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Disclaimer 

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, specification or regulation. · 

There was no invention or discovery conceived or first actually 
reduced to practice in the course of or under this contract, including 
any art, method, process, machine, manufacture, design or composition of 
matter, or any new and useful 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 foreign country. 
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ABSTRACt 

Lateral load tests·were conducted on three drilled shafts in pre

dominantly CH soil. Shaft sizes Varied frorn.30 in. (760 mm) to 36 in. 

(910 lllrtl) 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. Ot4ration 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 p1ane 

of loading were obtained for each increment of load. Attditiona1 data 

on five shafts tested under similar conditions were obtained from the 

literature. 

Based upon ah 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, NP, with soil. 

shear strength was also made. A design procedure utilizing the two 

correlations was d~veloped. 

Several analytical methods tlescribed in the literature were used to 

calculate the capacity of the eight test shafts. The results were 

compared with cornputed capacities obtained by use of the design proce

dure developed for this research study. 

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

This report presents the results obtained during the fourth year of 

a four year study on drilled shafts that are used to support precast panel 

retaining walls. A summary of data from the two previous tests conducted 

for this study is included. The objective of the study was to develop 

criteria for the design of foundations for this purpose. 

A drilled shaft sustaining a lateral load may behave as either a 

flexible or rigid foundation member. During the first year it was 

determined that many drilled shafts that are used in this manner can be 

designed or analyzed as rigid structural members. The first part of 

this report discusses the characteristics and behavior for both flexible 

and rigid shafts in addit)on to briefly summarizing research which has 

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

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

ducted on a 2. 5 ft diameter by 15 ft deep instrumented dri 11 ed shaft 

founded in a clay soil. During this test, -long-term or sustained lateral 

1 oads were appl i e.d to the .test shaft. The purpose of this phase of the 

study was to determine if. the application of long-terril sustained loads 

would result in excessive time-dependent deformations. For each incre

ment of the applied lateral load the shaft rotation, soil resistance, 

and lateral deflection were measured. 

Using the results of the three field load tests conducted during 

this study and five load tests reported in the literature, the ultimate 

capacity for rigid shafts was defined as the load which corresponds to 

a shaft rotation of 2 degrees. Based upon this definition, an empirical 

correlation was derived relating lateral load to rotation. This corre

lation enables the engineer to predict a load-rotation curve for a 
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particulqr &ize shaft up to a rotation of 2 degrees~ Also, ysing the 

results of the eight load tests, various analytical methods were 

employed to compute the capacity of the shafts. Comparisons were made 

between measured field lateral capacities· at 2 degrees of rotation with 

those predicted by the analytical methods. Based upoh these comparisons . . 

and ·a correlation developed relating soil shear strength to the ultimate 

resistance coefficient,NP~ at the groundline, a recommended design 

procedure for rigid 1 atera lly 1 oaded dri 11 ed shafts was formula ted. 

Use of the recommended design procedure results in excellent 

agreement between measured and predicted ultimate latera 1 capacities, 

and predicted and measured rotations between 0 and 2 degrees.· In 

addition, the procedure allows the engineer to design a shaft such that 

the amount of rotation may be limited to a specified amount. 
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IMPLEMENTATION STATn1ENT 

A recommended procedure has been developed for the design of rigid 

laterally loaded drilled shafts founded in clay and used to support pre

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

other highway industry related applications. This procedure was developed 

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

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

results, the ultimate capacity of a dri 11 ed .shaft was de:fi ned as the 

lateral load corresponding to a shaft rotation of 2 degrees. Using this 

definition, an impirical correlation was derived relating ultimate load to 

shaft rotation. An important feature in the design of retaining walls, 

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

nizing this fact, it appears that drilled shafts for this purpose may be 

realistjcally designed on the basis of a limiting value of rotation in 

conjunction with a required lateral load. The design procedure presented 

herein enables the engineer to design the shaft sucl1 that the amount 6f 

rotation may be 1 imited to a specified amount. It is recommended that 

this design procedure be implemented by the sponsoring agencies. 
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INTRODUCTION 

Drilled Shaft Characteristics 

Drilled shafts are cylindrical foundation elements designed for 

the purpose of transferring 1 oads to a depth in the soi·l where adequate 

load transfer can be obtained. In recent years, the use of drilled 

shafts for supportin~ both axial and lateral loads has cincreased in 

foundationsfor buildings, retaining walls, and numerous other applica

tions ·in a variety of soil conditions. The drilled shaft may also be 

terined a drilled pier, a caisson, a bored-pile, or a cast-in-place 

pile. 

A drilled shaft obtains its axial bearing capacity from a combina

tion of frictional resistance on the side of the shaft and end bearing 

resistance. The ratio of frictional to end bearing resistance is 

governed by soil conditions at the site and the dri 11 ed shaft 

geometry. The bottom of the shaft may be enlarged or underreamed, 

either to increase the bottom bearing area o~ to resist uplift. 

Drilled shafts are analyzed for axial capacity with the static 

equations which a.re used for driven piles. However, the effects of 

such factors as placement of fresh concrete and stress relief due to 

excavation can significantly influence the properties of the soil in 

the vicfrilty of the shaft. .Fortunately, research has been conducted 

and design methods developed which ta.ke into account the various 

Numbers in parenthes~s refer to the references in Appendix I. 
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uncertainties iriV€Jlved (~9}. 

The 1at~ra1 t'l!sistance of dri1l~d shafu h, governed by several 

factors; one uf the nmst important being th~ ratio of structural stiff

nesl to $o11 ~t1ffn~~~~ fh~ r~lattve stiffnes1 of the soil with . . . . 

respect tD th~ fot.Hltlathm e1~rtu~nt controh th(il mode of failure and 

the manner in wniah the ~haft w11l b~have under ari applied lateral 

1oad. AP~Jlied 1ata~ra1 1oads arl!l tesiited by the 1atera1 earth pressure 

deve1opea in th~ supporting ~mil along the length of the shaft. By 

, .using a tlr1l1@d shaft foundation; the design engineer can take 

advantage of the lateral !;oil reshtlnce and make more efficientuse 

of the soil in th~ foundation ttesign u compared with other types of 

foundations. 

the aesifjn prt>ttas fer ttr-iH(;}d shafts has thr~@ integral parts. 

The first part 'ih\lolv~s t~nth.tttinlj a:n a.d~qua.t~ suosu-l"fat~ ~.xpluration 

program in oNl-er- to @'Stab11sh tt\~ t~t:tmi~~ 1 and ~tonomlc -f~as1bi lity 

of usittg tlr1Hed shafts aftti the thar.-attl!rhtics ~f th~ supf)'Orth!!'Q 

soil. The s'etl;)rrd part invohe$ ~'el~tin9 ttl~ allbwaible workh~·g lO(ld 

to bi us~ 1n d<eslgn~ th@ sh~ ai\'\d t:y~~ tl·f tlri 11~<.1 shaft,~ ;and thre 

metno·crs to :be u$e(f 1:n ~·onstN<:thm a:nt::t inst;aHait'i'On. r1lf!laHy, the 

de-si·sn 'or t'0rrstrutt·,,on ;prnt!f2'd~t'@ 1s ~~Uf-t;ed an'd :r'evii:s~d'S !if rret~ssa'ry., 

attordi'n1!i t:e t:n~ aet!t!J'a' '~f.raH:1'0tt~ ~tOunlt~rnta d'I!Jr'irrg tM! h'rstaH;atlo:n 

process. 

P1les a'nd ·d:rHlt'd sbaft:s s~f'w ·e:ssent!i~Hy -~ cs;al!re iflum~th~:rn~ ti!t'e 

only 'majotr <!l~m:F~l¥€'~ ~~~s tih'e ifff~t,!(lfd 'ot 'hrst-a1lati:off!.. ifl>·n~~s 'are 

usually ~'l'l'staH~df 'by ~1f'~v1·~ tflre StY'tltttt!liFal :me1mb'err a'!'rtl ~i~lJ!llat:iT:i9 title 

supptYrtH'lig sie{H .. ·~ ~~H~ 'S<iltafl:, iat\l tlfit~ ~it~r 'A:am,~ h ft'{)llli:S1bl1t:rct-ea 



by drilling a cyl i ndri ca 1 ho 1 e, or a cyl i ndri cc; l and underreamed ho 1 e, 

into the soil and subsequently filling the hole with concrete and the 

necessary reinforcing steel. 

Compared to a spread footing, the drilled shaft usually requires 

less concrete and more reinforcing steel. Also, the drilled shaft 

requires no formwork and the reinforcing steel can be pre-fabricated. 

Thus, the dri 11 ed shaft is usually more economi ca 1 due to reduced 1 abor 

requirements. 

Major economic advantages were gained during the late 1940's with 

the development of truck-mounted and crane-mounted drilling and 

excav~ting rigs. Mechanical rigs are capable of drilling shafts to 

·depths greater than lOO ft ( 30.5 m) and up to 12 ft ( 3. 66 m) in 

diameter, with enlarged bases or underreamed bells up to 25ft (7.63 m) 

in diameter (40). As this new mechanical equipment· became available, 

drilled shafts became attractive in many ar~as where they were not 

previously considered. · 

The relative merits of drilled shafts in comparison with other 

types of found~tions depend not only on economics but also on several 

technical factors~ In situations where it is not clearly evident 

which type of foundation is more desirable, the advantages and dis

advantages of each type of foundation should be carefully considered .. 

(31): 

Some of the advantages of drilled shafts for a foundation are 

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 

3 
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4. The shear strength of the supporting soil 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 carrya load of large magnitude. 

Behavior of Laterally Loaded Drilled Shafts 

The problem of a drilled shaft subjected to lateral loading is 

one in a class of problems concerned with the inter~ction of soils and 

structural mem,bers. The ultimate lateral resistance of a drilled shaft 

is governed by a combination of the yield strength of the shaft 

section and by the ultimate lateral resistance of the supporting soils. 

Consequently, the mode of failure depends on the shaft length, the 

stiffness of the shaft section, and the load deformation character-

istics of the soil. 

The usual approach to the problem of a laterally loaded shaft is 

to categorize the foundation member as either rigid or flexible. How

ever, a firm boundary does not exist between \that constitutes a rigid 

and a flexible drilled shaft. 

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

piles has indicated that the definition of rigidity is related to the 

ratio of the flexural stiffness of the pile, EI, and the foundation 

soil modulus, or coefficient of lateral subgrade reaction, k. Several 

other methods of determining how the shaft will behave have been 
I 

proposed by Broms (2), Vesic ('38), Davisson and Gill (6), and Lytton 

(21). These methods utilize a stiffness ratio in order to determine 

the relative stiffness of the shaft with respect to the soil. Kasch et al., 
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(29} etllftpiH'e{i the ~t!sults otrta1n€!d by th~ dlff~remt methods and found 

~h@ Various m~thetls y1e1dEH1 sim11ar d&~terminat1ons. Kasch also 

aetefifi1ttetl values for tile ratio of d~pth to d1am~ter, 0/B, based on a 

witlt! range of son !ltlffn~ss whleh would classify the shaft as rigid 

or flt}(ibhh Kast!h Gtme1uei'ett that in order to insure rigid behavior) 

the tl{m N.H'G sftl}Ylti n~t ~~e~~a 'about 6~ . How~ver, und~r certain 
·, 

tonai th~ns a tountt·a\1~n ean ha'Vt! a DIIS ratio as high ts 10 and sti 11 
! ~ 

M~ftav~ 1n a r1yhf mann~r~ thh ~¥<cept1on ottYrs when a dl"illed shaft 

1s f!Qufliice'd ill a ~1at1v~l¥' we-ak so1 L lt.aseh aho found that to insure 

fi'e)'<~hl~ bef\·avt~r'; th-e {}j\'8 sn!()ul'?.l :o~ ·tn ~ltt~ss of ~o~ 

In. fl 1~xiM-e '0r ·1'Gf'lrg ~!Matts, raH:uif"'e h; us~aHy strut:t\Jr·l\1.,. 

o·c·c'ufr1ifi'g wfl'e'" 1a q:,•.a:st1t ifll~¥1;~ f~~ 'lit t~ ~fb1;nt 'Of :Y~t-axilWim ~di'r:tg 

ififenref.l:t·. Th'e %~ hittli ~ t~ ltM ~lt'(!)l'e •~ 'l!l~\lla ~ l)' f'~qw·t tte'S t:~ 1t!IS1e ~f 

1 t'~f'alfve t~clhrl 1 i€J~s ~~lfl%~ l:IR:e s!G iiQ :rMij!f0f!I:S~& ~ :s <a ifj}~ H tJrear foo:rcti~n 

'of lf:lflte ~T\oeeHrGr.t '0f t- :sl~fit.. ~'f ~t0%t ~!(;;tii'C;a·~ ~filt~~.e:st 't-0 t5t:t~ 

•engi~We<elt ~'5 .;,a lJ<lif0Wqte• t0f ~ ~fQ~tiif0'111 ~ lb•~Hin1(~ 'm'liJ~t.. ·n;~re 

herraijln~ \iffem~nt ls ~f¥ew~!f~M ii~ ~llte :st~~~ ~f t1we if'~atiir0'1il~ ~lfl'~ th~ 

de'f~'ect~ 1e7n ~~5 ijlfHpo'f'\t:illfi\ 'w~it!R ~il"'GJ t0 ~e :s~v~i~a'biiHty 10f thre 

supP'fY'f(t'e~ s't'Y'fkltli?J1Yfe.. !P~ ~ifltSt 10'/f lbt\llf'\~~:s ;slt.revn~ ii!f!l It*~·· ·o«;a» ~iiliijj*oa'tre~ 

~ttte to11m ~off ~ ·t-~mp~~~ %J0ijlt!J'itiiffjJll lte tl~e ~1'-db~fEJm-, ·~~n ~:il!'ij tii\'0'n · tt0 

·1 11:ris:tr:at~rn:~ ifq~~1bQi€ ~~fla'1titbr 101f <a ~ii '~ 'Qre.O ~h:af;'t .• 

¥E!(juatq(dn fiJ ~ 4~s lttte ~ov~n*n~ i€t>i~trefltii!a1l ~elf~t~<"On ~o'r !till~ 

:probl~em 'Of va~~Nfq Q.o/ qt0a~M 'eee:p "f.oott~at~~;; iHt ·ti:s ~ln ';t¢~wn ·raTcJ"d •lila~ 

'been ·a:rta'Tyz~ ~b:Y ia mrm~ 10tt ~fftih&l':s i(~.., ltta., ~~., "~~,, .~ID,, ;sa\~:: 
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Loading 

M 
F~ 
~ 

Deflection 

y 

. I ' 
1 \ 
I \ . 

I 
r 
I 
I 

' 

I 
I 
I 

I 
I 
I 
I 

\ 
\ 
\ 
\ 

Slope 

s=...!l 
dx 

\ 
\ 
\ 
\ 
\ 

Moment 

M=EI d2~ 
· dx2 

I , 
I 
I 
I 
I 

' ,, 
' ' \ 

l 
I 
I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

· Shear Soil Reaction 

V=EI d3~ p=E I ~d· 4 · dx ·X 

I 
1 
I 
I 
I 
l 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

I I 
I I 

/t 
I l 

I \ 
I \ 

\ 
\ 
\ 
\ 

\ 
\ 

\ 
\ 

' I 
I 
I 
I 
I 
I 

(a) Elastic Behavior of Flexible Drilled Shaft (After Welch and Reese -1972) 
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where, Px = arda1 1ead; y = deflection; x = d~pth below ~r~undline; ar\d 

p = soil reactidn. The aeflectioh~ slope, moment, shear•; ahd soil 

reaetien at any point of the fount;lation is obtaineet from the solution of 

Equation (1). The solution can be readi1y obtaihea if ali expression for 

the soi i mottu1 us, E5, Gah be feiJ!ld ( 22, 24; 27 ~ ~td, 36) ~ The soi 1 

modulus may Be estimated best by a family of curves that show the soil 

reaction, p, as a functi(i)n of deflection~ y, as il1ustrated in Fig. 2. 

A computer solution of Eq. (1) is available with appropriate documenta

tion from the tofflpUting Center, lHiiversity of tolorac!o, Bouh.ler, 

Colorado. The program iS entitled, "Analysis of Laterally Loaded Piles 

by computer," and the Code name is CbM622 {30). 

Failure in rigid or short shafts takes p1ate When the lateral earth 

pressur'e resulting from iatera1 leading exceeds the lateral resistance 

of the sllpp@ftin~ soil along the full length of the member. the shaft 

rotates as a unitaround a poiht located at some distance below the 

ground surface. Assuming rigid body iMtioh~ the rotation of the shaft 

and the displacement at the growndline defihe tfl'e position of the shaft. 
/ 

Fig. l(b) 1t1ustrltes the behavior of a rigid drilled sh~ft. As indica-

ted, the 1ead"-deflection characteristics of a rigid shaft are qu.ite 

differ~nt from those of a flexible shaft. the rigia shaft 'is assumed to 

be infinitely stiff, and the only motion allowed is pure rotation of the 

shaft as a rigHt body about sorne point on the axis of the shaft. 

It should be pointed out that absolute rigidity does not exist and 

bendi rig stresses are always assotdated with defl eetions of the shaft. 

However, the effect of such defl ecti dns on the soil pressure decreases 

as the rigidity of the shaft inereases {4). For the rigid shaft the 

resulting deflections are not signific,ant ·enough to introduce error in 
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FIG. 2- Set of p-y Curves (After Reese -1977) 
p=Soil Reoction,x= Depth Below Groundline, 
y= Loterol Deflection 
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the analysis and can be neglected. 

From the results of actual load-deflection tests (14, 19, 20, 34) 

and several analytical approaches (4, 12), it was observed that the 

point of rotation does not remain at a constant distance below the 

ground surface but shifts to lower depths with increasing lateral load. 

Dun 1 ap and Ivey (19) observed that when the strengtft of, the soi 1 

decreases with increasing depth, the point of rotation shifts upward 

towards the ground surface. However, in most cases the rotation point 

is approximately two-thirds of the depth down from the top of the 

shaft. 

There are a number of methods which are available far predicting 

lateral load behavior of rigid drilled shafts. In these methods 

several arbitrary assumptions are made, the most notable being that the 

point of rotation is constant and occurs at a depth of two-thirds the 

embedment depth. A comparison of the various methods is beyond the 

scope of this report. Detailed descriptions of the various 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 method based on elastic theory, for th·e solution of lateral 

load behavior of rigid shafts. The resu1ts of thiS study indicated 

that, for deflections up to 0.5 in. (12.7 mm) the finite-difference 

approach produced good agreement. However, for large deflections, the 

prediction of actual behavior became progressively worse. Matlock and 

Reese (23) have reported that piles which tend to benave as rigid 

members cause the difference equation method used in the elastic

theory solution to become inaccurate and unstable because of the very 

10 



small successive differences which are involved. 

Background and Objectives 

Rigid drilled shafts are being used extensively in many types of 

foundations which must support lateral loads. However,.little is 

known about the actual performance of these foundation elements under 

lateral loading. The existing methods for the design of laterally 

loaded drilled shafts generally appear to be_ overly conservative. The 

absence of. reported failures tend to verify this situation. Hence, 

an evaluation of the field performance of rigid drilled shafts 

subjected to lateral loads is needed to ascertain the actual foundation 

behavior and to develop new design procedures. 

In recent years the Texas State Department of Highways and Public 

Transportation (SDHPT} has developed a new concept in earth retaining 

wall design which utilizes drilled shafts. This new type of retaining 

wall consists 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 precast panel wall due to backfill 

are transmitted to the dri 11 ed shaft through the pilasters. Conse

quently, both passive and active pressures may be developed in· the 

foundation soil contacting the· drilled shaft. At the present time, the 

magnitude and distribution of these pressures are not we.ll known and 

understood, and as a result, it is probable that shafts supporting 

precast panel retaining walls have been overdesigned. 

In 1975 Wright, Coyle, ·sartoskewitz, and Milberger (41} conducted 

a study investigating the performance of precast panel retaining walls. 

11 
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As a part of this research study a drilled shaft supporting a precast 

panel wall was instrumented with pressure cells in order to determine 

the practicability of installing cells and measuring lateral earth 

pressures. These researchers concluded that the use of pressure cells 

provided a reasonable method for measuring lateral earth pressure and 

recommended that this method be used in future research. In 1978 

Ismael and Klym (15) conducted a number of tests on rigid drilled 

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 cylindrical shaft in order to obtain a complete 

picture of the pressur~ distribution along the full depth of the 

shaft. The use of the pressure cells proved successful and a diagram 

of the pressure distribution with depth was reported. Ismael and Klym 

also analyzed various ~ethods for predicting the behavior of rigid 

shafts and discovered that certain design methods yielded conservative 

results. Furthermore,.it was concluded that additional testing was 

needed in order to develop an improved design method for rigid shafts 

in cohesive soils. 

Reese and Welch conducted two independent studies, one in 1972 

(39} and another in 1975 {31). Both studies included the investiga.., 

ti9n of the behavior of drilled shafts founded in clay and subjected 

to short-term static lateral loads. The test shafts.were instrumented 

with strain gages in order to me,asure the bending moment along the 

length of the shaft developed by the applied later~l loads.- The soil 

reaction was then determined mathematically by double differentiating 

the bending moments. ln 1979 Shushan, Haley, and Fong (1) presented 
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the results of full-scale lateral load tests on 12 drilled shafts in 

clay. The tests included both belled and cYlindrical shafts. During 

these tests only the lateral load and the deflection of the shafts 

were recorded. No effort was made in any of these studies to directly 

measure the soil reaction so that the distribution of the soil pressure 

could be determined. 

In 1967 a five'""year study was begun at Texas A&M University to 

develop a usable design procedure for drilled shaft footings for 

minor service structures. The study was initiated because of the 

belief prnong some SDHPT engineers that the existing design methods for 

drilled shafts were very conservative. In 1970, as a part of this 

research study, Dunlap and Ivey (19) correlated full-scale, short-term 

field performance tests with a theory developed earlier by Ivey (17). 

A design procedure was developed which allowed the selection of a 

particular size shaft as a function of the loads acting on the shaft 

and the characteristics of the soil. Soil reaction measurements were 

not made during this study. A later study conducted by Dunlap, Ivey, 

and Smith (8) investigated the long-term, sustained loading of drilled 

shaft footings. Only .a Hmi ted amount of test data was obtained for. 

long-term· loading. However, the study resulted in considerable 

improvement in the existing design methods used for minor service 

structures. 

With the advent of the new precast panel concept in retaining wall 

design, the SDHPT developed an increased interest in laterally loaded 

rigid shafts. The SDHPT recognized that improvements in design 

procedures may result in savings in construction costs. With this 
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goal in mi,d, !:l four-year research study was initiated at Texas A&M 

University. The study began in 1976 with the objective of developing 

a new design procedurefor drilled shafts which support precast panel 

retaining walls. Kasch, Coyle, Bartoskewitz and Sarver (20) in 1977 

and Holloway, Coyle, Bartoskewitz and Sarver (14) in 1978, reported 

the results of two short-term static tests conducted during this 

research study. In each test, lateral loads were applied and 

horizontal deflection, shaft rotation and lateral earth pressure 

measurements were recorded. The use of pressure cells in_ acquiring 

soil reaction measurements was successful. In both these reports 

preliminary design procedures for rigid drilled shafts in clay were 

proposed. However, one additional sustained lateral load test was 

needed before the final design procedure could be formulated. 

During 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 1 iterature review in order to i ncl ud·e 

any current research which might be related to this study, 

2. Test one additional shaft by applying sustained lateral loads 

and recording resulting lateral earth pressures and shaft 

movements, 

3. Investigate existing theories and procedures used for the 

design of rigid laterally loaded cylindrical shafts in 

clay, and 

4. Correlate available test data with existing theories and 

procedures, and develop a new design·pr<;>cedure for drilled 

shafts supporting precast panel retaining walls. 

15 
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FIELD LOAD TESTS 

The pre~iction of the behavior of laterally loaded-shafts involves 

the determination of the shaft-soil interaction. One approach to the 

determination of the shaft-soil interaction is to conduct field load 

tests on full-scale instrum~nted drilled shafts and directly measure 

the system interaction during testing. Field load tests were conducted 

during this study and the test site was located at the southwest end of 

the northwest-southwest runway on the Texas A&M University Research 

~nd'Extension Center. 

Soil Conditions 

The drilled shaft which was tested during the fourth and final 

year of the research study was tested in the 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,due 

to changes in climatic conditions which produced slight variations in 

the soil shear strength. 

Three initial soil borings and one Texas Cone Penetrometer (TCP) 

test were conducted by Kasch (20). The soil borings were drilled on 

January 7, 1977, March 15, 1977, and July 26, l977. Undisturbed soi 1 

samples 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-Sl, B-S2, and B-S3, respectively. A shear strength profile 

using the TCP test was also developed 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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-dark groy,3ft to Sft 

- with calcareous nOUti.lleSJ 130 4ft to 13ft 
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FIG.4.-Bodn_g- S I ( lft=0.3048m, ltsf= 95.8kN/rrf, Jpcf=O.I57kN..tn3) 

17 



.. 

block sandy cloy 

ith root fragments to 
5 ft 
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UNDRAINED COHESIVE SHEAR STRENGTH,Cu, TSF 

20 1.34 • 

14 0.94 • 

18 1.21 • 

• 
18 1.21 

17 1.14 • 

16 1.07 • 

15 1.01 

16 1.07 • 
FIG. 7. - Texo~ Cone Penetrometer Test{lft=0.3048m,ltsf = 95.8 k N/m2) 
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Duders tadt et a 1 . · { 7) . Kasch reported the average undrained 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 B-S4 and B-$5, are shown in Figs. 8 and 9, respectively. 

Holloway reported the average undrained shear strength to be 1.40 tsf 

(134 kN/m2) . 

On July l , 1 980,duri ng the fourth and fi na 1 year of the research, 

one additional boring was made which was designated B-S6 and is shown 

in Fig. 10. Due to the abnormal amounts of rainfall before and during 

the load test, the average undrained soil shear strength was reduced 

to 1. 14 ts f ( 109 kN/m2). A 11 of the soil borings, B-S l through B-S6, 

seem to indicate that the soil shear strengths at the test site are 

fairly uniform and consist of stiff clays with medium plasticity 

ranges. The boring locations with respect to test shaft locations 

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 pipe, 

covered with screen wire, was placed in·the borehole and surrounded 

with clean gravel. Kasch,- in August, 1977, reported the water level 

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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DESCRIPTION OF 
MATERIAL 

- very stiff black sandy 
· clay 

-gray- 3ft to 8ft 

red and slickensided 
below 10ft 
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LIMIT CONTENT,0/o LIMIT 

+ - -· - - 0 .- - - - + 
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~·1.&.. ~o--....;;.;;.-...;;;.;;.-:~......;.40.;...._....;5;;..;;0;....._~~ 
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z a.. UNCONFINED COMPRESSION TEST 

=> 0.6 0.8 .0 I. 2 1.4 1.6 1.8 

126 ....._---+-0 0 +- -- ·~ 

0 0 
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AG. a.- Boring- S4 (lft=0.3048m, I tsf= 95.8kNAn2
, I pcf=O.I57kNAn3) 
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OESCRI PTION OF 
MAT£RJAl.. 

-·stiff black 15ondy cloy(CU 
root fra9rnents to 4ft 

-with calcareous nQdi.Jies 
4ft to 13 ft 

PLASTlC · LIQUID 
LIMIT ,0/o l,..IMIT 
+ ...,_ - - -o-. - - -.. + 

- very stiff red clay (CH) 127 1----+-- 6 •--4--

-slickensided beiQW 9ft 
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127 .,___-+- • ---1-------+-- • 

00 
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BORING -56 

DESCRIPTION OF 
MATERIAL. 

Stiff black sandy clay (CL) 127 o e 

d.ark grey clay (CL) 
3ft. to 5 ft. 

124 

127 

light grey· clay ( CL) 126 

stiff red clay {CH) 123 
· with calcareous nodules 

to 14ft. 

0 

0 • 

red and sl ic ken e d clay 128 1-----1-~..()----.J-----+--,------l 
below 10ft; 

127 0 • 

125 0 • 

FfG.IO.- Boring-56( I ft.=0.3048m; ltsf=95.8kN/m2, I pcf= 0.157 kN/m3 ) 
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0 load test on the instrumented drilled shaft is shown in Fig. 12. The 

reaction pad foundation consisted of two 3 ft (0.92 m) diameter x 20 ft 

(6.1 m) deep drilled shafts which were connected by a 4ft (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 winch and pulley system. The 

winch used was a single drum, 20 ton (178 kN) capacity Garwood cable 

winch driven by a gasoline powered hydraulic unit. A 12:1 mechanical 

advantage was achieved by using two six sheave 100 ton (890 kN) 

capacity pulley blocks. The cable used in the loading system was a 

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

Bolted 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 measur~d by a strain-gaged 

load cell. positioned between the pulley block and the steel column at 

a height of 2.6 ft (0.79 m) above the groundline. 

The reaction system used in this particular study was a slightly 

modified version of the one used previously by Kasch (20) and Holloway 

(14). The modifications, in the loading system were made in an attempt 

to compensate for difficulties experienced during the previous tests. 

The primary difficulty encountered in the test system used by Kasch 

and Holloway was the load variation which occurred due to a relaxa

tion in the cables caused by temperature fluctuations. Hence, a 

constant lateral load had not been maintained on the shaft over an 

·extended period of time. 

In an attempt to alleviate this problem an A-frame was constructed 

at the edge of the reaction pad. The winch cab1e 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 incorporating the concept that 

the dead weight system would take up any slack which developed due to 

temperature related cable relaxation. 

Test Shaft 

The final drilled shaft tested was 2.5 ft (0.76 m) in diameter by 

15 ft (4.58 m) deep. The test shaft was positioned on the center-line 

of the reaction pad _at a distance of 67 ft (20.4 m) froin the winch as 

shown in Fig. 11. Excluding the pressure cell.instrumentation process, 

the procedure used in constructing the test shaft was the same as 

would normally be used in the field. After completion of pressure 

cell installation, the reinforcement cage was lowered into and 

positioned in the excavated hole. Ready mix concrete was then placed 

and vibrated directly into the hole. 

The reinforcing cage used in the test shaft was constructed using 

two layers of longitudinal reinforcing bars surrounded by No. 3 smooth 

spiral reinforcing. The spiral reinforcing was spaced at a 2 in. 

(50 mm) pitch for the top 6ft (1.83 m) and at a·6 in. (152 mm) 

pitch for the remaining length of the shaft. The outer longitudinal 

bars consisted of eig!'lt No. 11 (grade 60) standard reinforcing bars 

spaced equally at a diameter of 23-3/8 in. (59.3 em). For the inner 

layer of reinforcing, twelve 1-1/2 in. (38 mm) (14S grade 60) 

threaded rods were used and spaced at a diameter of 19-l/2 in; 

(495 mm). The threaded reinforcing rods were used to enable the 12 

WF 120 steel column to be fastened to the top of the test shaft. The 
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reinforcing steel configuration is shown in Fig. 13. 

Several strength test cylinders were cast during placement of 

the concrete. The cylinders were cured both moist and dry to 

determine the compressive strength of the concrete. Based on a 28 day 

test, the compressive strength of the dry cured cylinders was 5200 psi 

{35,900 kN/m2); the moist cured cylinders produced a 28 day 

compressive strength of 5300 psi (36,500 kN/m2). 

Drilled Shaft Instrumentation 

Pressure cells. - Of major importance in the research study was 

the instrumentation of the test shaft to measure earth pressure 

response during lateral loading. To accomplish this, the drilled 

shaft was instrumented with earth pressure cells. Previous research 

(14, 20, 41) using earth pressure cells proved successful, and it was 

decided to continue to use them in this study. 

The complete earth pressure measuring system consists of the 

Terra Tee pressure cells the pressure lines, and the control and 

readout unit. A schematic of the cel1 is shown in Fig. 14. In 

principle, measured air pressure from the control unit is applied 

through a closed loop system inside the bellows to balance the exter

nal stress applied to the cell (3). Thus, by assuming that the 

internal fluid pressure is equal to the applied external stress, the 

pressure on the shaft is determined. A total of ten Terra Tee 

pressure cells were placed on the front and back of the cylindrical 

shaft in order to obtain a complete picture of the pressure distribu

tion along the length of the shaft. The decision on placement of the 
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ce 11 s was influenced somewhat by previous work conducted by Kasch ( 20) 

and Ho 11 away ( 14). In both o.f the previous studies no soil reaction 

measurements were made near the groundline .. Hence, for this phase of 

the research study, a pressure cell was placed near the groundline in 

an attempt to determine the magnitude of the soil reaction near the 

ground surface. Seven of the pressure cells were placed on the front 

side of the shaft in the direction of the applied load. Three cells 

were placed on the back side. The exact location of the individual 

cells is shown in Fig. 15. 

Each cell was checked for malfunctions and cal.ibrated in the 

laboratory before installation in the test shaft. The installation 

took place after excavation and before placement 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 cavities were made in such a manner that the pressure cells 

would lie flush with the outer·surface of the completed shaft. 

Load ce 11 . - A 200 kip ( 890 kN) capacity strain-gaged 1 oad ce 11 

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

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

strain indicator and converted to load using a predetermined conversion 

constant. The conversion constant was determined during calibration of 

the load cell prior to its installation. The accuracy of the load cell 

and Budd 350 strain indicator system was determined during calibration 

to be approximately+ 0.036 kips (0.16 kN). 

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

groundline was measured by two dial gages located on each side of the 
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steel column center line. The dial gages were attached to a steel beam 

that was remotely supported behind the shaft as shown in Fig. 16. The 

accuracy of the dial gages was to the nearest+ 0.001 in. (0.03 mm). 

Rotation instrumentation. - The rotation of the test shaft was 

measured by means of a Hilger and Watts TB108-l inclinometer and a 

plumb bob apparatus. The 12 WF 120 steel column bolted to the top of 

-the shaft was used as a reference datum for both rotation measuring 

devices. Using the inclinometer, rotational measurements were made 

by placing the inclinometer at five reference points along the flange 

of the steel column. The inclinometer measures the angle of tilt 

directly with respect to the horizontal plane. Accuracy of the 

inclinometer measurements are approximately + 1 minute. 

By suspending a plumb bob a fixed distance from the top of the 

steel column, an additional system for measuring shaft rotation was 

devised. Hor.izontal measurements from the plumb-line to the five 

reference pOints on th~ flange of the steel column allbwed the 

determination of the relative movement of the points. Knowing the 

geometry of the plumb bob system, the relative movements were con

verted to degrees of rotation. 

Loading Procedure 

All reported previous research work dealt with the behavior of 

drilled shafts under short-term static loads. Kasch et al. (20} in 

1977, and Holloway et al. (14) in 1978, reported the results of two 

short-term static tests conducted during this research study. Kasch 

simulated the backfilling process of a retaining wall an~ the 
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overburden pressure imposed by the backfill on the retaining wall, 

during a six-day period. Holloway also used a short-term loading 

procedure. At higher loads, it was apparent during each of the two 

tests that for any given load the movement was continuing for an 

indefinite perfod of time. A plot illustrating the time-dependent 

behavior for Holloway's test shaft is shown in Fig. 17. This time

dependent deformation behavior of a soil mass under a sustained load 

is usually referred to as soil creep. 

In 1979 Bhushan, Haley, and Fang (1) presented the results of 

full-scale lateral load tests on 12 drilled shafts in stiff overconsoli

dated clay. The loading rate applied to the shafts was short-term; 

however, the effect of soil creep was observed. Although no long-term, 

load-deflection measurements were made, it was inferred that for loads 

generally l~ss than one-half the ultimate load, deflections under 

sustained loading were not likely to exceed the deflection under short

term static loading by more th.an 20%. Until the Bhushan study, actual 

full-scale field testing to support the above assumption had not been 

performed on drilled shafts. In an earlier study conducted by Dunlap, 

Ivey, and Smith (8), long-term ·loading effects were investigated on 

drilled shaft footings which support minor service structures. 

During the final test of this research effort, long-term or 

sustained lateral loads were applied to the t~st shaft. The purpose of 

this phase of the study was to determine if the application of long

term, sustained lateral loads would result in excessive time-dependent 

deformations. 

The loading of the final test shaft began on June 13, 1979 and 
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continued until January 4, 1980. Initially, loads were applied by 

hanging weights from the suspended cable. This was done mainly to 
11 seat 11 the loading system and to utilize the 11 dead weight 11 system. 

Thereafter, loads were applied in 2.5 kip (11.1 kN) increments by the 

hydraulic winch. Each load increment was maintained until the shaft 

movement had essentially ceased. The time usually required for shaft 

movement to stop was approximately one week. 

Unfortunately, the 11 dead weight11 system did not perform entirely 

qS had been expected. Daily temperature changes caused the cables in 

the loading system to expand and contract, thus creating a small 

cyclic effect in the applied load. 

When the shaft reached a rotation of approximately 1.5 degrees, 

the loading procedure was altered. At that time it was decided to 

load the shaft continuously until it was pulled out of the supporting 

soi 1. 
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FINAL FIELD LOAD TEST RESULTS 

The results of the final lateral load test conducted during the 

period from June 1979 to January 1980 are presented in this section 

along with the presentation and analysis of deflection, rotation and 

soil reaction characteristics of the test shaft. 

Load-Deflection and Load-Rotation Characteristics 

The measured values of lateral load versus groundline deflection 

for both the immediate and long-term loading conditions are shown in 

Fig. 18. The immediate deflection values for each load increment 

were obtained by taking the difference between the initial dial 

reading·before loading and the reading taken approximately 30 minutes 

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

by summation of the 30 minute time interval readings for each applied 

load increment, disregarding deflections occurring after the initial 

30minute time span. The long-term deflections were obtained in a 

similar manner, except that the final dial reading was taken ~hen 

shaft movement had essentially stopped. The long-term curve 

illustrates the total amount of shaft movement. Mea$urements taken in 

this manner enabled the time-dependent behavior of the soil to be 

observed to some degree. However, it should be pointed out that the 

in111ediate curve does not accurately represent a true short-term load

ing curve which would be obtained if such a short-term load test were 

conducted. The immediate curve as extrapolated from the long-term 

load test data indicates smaller deflections for-a given load ihen 
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would be obtainedin a short-term load test. Nevertheless, the test 

data illustrate that some amount of time-dependent deformation was 

present. For comparison purposes the total and immediate deflections 

for each load application are tabulated in Table 1. 

Shushan et al. (1) indicated from field load tests performed on 

12 piers that additional deflection under constant load, except for 

loads near failure, increased on the order of 10% with a range of 0 

to 20%. However, it should be pointed out that these load tests were 

conducted in very stiff clays 2.38 tsf - 2.75 tsf {228 kNJm2 -

263 kN/m2). In relatively soft soils the time-dependent response 

could be much more detrimental. Dunlap and lvey (8) reported per

centagereductions on the order of 33% to 50% long-term loads based on 

different soil conditions. However, these percentages were based on 

a limited amount of data and the values recommended are believed to 

be highly conserv~tive. 

The load-rotation curve for the final test shaft is shown in 

Fig. 19. Values of rotation were recorded in the same manner as the 

long_-term ·deflection readings, that is, before and after each load 
\ ' ~ - .. 

increment .. Referring to the load rotation curve it can be seen that 

the test shaft reached its maximum capacity at approximately 92 kips 

(409 kN), corresponding to a rotation of about 2 degrees. Similar 

relationships between ultimate load and rotation were reported by Kasch 

et al. (20) and Holloway et al. (14). These relationships for the 

other test shafts will be discussed in greater detail in a later 

section. 
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TABLE L - Deflections For Final Load fest 

Load Immediate Deflection, Total E>eflection, 

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 0.310 

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 - 3.211 

90 - 3.662 

NOTE: 1 kip = 4.45 kN; 1 in. = 25.4 mm 
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throu~houi·the ~hti~e final ¥1~1a-1~ad test th~ stiil pressur~s 

that resulted from tile applied lateral loads were monitor~d aHd 
r~corded. Iriitiillly, be.fore the application of the first 1oad 

increment, p~essure c~ll readings w~re takeh to establish a zero 

reading for ea~h celi; Sever~l re5din~s w~re tak~n to insur~ that 

the cells were funtiidriin~ properly. ~t tHi~ pbiht~ it wMs discovered 

that cell 912 produc~d erratic h~adings ahd was ifioperative. Th~ 

remainder of the cells at this stage seemed to be functioning 

properly~ 

The sdil pressti~es that resulted frdrri the applied lateral loads 

to the drill~d shaft were obtained by subtracting the initial cell 

reading (zero reading) frdm the tell teadirig at a particUlar loa<L 

The soil pressures obtaihed for each cell throughout the test are 

plotted in Figs. 20 through 28~ 

A plot of lateral pressure versus depth for various 1 atE~rai 1 bad 

levels is shown iri Fig. 29. From this plot it is observed that the 

upper 4 pressur~ cells (915; 916, 913, 914} appear to be in'dicating 

erroneous results wHerl compat~d to the pressUres recorded in the ldw~r 
' .· ' 

5 cells (887, 895, 911, 89'7, 909) and the results obtai n·ed from 

previous res~ar6h (14, 1~, ~6). 

A possible calise of the appaff~rH:ly erf·dhe·&us dctta was that a 

mechanical defect in tH~ pressor~ telis rhigfit nav~ caused them to 

malfunction during the test. To investigate this possibility,. the 

pressure ce 11 s were removed and taken to the laboratory to verify 

their operation after the load t~st was completed and the shaft was 

44 



100 

80 

.. 60 
'0 
0 
0 
_J 

~ 40 
Q) -0 
_J 

20 

0 
0 

~ 
~-0 

N 
• c 

~ 
J 

1·0 20 30 40 50 
Lateral Pressure, psi 

FIG. 20- La tara I Load Versus Lateral Pre$sure, Cell 915 

( I kip = 4. 45 k N ; I psi = 6. 89 k N I m 2.) 

45 



100 

eo ! ~ 

a r~ 
.X .. 0 
1:) 60 
Q 
0 _, M 

0 • 
Q 
s... 40 CD ... 
c _, 

~· 

20 ~ 

o~--~~----~_.--~--~~--~~----~ 
0 10 20 30 40 50 

Lateral Pressure, psi . 

FIG. ~~- ~ateral Load Versus Loterot Pressure. CeiJ.916 

( I kip= 4.46 kN; l psi = 6. 89 kN/m~) 

46 



100 

8 0 

.. 
0 -o6 

c 
0 

.....J 

c 
.... 4 
Q) c 
+
c 

.....J 

20 

0 
0 

'\ 

l/-
f 

·c), 

M 
0 

I • 
lp 
c 

10 -20 40 50 
Lateral Pressure, psi 

FIG. 22 -_Latera I Load Versus Lateral Pressure, Cell 913 

( I kip= 4. 45 k N ~ I psi = 6. 89 kN I m2 ) 

47 



.. ·. 

~ 60•t--0 . 
0 

....J 

2()tt-, --

0~: ... 

(} 

~ .. · .. 

1i'o ''ra~ :Pr1ltsl't:J1te , rt)sl 

F1·e. :23·~ l;;. il~t'GI' fb."''' v.~r~i !biJ't'&r1ail ;P'res:sur~. O&:t) 'tr4 
< 1 kTp = 4.if5t<t\J; :1 fP~i ;~ '·'WS iJcfi9'm~ > 



IOO-----;.,_,.-----,----..,.----.,-------, 

(/) 

0.. 
~ 

.. 60 
"'0 
c 
0 
_j 

~40 • 
Q) -c 
_j 

20 

0•.------~------~----~~~------._----~ 
0 10 •20 . 30 40 50 

Latera I Pres sure , psi 

FIG. 24 - Lateral Load Versus Lateral Pressure, Cell 

88 7 ( I kip= 4. 45 kN; I psi = 6.99 kn /m 2 ) 

49 



(I) 

0. 
~ .. 
,:, 
c 
0 
_J 

-
0 
'-
Q) -0 
..J 

60 

40 -- I 

20 

Lateral P tess ure, psi 

FIG. 25- L tJhH"'iH L oea VErrsus Loter(;Jt Pressut~e., ten 
895 ( I kip= 4.45 kN; l ps1 = ·&.,89 kNim2) 

50 



Joo-----1~--~-----.-----,...------

.X 
~60~------+-~----+-------~----~~------~ 

"0 
0 
0 _. 
~ 40~~~~~--~--+-------+-~ 

• Q) .... 
0 _. 

10 20 30 

Lateral Pressure, psi 

40 50 

FIG. 26- Lateral Load Versus Lateral Pressure, Cell 911 

( I kip • 4.45 kN; lpsi = 6.89 kN /m2) 

51 



100 

• 0. 

eo 

~60 
c 
0 
...J 

c 
; 40 -c 
...J 

20 

~ 
0 

0 

/ 
~ 

7 
) 

~ • 

10 20 30 40 50 
Lateral Pressure, psi 

FIG. 27- Lateral Load Versus Lateral Pressure, Cell 897 

( I kip= 4. 45 kN ; I psi • 6. 89 k N/m2 ) 

52 



IOO-------r--:----.,--------r----~~----. 

,;so~--~~~+--~-~~------'-~f-----~f-------1 
0 
0 
...J 

0 
~ 401---------t:iiL-----.j..-----1------l -c 
..J 

• 

tO 20 30 

Lateral Press.ure, psi 

40 50 

FI'G, 2 S - Lateral Load Vers,ua Lateral Pressure, Cetl 909 

(I kip • 4.45 kN; I pSi • 6. 89 kN 1m2) 

53 



f ~ Direction of Applied 
(Lateral Load 

Lateral Pressure, psi 
50 40 30 20 10 0 10 20 30 40 

)(-=0.5ft, Cei1No.915 

x =I. 8ft, Cell No. 916 

x = 3.2 ft, Cell No. 913 

X= 4.5ft, Cell No. 914 

x = 5.8ft, Cell No. 887 

x= 7.2ft, Cell No.895 

x = 8.5 ft, Ce II No. 911 

x = I 0.9ft, Cell No.912 
(not plotted) 
x = 12.3 ft, Cell No. 897 

· x = 13.8ft, Cell No. 909 

AG. 29.- Lateral Pressure Versus Depth For Final Test 
Shaft. x= Depth Belew Groundli~ (lft=0.3048m, 
I kip= 4.45 k N, I psi= 6.89 k N/m } 

54 



.. 
removed from the ground. It was then noticed that the fluid within 

cell 915 had escaped due to a leak in the line connecting the cell with 

the transducer (see Fig. 14). Referring to Fig. 20, it appears that 

cell 915 was functioning properly until the 60 kip (267 kN) load level. 

It was also observed that cell 914 was reading 3 psi (20.7 kN/m2) low. 

Therefore, a correction of 3 psi (20.7 kN/m2) was applied accordingly 

to the raw data taken from the field. The remainder of the cells 

appeared to be functioning properly. 

In an attempt to determine if the recorded pressures were valid, 

the static equil i bri urn of the shaft was checked. This was accomp 1 ished 

by assuming that the pressures acted uniformly over the projected 

diameter of the shaft and by summing moments about the point of zero 

lateral stress. The static analysis showed that the shaft was not in 

equilibrium based on the recorded pressures, and that~ in order to 

achieve equilibrium, the lateral pressures in the upper portion of the 

shaft would have to be increased substantially. 

From the one additional soil boring taken for the final test it 

was noted that the shear strength of the soil had decreased in the 

upper soil strrata due to abnormally large amounts of rain. This could. 

possibly·account for the low pressure read:ings 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 occurred during the final load test. 

Considering the results shown in Fig. 29 it is possible to draw 
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some general conclusions about the shape of the lateral soil pressure 

distribution. Disregarding the upper four pressure cells, the lateral 

pressure distribution in the lower portion of the shaft seems to take 

the fonn of a parabolic function. The absence of a pressure cell 

near the 10 ft (3.0 m) depth made it necessary to interpolate in 

order to obtain pressures between cell 911 and 897. Consequently the 

distribution is not as well defined in this region. Also, based on 

the stress distribution, the point of zero lateral stress or the point 

of rotation is located at a depth below the ground surface equal to 

approximately 0.7 times the embedment depth of the shaft. This 

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 design and analysis of 

rigid drilled shafts assume a fixed position for the point of rotation. 

As indicated in the introduction of this report, this is not always 

the case. The location of the point of rotation for this test shaft 

was obtained in two ways: (1) from inclinometer or rotation data, 

assuming 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 on the inclinometer readings, the point of rotation was 

obtained by dividing the measured deflection of the shaft by the 

tangent of the rotation angle. During the analysis of these data, it 

was realized that deflection of the steel column due to the applied 
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lateral load would introduce error into the computed values. There

fore, a correction 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. However, the values lie in a range close to the 

-two-thirds embedment depth as shown by other researchers (14, 15, 19, 

33, 34). Also, there seems to be a trend for the point to shift 

downward with increasing lateral load as proposed by Hays et al. (12}. 

Conflicting results exist between the location of the point of 

rotation found by the pres$ure cell distribution and by the incl ina

meter. Use of the lateral pressure distribution seems to indicate 

that the rotation point lies 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 

shallower depth in the range 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 light loads, to a point 

approximately three 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 rational and orderly prediction of the static 

resistance of a 1 atera lly 1 oaded dri 11 ed shaft to be computed, an 

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

Load, Measured Rotation Corrected Rotation 

in Kips Point, in feet Point, 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 

4'5 8.57 9.17 

50 8.62 9.21 

55 8.82 9.39 

60 8.96 9A9 

65 9.17 9.66 

70 9. 71 10.16 

75 10.38 10.76 

80 10.72 11.11 

85 10.61 10.97 

NOTE: 1 kip = 4.45 kN; 1 ft = 0.305 m 
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Instrumentation with pressure cells enabled soil pressure measurements 

to be made at any load on the test shaft. Thus it is possible to 

convert field soil pressures into soil reaction quantities by multiply

ing the soil pressure by the diameter of the shaft. 

Several different theories have been proposed by Rankine {37) s 

Hansen (11), Matlock (24), Reese (25), and Hays {12) to compute the 

soil reactions p, which is the force per unit length of the shaft. 

The equations used by the various researchers are: 

where 

Rankine: 

Hansen: 

Matlock: 

Reese: 

Hays: 

p = (yX + 2 C ) B u 

p = Kc Cu B . • • . 

p = {3 + yX/Cu + O.B5X} Cu B 

P = {3 + X/C + 2.83X} C B y u B u • 

p = 2n c B + ~x u 

p = soil reaction 

y = unit \veight of the overburden material 

X = depth below the groundline 

Cu = undrained cohesive shear strength 

B ·= shaft diameter 

Kc = theoretical earth pressure coefficient 

n = soil strength reduction factor 

~ = slope of the soil reaction curve 

. . . 

. . . 

. . . 

All of the above theories, except for Rankine's, incorporate a 

. 

. 

. 

(2) 

( 3) 

(4) 

( 5) 

(6} . 

limiting value for the soil reaction at a critical depth below the 

groundsurface. The limiting value for Matlock'ss Reese's, and Hays' 
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theory is 9 Cu B, while Hansen defined the limit at 8.14 Cu B. 

If a value of 92 kips (409 kN) is taken as the ultimate load, then 

the soil pressures at this load level can be used to determine ultimate 

soil reaction. The lateral soil pressure which was recorded by cell 

895 (see Fig. 29) in the direction of the applied 92 kip (409 kN) 

lateral load was 36.8 psi (254 kN/m2). The corresponding value of. 

lateral soil pressure in the direction away from the applied lateral 

1 oad was recorded by ce 11 909 (see Fig. 29) with a measured value of 

49.1 psi (339 kN/m2). The soil pressures recorded by cells 895 and 

909 for the 92 kip (409 kN) load were used to construct the test 

shaft soil reaction curve. A plot of soil reaction versus depth, as 

determined by different theories and by field measurements, is pre

sented in Fig. 30. 
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r------------------------------------------

SUMMARY OF ALL FIELD LOAD TEST RESULTS -

The prediction of the behavior of laterally loaded drilled shafts 

involves the determination of the shaft and soil interaction. In 

order to rationally study the soil-structure interaction and develop 

meaningful relationships, several different size shafts founded in 

different types of soil conditions should be investigated. The 

optimum situation in developing such relationships would involve a 

full range of shaft sizes founded in all types of soils. However, 

this is not economically feasible from a testing program, nor does the 

literature furnish sufficient information to make it possible. This 

_ section of the report contains a sunmary of the soi 1-structure 

interaction for a number of shaft sizes founded in several different 

types of soil conditions. 

Load..;Deflection and Load-Rotation Characteristics 

The measured values of lateral load versus groundline deflection 

for the three load tests conducted during this research study are 

presented in Fig. 31. In all three test shafts;' deflection readings 

were taken in the same manner as for the final test._ From Fig. 31 it 

is seen that a 11 three test shafts yielded a character_; sti ca lly shaped 

load-deflection curve. The 1977 and 1978 test shafts experienced the 

same amount of resistance for a given deflection up to the 30 kip 

(134 kN) load. The 1979 test shaft, however, has a much flatter 

slope in the lower load region. One possible explanation for this is 

the time-dependent response of-the soil when sustained loads are 

applied. However, it is difficult to detennine the actual effect of 
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long-term sustained loading without comparing load-deflection 

characteristics to a test shaft of the same dimensions, founded in 

the same soil, and subjected to short-term loading. · 

The load-rotation characteristics for the three test shafts are 

shown in Fig. 32. The ultimate lateral load capacity for drilled 

shafts in this study will be defined on the basis of rotation. The 

load which corresponds to a rotation of 2 degrees will be defined as 

the ultimate of the test shaft. The load corresponding to a rotation 

o.f 2 degrees is not the absolute maximum capacity of the test shaft, 

and it is considerably less than the load at 5 degrees rotation which 

Ivey and Dunlap (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 (l, 14,20), it is 

believed that at this load level any slight increase in load will cause 

continued amounts of undesirable deflection and rotation to occur. The 

amount of deflection and rotation which occurs is important in 

regard to the serviceability of the supported structure. Also, the 

load at 2 degrees rotation is not ultra-conservative in the sense of 

under-utilization of the available capacity of the shaft. 

Ultimate Load Ratio versus Shaft Rotation Correlation 

Using the results of 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 load 

to shaft rotation 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 ft {1.22 m) in diameter by 

15.5 ft (4.73 m) deep. The D/8 ratio expressing the shaft rigidity 

varied from 2.77 to 7.75 and the undrained cohesive shear strengths 

ranged from 0.58 tsf to 2.75 tsf (55 kN/m2 to 263 kN/m2). 

Ivey and Dunlap (19) developed a similar curve but defined 

ultimate lateral load capacity at a shaft rotation of 5 degrees. In 

the development of the plot, the load corresponding to 2 degrees 

rotation for each load test was assigned the value of 1.0. Each 

intermediate load corresponding to some rotation between 0 and 2 

degrees is then expressed as a ratio of the 2 degree load. The plot by 

Ivey and Dunlap (19) was based on data from both model and full-scale 

load tests founded in soils including both sands and clays (18). 

For this research study, rather than selecting a curve to censer~ 

vatively represent 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: 

where 

p 
~= w 
P2o 0.538 + 0.731 w . . . . . . . . . . . . . . . . 

P = any intermediate load corresponding to an arbitrary w 
shaft rotation, w, between 0 and 2 degrees, 

(7} 

P2o = the lateral load at a rotation of 2 degrees (ultimate 

load) 

w = shaft rotation between 0 and 2 degrees, and 

67 



P
00
/P2o =ultimate load ratio 

After the ultimate capacity of a given shaft has been determined, 

this equation can be used to predict a load-rotation curve. The equa

tion can (l1so be incorporated in a design procedure 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 pressures as a function of depth resulting from 

applied lateral loads for four test shafts are presented in this report. 

All of the test shafts described herein were instrumented with pressure 

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 shaft. 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, Holloway 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 homogeneous cohesive soil. The point of 

zero lateral stress is considered as the point of rotation. For the 

test shafts presented, the point of rotation is located between 0.6 D 

and 0.75 0, where D is the depth of embedment of the shaft. This 

agrees well with the rotation point found from rotation-deflection 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 load. Analytical studies con

ducted by Hays et al. (12) indicated similar behavior in rotation point 

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 hi-S 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 distributions reported by 

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 · 

neglected. A similar assumption was made by Ivey and Hawkins (16). 

Ivey and Hawkins assumed a parabolic stress distribution with zero 

soil reaction at the ground 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 
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two pressure cells at horizontal angles of 30 degrees and 45 degrees 

from the direction of the applied load. These results are presented 

in Fig. 37 and the plot clearly illustrates the fact that the lateral 

pressures begin to drop significantly beyond an angle of 30 degrees. 

This same type of behavior was observed. by Reese and Cox (46) from an 

analysis of tests performed on uninstrumented piles subjected to 

lateral loading. 

Ultimate Soil Reaction 

Plots of ultimate soil reaction versus depth for the four 

instrumented test shafts are presented in Figs. 30, 38, 39 and 40. 

The soil reaction for the final load test is presented in Fig. 30, 

Holloway et al. (14) in Fig. 38, Kasch et al. (20) in Fig. 39, and 

Ismael and Klym (15) in Fi.g. 36. The soil reaction curves illustrated 

were constructed by using theories. proposed by Rankine (37), Hansen 

{11), Matlock (24), Reese (25), and Hays (12) and field soil pressure 

measurements converted to soil reaction. The equations proposed by 

the various theories to develop the soil reaction curves have been 

presented previously (Eqs. 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 ultimate load corresponding to 2 degrees rotation, 

Kasch did verify that the theory proposed by Rankine was conservative, 

as shown in Fig. 39. The soil reaction curve was constructed by Kasch 

using the soil pressures obtained from cells 877 and 884 as shown in 

Fig. 35. Referring to Fig. 39, it is observed that the computed field 
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reaction curve slopes in the positive sense, while the soil reaction 

curves proposed 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 Rasch 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 plotted in Fig. 40. 

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

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 optained by 

Ho 11 away et a 1., (Fig. 38) the genera 1 s 1 ope of the field soil reaction 

curve is almost identical to those determined from both the Matlock 

and Hays theory. The equation used by Hays is basically 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, . 

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 conclude 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 rea~tion. 

Ultimate toad on Rigid Shafts 

Most problems in soil mechanics involving load capacity of soils 

are handled by consideration of ultimate strength characteristics. 

Failure in rigid shafts takes place when the lateral earth pressure 

resulting from applied lateral loads exceeds the ultimate lateral 

resistance of the supporting soil along the full length of the member. 

Various methods have been previously presented which can be used 

to predict the ultimate capacity of laterally loaded drilled shafts. 

These methods were used to calculate the predicted ultimate load for 

various test shafts at 2 degrees of rotation. Comparisons were then 

made between measured 1 atera 1 capacities at 2 degrees of rotation 

with those predicted by the various methods for several test shafts. 

The results are summarized in Table 3. For the Shushan 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 

accomplished by assuming the shaft was rigid and rotated about a 

point located at 0.67 times the embedment depth. All of the shafts 

involved in the comparison conformed to the D/B rigidity requirements 

of less than six. 

Inspection of Table 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 (TTl Project 2211) and 

conservative results in the higher strength soils (Shushan et al. (1)). 
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TABLE 3. - Comparison of Measured Ultimate Load Hith Predicted Ultimate Loads 

Load Test Results, in kips 

Bhushan, Haley, Fong ( 1) 

Method Project Project Project Project Project Shaft Shaft Shaft 
2211 2211 2211 105 105 2 4 5 
( Fi na1 ( 1978 (1977 (Galves- (Bryan) 
Test) Test) Test) ton) · 

Measured 
Load @ 20 92 137 172 4.35 11 .5 500 375 450 

Ivey & 
Dunlap 

<j> = 0 48 94 130 1.35 8.72 315 250 263 
-

Ivey & 
Hawkins 58 62 89 0.96 5.94 179 138 175 

, Broms 157 171 260 1.55 9.54 315 228 304 

Hays 108 125 191 4.34 12.59 320 223 287 

Hansen 135 183 271 2.02 12.4 528 446 518 

Lytton 240 337 538 3.75 13.75 NA 1800 2933 
------ --

NOTE: 1 kip = 4.45 kN 

,e; 

Average 
Percent 
Deviation 

-

39% 

57% 

41% 

20% 

31% 

216% 
~----------



The design method proposed by Lytton (21) produces highly unconserva-

tive results for the larger size shafts and relatively good predictions 

for the smaller size shafts (19). It should be noted that the design 

procedure proposed by lytton is based on field load test results for 

minor service type foundations (19). 

The average percentage differences between actual and predicted 

load capacity for each method are also tabulated in Table 3. Examina

tion of the averages shows that the method proposed by Hays (12) 

produced the best correlation with measured field loads. Individual 

examination of the percentages for each load test shows that the Hays • 

method yields good results in the lower to medium she~r strength soils 

(0.58 tsf - 188 tsf)(55 kN/m2 - 180 kN/m2) and became less accurate., 

but conservative in the stiffer soils (2.38 tsf - 2.75 tsf){228 kN/m2 -

263 kN/m2). It is possible that the equation which Hays uses for 

soil reaction is inappropriate for stiff clays. This possibility was 

investigated and, as will be shown in the next section a correlation 

was developed which accounts for variations in soil shear strength. 

Ultimate Resistance Coefficient Versus Soil Strength Correlation 

The most difficult aspect of the soil-structure interaction 

problem for drilled shafts is the relationship between soil reaction 

and soil shear strength. The design method for laterally loaded 

dri 11 ed shafts proposed by Hays ( 12) wi 11 be the basis upon which a 

relation between soil reaction and soil shear strength will be 

developed. However, before the relation is developed an explanation 

of the criteria proposed by Hays is appropriate. 
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The lateral soil resistance distribution assumed by Hays (12) is 

shown in Fig. 41. The distribution and magnitude of the soil resistance 

is based on studies conducted by Matlock (24). Matlock determined 

that the ultimate soil resistance, pu, for clays under static loading 

varies linearly from the ground surface to some depth where the 

resistance reaches a maximum. The ultimate resistance per unit length 

of shaft was expressed as: 

where 

p
0 

= NpCuB ........... , . . . . . . . . . . {8) 

Np = a nondimensional ultimate resistance coefficient, 

Cu = the undrained cohesive shear strength, and 

B = the shaft diameter. 

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

(2, 22, 35, 31). The general concensus of the investigators appears 

to be that, for clay soils at a considerable depth below the ground 

surface, the factor N equa 1 s 9. ~1atl ock ( 24) reported that very 
. . p 

near the surface ~he soil in front of the pile will fail by shearin~ 

.forward and upward. Consequently, the value of NP reduces to the 

range of 2 to 4. Matlock believed a value of 3 to be appropriate for 

cylindrical pipe piles. This aspect of Matlock's soil reaction 

criteria was modified in the design method proposed by Hays. For 

reasons of conservatism, Hays assumed a value of 2 for N at the . p 

ground surface. 

From the ground surface, the resistance reaches its maximum 

(Np = 9) at some depth, xr, which is termed the depth of reduced 
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? 
l resistance. Based on NP equal to 9, Matlock (24) formulated the 

following equation for the depth of reduced resistance: 

X = r 

(9-Np}CuB 

(YB + ~} 
(9) 

Thus, knowing the value of the ultimate soil reaction at the ground 

surface and the depth xr where the maximum resistance is reached, the 

change of soil resistance with depth can be determined. Similarly, 

Hays assumed a linear increase in soil resistance with depth, the slope 

being designated as a as shown in Fig. 41. 

It has been shown that the Hays method yielded good predicted 

lateral loads for the lower shear strength soils, and conservative 

results for the stiffer soils. Since discrepancies exist among 

various researchers (11, 24, 31} in the value choosen for Np at the 

ground surface, an empirical relationship was developed between Np 

and Cu. The correlation, shown in Fig. 42 was developed by calculating 

values of Np for eight different test shafts at lateral loads 

corresponding to the ultimate load as defined previously. All safety 

factors-suggested by Hays in the design method were disregarded in the 

formulation of the correlation. It should be pointed out that the 

test shafts 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 Np increases, while for the lower shear strength soils, 

the N value consistently lies in the range of 2. Matlock (24) 
p . 
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empirically determined that the value of NP at the ground surface for 

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

analytically established a val~e of 2, while Hansen (11) theoretically 

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

limiting value of 2 in the lower shear strength soils., This value has 

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

In highway construction, drilled shafts are used extensively for 

foundations of bridges, highway interchanges, and retaining structures. 

When designing drilled shafts to support precast panel retaining walls, 

it is probably appropriate to use shafts which behave as rigid ele

ments. However, it is possible that loads may be encountered in the 

highway industry which require a shaft of such large magnitude that 

flexible behavior is experienced by the member. In order to be 

reasonably assured of rigid foundat.i on behavior, the depth to diameter 

ratio, D/B, of the shaft should be limited to about six or less 

( 20, 40). 

Befo-re the design.depth and diameter of a shaft can be determined, 

several design parameters must be obtained. These parameters include 

the resultant forGe acting on the retaining wall, the point of appli

cation of the resultant force, the allowable shaft rotation, soil 

creep potential and the undrained cohesive shear strength of the soil. 

Force Acting on Retaining Wall 

The force acting on a ret~ining wall is the resultant of the 

lateral pressure in the backfill. Based on the results of a study 

conducted on an instrumented precast panel retaining wall, Wright et 

al~ (41) develo-ped an equation to predict the resultant force for a 

level cohesionless backfill with no surcharge, acting on a retaining 

wall. The equation developed to predict this force is: 

Fr = 0.25 yh2L (Ka + 0.8) .... ~ . . . . . . . • . (10) 
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where his the height of the wall and Lis the length of the panel, 

pi 1 aster to pi 1 aster. The term y has been defined in Eq. 2 ( p. 60). 

The expression for Ka is the Rankine coefficient of active earth 

pressure, and is defined as follows: 

Ka = cos ~ [~co_s -~ _-_..._Vc-r=co=s 
2==~==-==c==os==2 $=-' ] • • • • • 

COS ~ + Vcos 2 ~ - COS
2

$ 1 
· 

( 11) 

where ~ is the angle of the slope of the backfill to the horizontal 

and $' is the effective angle of shearing resistance of the back

fill material. 

Application Point of Resultant Force 

Wright et al. (41) also developed an equation to calculate the. 

location of the point of application of the resultant forca, Fr, 
/ 

of a level backfill with no surcharge. The equation is: 

H = ~ (~:: g:~67) ............... (12) 

where H is the distance from the ground surface to the point wher~ 

the force is applied above the base of the retaining wall; The 

terms hand 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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th.eref:one d.es•i:r:able to be able .to u:s<e the des·ign cri·ter'ia to guard 

·ag:a'tnst ~thi:s JIOtentia·l problem. 

'In the ·se:ction covering ultimate load ratio versus .Sha'ft 

.:ratrat'ton :the "li:oHa:owdqg :e:qua:t'ion was ;developed: 

•:p 
,w - .w 

~2:o - ~n.:53B + 0.731 w ( 7 ) 

Jhe •equ:ctti·o·n cexpre:s:z.e:s the <l:atera'l :load :at s.ome ·int:ennedjri:e ··rotation 

:·between n .:and .. £ .tt~gr·ees as a ;percren'tag.e ~of 'the ·ultimate 'l:ctad defined 

at 'a ::2 rite,:.g·n:e:e rrtdt-a':tiDn. 'fh'ts a'lll:ow.s ::th:e 'engi·ne:er ·to pred:tct ·a 'l:oatl

~~ut.a.L.1:an •nlffw:e ffur r.a rp:art'i·e,ular si,ire ·sharf!t ·up tim . .:a ·rotation ·cff ;2 

·:d:e:gl'Be'-S.. 

"Wne ;:aiJoNe t:e:t}ufit'i:on •Xfa·n the "t"earmangetl ,::and us:eti to :compl.ite 'a 

'ti:e:sign Tl'J:>:atl \:ba:aetf cun m llii:.fliitttn:g "anglle :df '·r:dta:tion. :I'f '1th:e ·terms :are 

ttt€'tteTiirflmi tto .:cuimc'hie ·wiitl!h it he , nO't-ittiiun · used · i·n '::tthe de:s'i:.gn ~cri7t:enia., 

.th:e "ftiFI::ow'i ng ':flquat'i:on i·•s olrta'tnett: 

~F.r ·· ·· • · · · · · · · . .• ~· • . .. {lB•) 

,.S,tl '= -ttes'ign laa:d 

r~r = £~e'S1i<l'tan.t "force ?:lm:-armmittteti ifrrom 'the .w:a.nn 't:o tth:e 

dirilllli:ed :;shttftt~, :and 

.e ~-= tth:e ftesiirra!d limilt:in,g "angile ::cff ·r,.a.ta::bi::on 

J!e":t-:emttnatton ::df ·the ·n:e:aess:ar:y Ttm·i:'ttn:g ·,'lfrlue '~'for :1t!Ie ;:wn.gl:e ,Uf 

:r:O.'t'$ton ·sh:olild he ,based ':on '"the 't~po·Y't..an:G:e :.of the ;parthultar •s':frn.u:c.turc:e 

?and ;s.oun:tl ~englne.ering judgement. 
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Soil Creep 

The time-dependent deformation behavior of a soil mass under a 

given set of sustained stress is referred to as soil creep. At the 

present time, no general theory or method exists which can adequately 

predict the time-dependent deformation of cohesive soils. The creep 

phenomenon is rather complex and is a function of several variables, 

including soil type, soil structure, and stress history (8). Since 

drilled shafts used for almost·any type of structure may be subjected. 

to long-term or sustained loads, the creep potential of the support

ing soil must be considered. 

Dunlap et al. (8) conducted a study investigating the effects of 

long-term loading on shaft behavior for minor service structures. On 

the basis of their research, the following conservative conclusions 

were made in regard to the effects of sustained loads for various 

cohesive soil types: 

Cohesive Soil Type 

Soft clay 

Stiff, non-fissured clays 

Stiff, fissured clays 

Safety Factor· 

3 

2 

3 

These safety factors are applied to the design lateral load. Also, 

they are based on anultimate capacity corresponding to a shaft 

rotation of 5 degrees, whereas, in this study the ultimate load has 

been defined as the load at a 2 degrees rotation. 

Based on the results seen in recently conducted field load tests 

and data presented in the literature, it is believed that these safety 

90 



'P 

factors are highly conservative. ·shushan et al. (1) indicated from 

load tests performed on 12 drilled shafts that, under sustained load, 

deflections increased on the order of 0 to 20% over short-term loading. 

The Bhushan field load tests were conducted in stiff clays where 

undrained shear strengths varied from 2.38 tsf (228 kN/m2) to 2.75 tsf 

(263 kN}m2). Data from the final shaft tested in this research study 

show that it is difficult to accurately determine the effect of 

sustained loading. It would be necessary to compare data from shaft 

subjected to short-term static loading with data obtained in this study. 

However, it is fe 1 t that the effects of soi 1 -creep are not as detri

mental as Dunlap et al. (8) indicated, but more on the order of the 

values presented by Bhushan et al. (1). 

It is obvious that in soft clays the effects of creep would be 

much more pronounced than in a stiff highly overconsolidated clay. 

Therefore, engineering judgement and the importance of the supported 

structure should be the controlling criteria in choosing an 

appropriate safety f~ctor. 

For retaining walls it has been shown that the highest pressures 

app-1 i ed to the wall occurred during the backfi 11 i ng proc~ss ( 41). 

The pressures reached a peakvalue at that time and then decreased 

with ti-me. Thus, for retaining wall purposes, the loads applied to 

the drilled shaft are not truly sustained and the soil creep 

phe-n-omena may not be critical. 

Soil Shear Strength 

The State Department of Highways and Public Transportation 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 

because of the additional experrse involved. The TCP test consists of· 

driving a 3.0 in. (7.6 em) diameter cone attached to a drill rod, with 

a 170 lb (77.1 kg) hammer. The hammer is dropped 2ft (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 improved correlation between the TCP blow count, N, and the 

undrained shear strength has recently beeh reported by Duderstadt et 

al. (7). ·The correlation has been reported for highly plastic 

homogeneous clays (CH) and for homogeneous clays of low to medium 

plasticity (CL). The results were reported as: 

Homogeneous CH: Cu = O.D67N 

Homogeneous CL: Cu = 0.053N 

(14) 

(15 ) 

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

applied to the shear strength, Cu. Also, the undrained 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 selected as the recommended design 

criteria. The results presented in Table 3 and the correlation 
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established between the ultimate resistance coefficient,. Np, and soil 

shear strength, Cu, presented in Fig. 42 are the basis upon which 

this decision was made. 

The assumed soil resistance distribution used by Hays has been 

presented in Fig. 41. By applying static equilibrium to the assumed 

soil resistance distribution, equations for the ultimate applied 

lateral load, S ., and bending moment, M, were developed in terms of u . 

the soil parameters, the pile embedment depth, D, and an unknown 

distance, Z, to the point of rotation. The two equations of static 

equi Tibrium are: 

s = Pu (2Z-D) + ~ (2z2-o2) . . . . . . • . . . . . . (16) u 
0 

2 -3 (2z3-o3) M = p (Z2- Q_) . . . . . . . . . . ( 17) 
. uo . 2 ' 

where a = the slope of th~ soil resistance diagram 

P = the ultimate soi 1 r--eaction at the ground surface 
uo 

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

a nondimensional variable beta: 

D =. 0 IJ a-p-
UO 

( 18) 

equations 16 and 17 can be modifi.ed into nondimensional form as 

follows: 

5u . - 2 1 p .. 0. - 2K - 1 + 8 ( K - 2) 
u 

. 0 

(19) 
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2 1 e 3 .)· 
- K x -z - 3 (2K - l (20) 

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

lateral load is applied. This gives two equations with four unknowns, 
s 

p uD' ~· K and e. The dimensionless design 
Uo 

developed for different values of K and e, 
chart shown in Fig. 43 was 

s . 
1 t . u d H . re a 1ng PuoD an 0 , 1.n 

order to expedite the design process. The procedure is iterative, 

with the designer choosing a trial diameter 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 recommended for the 

design of drilled shafts to support precast panel retaining walls: 

1. Use Eq. 10 and Eq. 11 to calculate the force, Fr, that will 

be applied to the shaft by the retaining wall. 

2. Use Eq. 12 to calculate the point of application, H, of 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 valu~ for Np. 

7. Choose a trial value for shaft diameter, Band embedment 
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depth, D. 

a~ Use Eq. 9 to calculate the depth of reduced resistance, xr. 

9. Calculate a using the following equations: 

The first equation given represents the actual slope of the 

soil resistance. If the required embedment dept~ is greater 

than xr, the second equation conservatively extends the slop~ 

of the soil resistance. 

10. Use Eq. 8 to determine the soil reaction at the ground 

surface, P . 
uo 

11. Use Eq. 18 to calculate the nondimensional variable, 8. 

12. Determine the ratio of the height of the applied force, H, to 

the depth of the shaft, D. 

13. Enter the design chart (Fig. 43) with 8 and H/D to obtain 
su 

the ratio Pijl)• 
0 s 

14. Multiply the ratio p uD by Pu to obtain the ultimate lateral 
u0 o 

load, su. 

15. Repeat Steps 7-14 until the value calculated for Su equals 

or exceeds the design load, Sd, calculated in Step 3. 

Example Problem 

The following example illustrates the use of the above procedure 
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for the design of precast panel retaining wall foundations. A drilled 

shaft foundation is to be designed for the following situation: 

A retaining wall is to consist of panels having a depth of 11 ft 

(3.35 m) and a length of 20ft (6.1 m). The backfill material will be 

clean sand having an effective angle of shearing resistancet cp', equal 

to 36 degrees and unit weight, y, equal to 115 pcf (18.1 kN/m3). The 

·backfill wjllbave no additional surcharge and will have· a horizontal 

slope. The subsoil at the construction site has been classified as 

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

conducted at the· site is 17. The unit weight of the subsoil is 1~0 
. -

pif (20.4 kN/~3) .. The limiting angle of rotation, e, is 1 degree. 

·· Usif1g·>Eq~ 1.1 • 

. [ . ] .· .·•.·.····. .o 2 0 '2 0 
Ka = Cos 0o .Cos 0 - Vcos (0) - Cos (36 ) = 0. 260 
· · · Cos 0° + \icos2(o) 0 - Cos 2(36°) 

. -. ; . . . . 

·Using Eq. 10. 

-Fr = 0.25(.115 kcf)(ll ft) 2(20 ft)(0.260 + 0.8) = 73.7 kips 
. . . .; ~ . 

· .. -~"; .•. 
·,. ---~- < ·.· 

Step 2: 

Using Eq. 12. 

H= n o.26" + o.267 = 2 73 ft 
2 0.26 + 0.8 . 

97 



Step 3: 

Using Eq. 13. 

Step 4: 

No Factor of Safety is applied for creep. 

Step 5: 

Ca1culate undrained cohesive shear strength using Eq. 14. 

Cu = (0.067) (17) = 1.14 tsf = 2.28 ksf (No Factor of Safety is 

applied). 

Step 6: · 

Enter Fig. 42 with.cu = 1.14 tsf and obtain the value for 

Np= 2.0. 

Step 7: 

Choose trial depth, D, and diameter, B. 

Try B = 2.5 ft 

D = 10 ft 

Step 8: 

Calculate xr using Eq. 9. 

_ (9-2)(2.28 ksf)(2.5 ft) 
xr- 0.130 kcf{2.5 ft) + 0.5(2.28 ksf) = 27 · 2 ft 

Step 9: 

Calculate a; the slope of the soil reaction curve. 

since D < xr then 
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St'§l 10: 

CaJPiatate P ·; the ·s·oi l react1io:rn at Ute st~rface •usi!R'BJ fq. fL 
.. ·. tJo .· . . 

P. = (2.o){:z:.:2s lksf)i(.l.s ft) = n .ill- !k/ft 
~ .· .. ·. . . . . 

Step H: 

Using t:<q. 18 calcUlate ;S • 

. 
Q = (L47 lklft2}( 10 ft} = 1 .,rn 
,., . . H .4 'k/ft •''-" 

Step ll; 

Compute Jil/!ll n ti o, • 

. Step 13: · 

£nter !De~ign Chart (Fig. ·43) with HID ratio and s to determtne 

s u 
YO. 

uo 

Step 14_:.· c 
.. -;-, ~~· ·"'£ -~ ·. 

,., ·:- ... ~ 

· SolVe for the ultimate load, S
0

• 

su;, (0.44)(11.4 k/ft)(lo ft) = sok 
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Step 15: 

Since Su < Sd repeat Steps 7-14: 

TRIAL 2: 

Step 7: 

Choose a new trial depth, D. 

Try B = 2.5 ft 

D = 15 ft 

Step 8: 

Calculate xr using Eq. 9. 

Step 9: 

Calculate tt. 

since D < xr then 

.·.This solution is not valid. 

= (9-2)(2.28 ksf)(2.5 ft) = 1 .. 47 k/ft2 
a · 27.24 ft 

Step 10: 

Calculate Pu
0 

using Eq. 8. 

P = (2.0}(2.28 ksf)(2.5 ft) = 11.4 k/ft 
uo . 

Step 11: 

Calculate 8 using Eq. 18. 
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(•. 

13 :: (1.47 k/ft
2

)( 15 ft) = 1 93 
11~4 k/ft . 

Step 12: 

.Calculate·H/0. 

Stepl3: 

Enter Design Chart (Fig. 43). 

s 
~= 0.55 
u 

0 

Step 14: 

Solve for Su. 

su = (0.55}(11.4 k/ft)(15 ft) = 94k 

•·• The solution is valid 

For purposes of comparison, the example problem was deliberately 

set up so that the results would match the load-rotation data obtained 

for the final field load test. Referring to the example problem and 

the load-rotation curve presented in Fig. 19, it is observed that the 

working load, Fr = 73.7 kips, is approximately equal to the field 

load at a rotation of 1 degree, and the ultimate load, Su = 94 kips, is 

appr~ximately equal to the·field load at a rotation of 2 degrees. 

This verifies that for the size shaft chosen in the example problem 

at a lateral load of 73.7 kips, 1 degree of rotation can be expected. 

However, if 2 degrees of rotation is hot objectionable the shaft has ·. 
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the capacity to carry a load of Su equal to 94 kips, which is the 

defined ultimate. This comparison verifies the reliability of the 

reconmended design procedure. Further verification of the reliability 

of the recommended design criteria is shown in the next section .. 

Comparison of Predictions 

Since the reliability of any type of design procedure can only 

be based upon the results it produces, comparisons of predicted 

capacities with those obtained in the field become a necessary exercise 

for the formulation of a positive conclusion. Therefore, the 

validity of the recommended design procedure was evaluated by comparing 

predicted ultimate loads with those observed in the fi~ld. The pre~ 

dieted 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 relationships 

are shown in Table 4. Table 5 presents the results of predictions 

for shafts not involved in any of the correlations. No safety factors 

were applied in the design criteria for the predictio~s shown. 

Ratios of predicted to observed loads for the available 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 predicted by the new design procedure are within 10 percent of 

the observed capacity. Only five points 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 

Observed Load in kips kips 
Degrees 

TTI 2.0 187 172 1.09 
1.5 171 160 1.07 Project 2211 1.0 147 135 1.09 (1977 Test) 0.5 103 91 1.13 

TTI 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 

TTI 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 

Shushan et a l. 2~0 555 500 1. l1 
Shaft 2 1.5 507 475 1.07 

1.0 435 390 l.ll 
0.5 305 280 1.09 

Shushan 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 

TTI 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 

0.5 2.4 1.7 1.42 

TTI 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 l. 14 

NOTE: 1 kip = 4.45 kN 
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TABLE 5. - ~omparisons of Predicted and Observed Loads For 
Shafts Not Involved in Empirical Relationships 

Test Shaft Shaft Predicted Observed Predicted Load 
Rotation, Load, in Load, in Observed load in kips kips 
Degrees 

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 a1. 1.0 431 425 1.01 
Shaft 1 0.5 303 280 1.08 

Bhushan et a1. 1.5 294 350 0.84 
Shaft 3 1.0 252 320 0.79 

0.5 177 230 . 0.77 

. 

Bhushan et a 1 . 1.0 340 445 0.77 
Shaft 6 0.5 240 260 0.92 

Shushan et a1. 1.0 100 160 0.63 
Shaft 7 0.5 70 100 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 new design 

criteria predictions deviate rather insignificantly from observed 

capacities. 
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CONCLUSIONS AND RECOMMENDATIONS 

Based upon the results and analysis of full-scale drilled shaft 
' 

testing programs and comparisons made with existing lateral capacity 

prediction methods, the following conclusions and recommendations are 

made: 

Conclusions 

1. Based on the comparison between load tests shown in Table 

3, it is concluded that the Ivey and Dunlap method (with 

2. 

!11 equal to zero), and the I-vey and Hawkins method yield 

conservative predictions. On the other hand, the methods 

proposed by Hansen and Lytton consistently yield 

unconservative predictions for the larger sized shafts. 

Brom's method predicts unconservative results in the 

lower shear strength clays and conservative predictions in 

the stiffer clays. 

Based on the same comparison of the measured versus predicted 

ultimate loads given in Table 3, the Hays method produces 

the best overall results for the different methods investi-

gated. Therefore, the Hays method, with some modification was 

incorporated into a new design criteria. 

3. The correlation shown in Fig. 42 relating undrained cohesive 

shear strength, Cu, and ultimate resistance coefficient, NP, 

was developed for use with the Hay's method in the new 

design criteria. 

4. An additional correlation was developed which makes it possible 
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t6 predict a load-rotation curve for rigid drilled shafts. 

This correlation~ shown in Fig. 33, has also been incorp

orated in the recommended design procedure. 

5. Based on the comparison presented in Table 4, Table 5, and 

Fig. 44 it is concluded that the use of this recommended 

design proce~ure produces excellent predictions .. 
.. .. 

Recommendations 

1. Additional lateral load tests should be conducted on rigid 

drilled shafts of varying depths and diameters founded in a 

variety of soil types. 

2. The effect of sustained loading on drilled shafts should be 

investigated by constructing shafts of identical geometry 

in the same soil and testing one under short term applied 

loads and testing the other under long-term loading 

conditions. 

3. The effect of soil structure (i.e. soft, stiff, fissured or 

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

sh~fts should be investigated. 

4. The correlation of undrained soil shear strength, Cu, versus 

ultimate resistance coefficient, Np, at the ground surface, 

should be further refined and verified as additional data 

becomes available. 

5. All future drilled shaft field load tests should be instru-

mented and conducted in such a manner that complete informa

tion is gathered and recorded. This complete information 
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should include the following: 

a) Load-deflection data for all load levels~ 

b) Load-rotation data for all load levels~ 

c) Soil reaction measurements for the entire length of 

the shaft for all load levels. 

d) Continue the test until it is certain that the ultim.ate 

capacity of the shaft has been obtained. 

e) Accurate determination of soil shear strength as a 

u function of depth. 

6. The recommended design procedure should continue to be 

verified using future fi~ld load test data. 
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APPENDIX II. -NOTATION 

The following symbols are used in this thesis: 

B = shaft diameter; 

C - undrained cohesive shear strength; u 
D =embedded-depth; 

E = modulus of elasticity of foundation; 

Es = soil modulus; 

EI = flexu~al stiffness of foundation; 

F = applied lateral load; 

Fr = resultant force transmitted from retaining wall to drilled 

shaft; 

H = height of lateral load application; 

h =height of retaining wall; 

I = moment of inertia of foundation; 

K = Rankine coefficient of active earth pressure; a 
Kc = theoretic~l earth pressure coefficient; 

k = coefficient of l a t_era l s ubgrade reaction;. 

L =length of precast panel; 

M = applied moment; 

N = blow count from TCP test; 

N = ultimate resistance coefficient; p 

Px = axial load on foundation; 

P = any intermediate load corresponding to an arbitrary shaft w 

rotation, w, between 0 and 2 degrees; 

P2o = the lateral load at a rotation of 2 degrees; 
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Pw/P2o ·- ultimate load ratio; 

p = soil reaction; 
' 

Pu = ultimate soil reaction; 

Pu = ultimate soil reaction at groundline; 
0 

sd = design load; 

Su = ultimate applied lateral load; 

WF = wide flange; 

X = depth b~low groundline; 

Xr = depth of reduced resistance; 

y = lateral deflection; 

Z = depth to rotation point; 

a. = slope of Hays soil reaction curve; 

13 = nondimensional .variable; 

y =unit weight of overburden material; 

z.; = angle of slope of backfill to horizontal; 

11 = soil strength reduction factor; 

e = 1 imi ting angle of rotation; 

if> = angle of shearing resistance; 

q,• = effective ang.le of shearing resistance; and 

w = shaft rotation between 0 and 2 degrees. 
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