avaiiab]e drilled
~shaft data based on the new design.procedure are plotted versus
shaft rotation in Fig. 44. This plot shows that a majority of the
loads predlcted by the new design procedure are within 10 percent of
the observed capacity. Only five po1nts deviate more than 20 percent
from the line of equality. Four of the five points which deviate '
beyond the 20 percent range are conservative predictions. The general

trend of the points suggests a tendency for conservatism where large
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TABLE 4. - Comparisons of Predicted and Observed Loads
: : For Shafts Involved in Empirical Relationships

Test Shaft | Shaft | Predicted | Observed | Predicted Load
- | Rotation, | Load, in Load, in | =
" in kips kips Observed Load
Degrees ' :
_ 2.0 187 172 1.09°
Project 2211 1.5 171 160 1.07
1.0 147 135 1.09
(1977 Test) 0.5 103 91 1.13
M1 2.0 126 137 0.92
Project 2211 1.5 115 130 - 0.88
(1978 Test) 1.0 99 115 0.86
| 0.5 69 82 0.84
T 2.0 96 92 1.04
Project 2211 1.5 87 84 1.03
(Final Test) 1.0 75 72 1.04
- 0.5 53 50 1.06
Bhushan et al. | 2.0 555 500 1.11
Shaft 2 1.5 507 475 1.07
R 1.0 435 390 1.11
| 0.5 305 280 1.09
Bhushan et al. 2.0 335 375 0.90
Shaft 4 1.5 309 335 0.92
‘ 1.0 272 275 0.98
0.5 197 200 0.98
Bhushan et al. | 2.0 432 450 0.96
Shaft 5 1.5 399 400 1.00
1.0 349 360 9.97
0.5 254 250 1.02
11 2.0 4.3 4.4 1.00
Project 105-3 1.5 4.0 4.0 1.00
(Galveston) 1.0 3.4 3.2 1.08
7 - 0.5 2.4 1.7 1.42
T 2.0 13.4 11.5 1.15
Project 105-3 1.5 12.1 10.8 1.12
(Bryan) 1.0 10.4 8.8 1.18
_ 0.5 7.3 6.4 1.14
NOTE: 1 kip = 4.45 KN
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TABLE 5. - Comp&riéons of Predicted'and‘ObServed Loads For

VShafts Not Involved in Empirical Relationships

V Shaft

Predicted Load‘

Shaft 7

Test Shaft _ Predicted | Observed
- | Rotation, | Load, in Load, in ~ :
qn Kips Kips - Observed Load
| Degrees L
~ Dow (32) 0.72 23.1 23.2 1.00
TS-2 0.57 20.6. 21.2 0.97
0.43 17.7 18.6 0.95
Bhushan et al.| 1.0 431 425 1.01
‘Shaft 1 0.5 303 280 1.08
Bhushan et al. | 1.5 294 35 0.84
Shaft 3 1.0 252 320 0.79
, 0.5 - 177 230 0.77
‘Bhushan et al.| 1.0 340 445 0.77
Shaft 6 0.5 240 260 0.92
Bhushan et al. | 1.0 100 160 0.63
0.5 70 0.70

NOTE: 1 kip = 4.45 kN
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deviations are involved. Considering the range of drilled shaft sizes
involved and soil strengths represented by the data, the,newvdesign
criteria predictions deviate rather insignificant]& from observed

capacities.
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5

'CONCLUSIONS AND RECOMMENDATIONS

Based'uponvthe results and'anaTysis of full-scale drilled shaft
téstihg-programs and COmparisdns made with existing Tateral capacity

predictibn'methods,the following conclusions and recommendations are

-made:.

Conclusions

1. Based‘oﬁ the:qomparison between load tésts showh in Table

| 3, it fs cthluded that the Ivéy ahd'Dunlap method (with
¢ equa] to zero), and the Ivey and Hawkins method y1e]d
conservat1ve predictions. On the other hand, the methods
proposed by Hansen and Lytton gonsistent]y yield
unconservatiQe predictions’for the larger sized shéfts.
Brom's method .predicté unconservafive results in the
lTower shear strength clays and conservative predictions in ,AV‘
the st1ffer clays. ' | |

2. Based»on the same comparison of the measured versus predictéd
‘ultimate 1oéd$:givén in Tab]e:35 the Hays'method produces
the best:6vera]1 results for_thé different methods fnvesti-
gated. Thérefbre, the Hays method, with some modificétibn waé
1ncorporated into a new design cr1ter1a | |

3. The corre]at1on shown in Fig. 42 relating undrained cohesive
shear ;trength, Cu’ and ultimate resistance coefficient, Np,
was deve]oped‘for use with the Hay's method in the new
design criteria.

4. An additional correlation was developed which makes 1t'possib1e
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to predict a ]oad-rotation curve for'rigid dri]]ed shafts{
This'correlation, ~shown in F1g 33, has a]so been incorp-

orated in the recommended des1gn procedure

."Based on the compar1son presented in Tab]e 4, Tab]e 5 and

F1g 44 1t is conc]uded that the use of th1s recommended '

- des1gn procedure produces exce]]ent pred1ct1ons

Recommendations

Additional lateral load tests should be conducted on r1g1d

| dr111ed shafts of vary1ng depths and d1ameters founded in a
;var1ety of 5011 types. o ' |

. The effect of ‘sustained 1oad1ng on drilled shafts should be

1nvest1gated by construct1ng shafts of 1dent1ca] geometry

in the same soil and test1ng one under short term app]1ed

‘ 1oads and test1ng the other under 1ong term 1oad1ng

cond1t1ons
The effect of :s0i1 structure (1. e soft, stiff fissured'or

non-fissured) on the time- dependent behav1or of drilled

'shafts should be 1nvest1gated

The corre]at1on of undra1ned soil shear strength C s VEersus
u]t1mate resistance coeff1c1ent Np, at the ground surface,

should be further ref1ned and verified as add1t1ona1 data

becomes ava11ab1e

A]] future dr11]ed shaft f1eld load tests shou]d be 1nstru-
mented and conducted in such a manner that comp]ete informa-

tion is gathered and recorded This comp]ete 1nformat1on
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shouid include the following:

a) Load-def]ection'data for all load levels.

b) Load-rotation data for all load levels,

c) 5011 react1on measurements for the ent1re length of
the shaft for all Toad 1eve]s

d) _Cont1nue the test until it is certain that the u1t1matev
capac1ty of the shaft has been obtained.

e) Accurate determinatiqn of soil shear strength as a
function of depth.

The recommended design procedure shqu]d continue to be

verified using future field load test data.
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APPENDIX II. - NOTATION

The following symbols are used in this thesis:

shaft diameter;

B |
€. = undrained cohesive shear strengfh;i!
D = embedded depth; | |
E = modulus of elasticity of foundatiohi
- E, ¥V$oi] modu]us; A
EI = f]éxuka]rstiffness of foundation;
F = applied lateral load; i |
F %-résu]tant force transmitted from'retaining wall to drilled
shaft;'_ _ '
H= Height of lateral load app]ication;'v
h = height of retaining wall;
Ir= moment of inertia of foundation;
“K_ = Rankine coefficient of activeAearfh pressure;

K. = theoretical earth pressure coefficient;

c
k =_cbefficieht of lateral subgrade_feactidn;;
L= Tength'Of precast panef;, | |
j M = applied moment;
N = blow count from TCP test;
Np = ultimate resistance coefficient;
' P, = axial Toad on foundation;

P = any intermediate']oad corresponding fd_an‘arbitrany shaft
rotation, w, between 0 and 2 degrees;

on = the lateral load at a rotation of 2 degreés;
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= ultimate ]oad‘ratio;

soil reaction;

ultimate soil reaction;

ultimate sbi] réactionvat groundline;
designrload;

ultimate dppiied Iaterai 1oad;
wide flange;

depth below groundline;
debth'of»reduced resistance;
lateral deffeétion;

depth to rotation point;

stope of Hays soi]rreaction curve;
nondimensional variable;

unit weight of overburden material;

' angle‘ef stope of backfill to horizontal;

soil strength reduction factor;

limiting angle of rotation;

angle of shearing resistance;

effective angle of shearing resistance; and

shaft rotation between 0 and 2 degiees.
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