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LATERAL LOAD TESTS ON DRILLED PIERS IN SAND 

ay Kul  husha an,^ Louis J. ~ e e . ~  Members, 
ASCE, and Donald B.  rime,^ A.M. ASCE 

Results of full-scale lateral load tests are presented 
for drilled and cast-in-place piers with diameters of 2 ft 
tp 4 ft (0.61 m to 1.22 m) and lengths of 17 ft and 18 ft 
(5.18 m and 5.49 m). Maximum lateral loads of up to 200 
kip (890 kN1 were applied, and lateral deflections were 
measured. Using available procedures, the observed load- 
deflection behavior was compared to predicted behavior. 
A simple, empirical method for predicting lateral load- 
deflection response is proposed. 

INTRODUCTION 

Drilled piers have been used extensively for support- 
ing axial and lateral loads for a variety of structures 
including buildings, bridges, highway structures, and 
transmission towers. Lateral loads govern the design of 
piers in many cases. Pier design for lateral load can be 
based on ultimate load analyses and a factor of safety. or 
on an allowable lateral deflection. A design based on an 
allowable lateral deflection provides a more rational 
approach because it can allow the design to incorporate 
the deflection tolerance of the structure. A number of 
methods are available to predict the lateral load behavior 
of oiers (5.7.9.14.161. but onlv a few full-scale load . . . . . . . ~~ ~ 

test results are reported in the literacure (1.4.81 for 
drilled piers in sand. 

This paper presents the results of full-scale lateral 
load tests on seven drilled piers in medium dense to very 
dense sands and compares the observed and predicted 
behavior. The tests were conducted on piers with dia- 
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meters of 2 ft, 3 ft, 3.5 ftr and 4 ft (I ft= 0.305 m) and 
lengths of 17 ft and 18 it (5.18 m and 5.49 m). pi,,, 
were constructed at three sites. Lateral loads up to 200 
kip (890 kx) were applied, and measurements of groundline 
deflection versus load were made for all piers. Compari- 
sons between the observed and predicted behavior using 
existing published procedures show that predicted deflec- 
tions are generally two to five times greater than the 
observed deflections. A new procedure is proposed for 
predicting lateral deflections of drilled piers in sand. 

PIER AND SOIL CONDITIONS 

Seven cast-in-place drilled piers were constructed and 
tested for the Southern California Edison Company (SCE). 
The pier characteristics are shown in Table I. Piers 1, 
2, and 3 were constructed and tested in 1963 at a site 
(site A) located about 32 miles (67.6 kml east of downtown 
Los Angeles(6). Piers 4-7 were constructed and tested in 
1979 at two locations (Sites B and C) near Daggett, 
California. Each pier was constructed by drilling the 
pier holes in the dry .with an auger, lowering the rein- 
forcing cage in the open hole, and placing the concrete. 

aPiers were constructed with a 5-ft diameter bell in 
the bottom 2 ft. 

TABLZ I.-- Pier Characteristics 

Soil conditions at Site A were investigated by drill- 
ing a soil boring and measuring penetration resistance. 
For Sites B and C, soil conditions were determined by 
drilling a soil boring at each site, performing standard 
penetration tests and static cone penetration tests, and 
performing laboratory strength and classification tests on 

Concrete 
modulus of 

I 
elasticity Rein- 
in psi forcement 

(51 ( 6 )  

3 x lo6 not known 
. 3 x 106 not known 

3 x 106 not known 
4.33 x lo6 14 411 bars 
4.33 x 106 14 411 bars 
4.33 x lo6 14 #11 bars 
4.33 x lo6 14 tll bars 

Pier 
number 
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1 
2 
3 
4 
5 
6 
7 
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in 
feet 
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3.5= 
3 . v  
3. 5a 
2.0 
3.0 
3.0 
4.0 

Embedded 1 
length 
in Test 
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17.0 
17.0 
17.0 
18.0 
18.0 
18.0 
18.0 

site 
(41 

A 
A 
A 
a 
B 
C 
C 
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i n t a c t  samples .  S t a n d a r d  p e n e t r a t i o n  blow c o u n t s  and 
s t a t i z  cone p e n e t r a t i o n  r@si r ta r ice  a r e  shown i n  r i g s .  ? 
ard 2 ,  r e s p e c t i v e l y .  

The s o i l s  a t  S i t e  A a r e  predominantly savds ranging i n  
s i z e  from f i n e  t o  c o a r s e ,  w i t h  s c a t t e r e d  gra.vels a n d  
cobbles. The r e l E t i v e  d e n s i t y  i n c r e a s e s  wirh depth from 
loose near t h e  s s r f a z e  t o  dense a t  depth.  me soiis  a t  
S i t e s  B and C a r e  a l s o  g e n e r a l l y  f i n e  t o  coarse-?rained 
sands and s i l t y  sands with  v a r i a b l e  amounts of g r a v e l s  
below 4 f t  (1.22 m). The n a t u r a l  mois ture  content  v a r i e s  
betreer. 24  and 10% wi th  a n  average v a l u e  of 4%, and the 
dry  d e n s i t y  v a r i e s  between 83 p c f  and 113 pcf (1335 kg;m3 
and 1 A 0 9 k g / n 3 )  w i t h  a n  a v e r a g e  v a l u e  oE 9 9  p c f  ( 2 5 8 5  
kq/m3). The e f f e c t i v e  a n g l e  o f  i n t e r > a l  f r i c t i o n  f o r  
t h e  n a a r - s u r f a c e  s i l t y  s a n d s  w a s  found t o  be 36' from 
t r i a r i a l  compression tes ts  wi th  conf in ing  p r e s s u r e s  i n  t h e  
range of 1 t o  10 ks f  (47.9  t o  479 kl/s21. 

The r e l a t i v e  d a n s i t i e s  o f  s a n d s  w e r e  estimated by 
using the  s t a n d a r d  p e n e t r a t i o n  r e s i s t e n c e s  (.V-values) and 
t h e  c o r r e l a t i o n  propoaed by B a z a r r a  ( 3 ) .  The a v e r a g e  
valiles of s o i l  parameters used i n  a n a l y s e s  a r e  shown i n  
Table 2. Where LaDoratoq d a t a  a r e  n o t  a v a i l a b l e ,  v a l c e s  
shown are based on c o r r e l a t i o n s  with N-values and cone 
penetraLion r e s i s t a n c e s .  

LOhE TSST PROCEDURE 

P ie r s  1 - 3 were cons t ruc ted  i n  a t r i a n g u l a r  config- 
u ra t ion  with  a  cen te r - to -cen te r  d i s t a n c e  o f  about 29 ft: 
The 1oadir.g was app l ied  by f o r c i n g  t h e  p i e r s  a p a r t  usinj a 
200 k i p  (890 kN) hydrau l ic  jack. The load was app l ied  a t  
a po in t  about 15 i c .  (381 nm) below the  ground surface. 
Indeperdent ly  supported d i a l  gages,  r ead ing  t o  0.001 i n .  
(0.0254 m), were placed i n  d i rec t .  c o n t a c t  wi th  t h e  p i e r s  
t o  o b t a i n  g r o u n d l i r e  d e f l e c t i o n .  V a r i a t i o n  of l a t e r a l  
d e f l e c t i o n  wi th  depth w a s  recorded using a s lope i n d i c a t o r  
f o r  Sevesai l o a d s .  Two tests were made. Tes t  1 betweert 
P i e r s  1 and 3 and T e s t  2  between P i e r s  2 and 3. 

13e l o a l s  were a p p l i e d  i n  increments o f  5 t o  25  k i p  
( 2 2 . 2  t o  1 1 1 . 2  kN). and g r o u n d l i n e  d i s p l a c e m e n t s  were  
recorded f o r  each increment. Wh-ro c r e e p  occurred, tbe 
load was n a i n t a i n c d  cons tan t .  and f i n a l  3isplacement was 
o b t a i n e d  when t h e  r a t e  of  d i s p l a c e m e n t  Mas l e s s  t h a n  
0.0005 i n . / r n i n  (0.0127 m l m i n l .  

Standard Psnetratlan Blow Count. N 

-- 
~a 20 30 40 50 i 

Figure 1. BLOW COUNT VERSUS DEPTHS, SITES A, 8 AND C. 
( 1  it 3 0.305 ml 

Cone Penetration Resistance. ls f  

Figure 2. CONE PENETRATION RESISTANCE, SITES B AND C 
( 1  f t  = 0.305 m, 1 1st = 95.8 k ~ / r n ~ )  
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TABLE 2 .  -- Summari o f  S o i l  Data 

TESTS ON PIERS IN SAND 

S i t e  
nm-  
be r  
( 1 )  

Deptt 
S o i l  

Sand 0  -8 
(SP-SM) 

sand 
(SP-SM) 

S i l t y  (0-3 
sand (SM) 

s i l t y  3-18 
sand (SM)  
w/gravel- 
l y  l a y e r s  

S i l t y  
sand (SM) 

S i l t y  
sand ( s M )  
w/gravel-  
l y  l a y e r s ,  

o t a l  u n i t  
, e i g h t  i n  
sounds pe r  
u b i c  f o o t  

( 4 )  

' r i c t i o n  
a n g l e  
$, i n  
e g r e e s  

( 5 )  

Lela t ive  
l e n s i t y  
or a s  
a  per- 
cen tage  

( 6 )  

55 

67 

77 

88 

38 

- - 

P i e r  
t e s t  

( 7 )  - 
1 , 2 , 3  

4.5 

6 , 7  

P i e r s  4-5 and 6-7 were c o n s t r u c t e d  i n  p a i r s  a t  S i t e  a 
and S i t e  C, r e s p e c t i v e l y ,  w i t h  a  cen te r - to -cen te r  spac ing  
of a b o u t  20 f t  (6.1 m).  General  l o a d - t e s t  ar rangement  i s  
shown i n  Fig .  3. The l o a d  was a p p l i e d  by a  200 k i p  (890 
kN) h y d r a u l i c  jack b e a r i n g  on the jacking p l a t e  b u i l t  i n t o  
t h e  p i e r .  The p o i n t  of  a p p l i c a t i o n  of t h e  h o r i z o n t a l  load 
was assumed to b e  a t  t h e  l e v e l  of t h e  load ing  rod which 
was a t  t h e  ground s u r f a c e .  Hor izon ta l  d i sp lacements  of 
t h e  p i e r s  were measured b y  one d i a l  gage  i n  f r o n t  o f  t h e  
p i e r  p a r a l l e l  t o  t h e  l o a d i n g  rod a t  a  h e i g h t  o f  about  6 
i n .  (152 nun) above t h e  yround s u r f a c e .  

Dia l  gages  with a  0.001 i n .  (0.0254 ml r e s o l u t i o n  and 
2 i n .  ( 5 1  mm) t r a v e l  were used t o  measure t h e  h o r i z o n t a l  
movement; t h e s e  gages were suspended from a  frame which 
was s u p p o r t e d  i n d e p e n d e n t l y  a t  a ,  minimum d i s t a n c e  of 
l o  f t  ( 3 . 0 5  m )  from t h e  p i e r s .  Loads  were  a p p l i e d  i n  
1 0 - k i p  (44.5-kN) i n c r e m e n t s  up  t o  1 0 0  k i p  ( 4 4 5  XN) 
w i t h  u n l o a d i n g  a f t e r  e a c h  i n c r e m e n t .  C y c l i c  l o a d s  

Flgura 3. SCHEMATIC TEST SET UP - PIERS 4 TO 7 

I, II.0.3OS.. I m. .%5. rm. 1 .U,-...5LYI 

Lateral Load (kips) 

Figure 4. LOAD - DEFLECTION CURVES, PIERS 1 AND 3 
(1  in. = 2.54 crn, 1 kip * 4.45 kN) 
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were a p p l i e d  a t  60 -k ip  and 100-kip (267-KN and 445-kX) 
l o a d s  For L O  t o  1 5  c y c l e s .  Loads above 1 0 0  Kip (445  kx) 
w e r c  e p p l l r d  i c  i n c r e m e n t s  o f  20 t o  40 k i p  ( 8 9  t o  178  kN) 
w i t h o u t  u n l o a d i n g .  D e f l e c t i o n  r e a d i n g s  were  t a k e c  a t  t h e  
comple t ion  of e a c h  l o a d  inc remen t ,  and t h e  load was l e f t  
on f o r  a p e r i o d  of a b o u t  30 min o r  u n t i l  t h e  d e f l e c t i o n  
d e c r e a s e d  t o  l a s s  t h a n  0 . 0 0 1  i n . / m i n  ( 0 . 0 2 5 4  m n / m i n ) ,  
whichever  o c c u r r e d  e a r l i e r .  

I n  a l l  cases, new l o a d  i n c r e m e n t s  were a p p l i e d  as f a s t  
as  it w a s  p r a c t i c a l .  I n  g e n e r a l ,  e a c h  l o a d  w a s  brought  up 
t o  t h e  d e s i r e d  ,value i n  l e s s  than one minu te .  For c y c l i c  
l o a d i n g ,  t h e  l o i d  w a s  r a i s e d  to  t h e  d e s i r e d  va11:e. d e f l e c -  
t ~ o n  and  l o a d  r e a d i n g s  w e r e  t a k e n ,  a n d  t h e  Load was 
removed. I n  a d d i t i o n  t o  t h e  d e f l e c t i o n  measurerne?.ts, tilt 
measurements were made o n  P i e r s  4 and 6  on t o p  of  t h e  p i e r  
u s i n g  a sur face-mounted  t i lt  t r a n s d u c e r .  

LOAD TEST RESULTS 

L a t e r a l  l o a d  versus g r o u n d l i n r  d i s p l a c e m e n t  a r e  
p l o t t e d  i n  F l g .  4  f o r  T e s t  No. 1 (beLween P i e r s  1 an3 31 
a n 3  i n  F i g .  5  f o r  T e s t  No. 2 ! b e t w e e n  P i e r s  2 a n d  3 ) .  
Typ ica l  s l o p e  indicator d a t a  i n d i c a t e  t h a t  t h e  p o i n t  o f  
r o t a t i o n  o i  t h e  p i e r s  was a b o u t  10 f t  t o  12 f t  ( 3 .05  m t o  
3 . 6 6  m )  below g r o u n d l i n e  f o r  l o a d s  i n  e x c e s s  of  100  k i p  
(445  kN). 

For P i e r a  4 - 7 ,  t h e  measured val rms of  l a t e r a l  l o a d s  
verscs d e f l e c t i o n s  a t  t h e  ground s u r f a c e  arc p l o t t e d  i n  
F i g s .  6  and 7.  The ground1ir .e  d e f l e c t i o n s  were e s t i m a t e d  
by  a d j u s t i n g  t h e  d i z l  i n d i c a t o r  measurements made G i n .  
(152 m1 above t h e  g r o u n d l i n e  on the b a s i s  o f  tilt aea- 
surements  made a t  t h e  t o p  o f  t h e  p i e r .  The g r o u n d l i n r  
d e f l e z t i o n s  a r e  a b o u t  9 0 %  o f  t h e  d i a l  i c d i c a t o r  r e a d i n g s .  

For a l l  p i e r s ,  t h e  d e f l e c t i o n  r e a d i n g s  t a k e n  immed- 
i a t e l y  a f t e r  each  l o a d i n g  and  a E t e r  t h e  d e f l e c t i o n  had 
s t a b i l i z e d  a r e  shown b y  t w o  p o i n t s  at t h e  same l o a d .  
Where u n l o a d i n g  was * o n e ,  a l l  s u D s e q u e n t  d e f l e c t i o n s  
beyond t h e  l a s t  l oad  a r e  r e f e r e n c e d  t o  t h e  o r i g i n a l  zero 
d e f l e c t i o n  a t  t h e  s t a r t  o f  t h e  t e s t .  The  d e f l e c t i o n  
r e a d i n g s  a f t e r  a p p l y i n g  t h e  i n d i c a t e d  number. o f  c y c l e s  a r e  
shown w i t h  open c i r c l e s .  

COMPARISON OF OBSERVSD AND FREDICTED DEFLECTIONS 

S ince  l o a d i n 9  €o r  P i e r  4  was c a r r i e d  t o  l a r g e  d e f l e c -  
t i o n s ,  the  o b s e r v e d  l o a d - d e f l e c t i o n  d a t a  f o r  P i e r  4 a r e  
colrpared i n  F i g .  8  w i t h  t h e  p r e d i c t e d  v a l u e s  u s ing  t h e  
p r o c e d u r e s  s u g g e s t e d  by BrornsI51, R e s s e ( l 7 1 .  and  Poulos  
( 1 4 ) .  The p i e r  d a t a  u s e d  i n  t h e  a n a l y s e s  a r e :  p i e r  
d i a m e t e r ,  b= 24  i n . ;  p i e r  l e n g t h ,  L= 18 f t ;  and  p i e r  

Flgurs 6. LOAD DEFLECTION CURVES, PERS 2 AND 3 
( 1  In. r 2.54 em. 1 kip 3 4.45 t N )  

ngus 6. LOAD DEFLECTION CURVES, PIERS 4 AND 5 
(1 in = 2.54 cm, I kD = 4.45 LNJ 
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Laleral Load (kgs) 

PIER ET3=- 

Figure 7.  LOAD DEFLECTION CURVES, PIERS 6 AND 7 
(1 in. = 2.54 crn, 1 kip = 4.45 kN) 

Flgurs 8. COMPARISON OF COMPUTED 
AND MEASURED DEFLECTIONS 

(1  in. ; 2.54 cm. 1 kip ; 4.45 kN) 
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rigidity, EI= 7.08 x lo1@ lb-in2 (1 in.= 2. 54 cm: 1 ft= 
0.305 m; 1 lb-inZ= 2.92 kg-cm2). 

Broms' method(5) is based on a subgrade-reaction 
approach and uses non-dimensional deflection coefficients 
and a consLant uoefficienL of subgrade reaction, nh, 
based o n  the density of sand and the location of the water 
table only. aroms(5) suggested the use of nh values 
proposed by Terzaghi(l9). A value of nh= 65 pci (1.8 
kg/crn3) for dense sand above the water table Was used in 
the analysis. The linear load-deflection predict??n 
obtained by this procedure is shown in Fig. 8. - 
Reese (16) used the results of an instrumented load test 
to propose a semi-empirical procedure for constructing p-y 
(lateral resistance-pile deflection) curves to be used in 
a finite difference solution of the differential equation 
of bending using a computer program (18). The procedure 
was based on a load test on a 24-in. (610-mm) diameter 
pipe pile in medium dense sand below the water table. 
Later Reese (17) extended the recommended procedure to 
sand above the water table by modifying values of coeffi- 
cient of subgrade reaction defining the initial part of 
the p-y curves. 

The soil properties used in Reese's y analysis(l7) 
were: angle of internal friction, f Z 3 6 ' :  soil unit 
weight, y = 105 ST£; and coefficient k= nh = 225 pci. 
(1 pcf= 16.01 kg/m , 1 pci= 0.0276 kgjcm3). 

Poulos (14) has proposed an elastic continuum approach 
to the problem using either a constant modulus with depth 
or a linearly increasing modulus with depth. The non- 
linear soil response is taken into account by using a 
yield-deflection factor. Poulos (141 indicates that for 
a modulus increasing linearly with depth, the rate of 
modulus increase may be taken as the coefficient of 
subgrade reaction nh in the subgrade reaction analysis 
and recommends using Terzaghi's (19) values of nh for 
computations. A value of Nh (rate of modulus increase 
with depth) of 65 pci (1.8 kg/cm3) was used in Poulos(l41 
analysis. 

A review of Fig. 8 indicates that the predicted 
deflections using the existing procedures (5,14.17) in the 
working load range of 67 kip to 100 kip (298 kN to 445kNl 
are generally two to five times the observed deflections. 
Although Terzaghi(l9) made no recommendation concerning 
the range of loading for which his values of nh are 
applicable, it appears that his values are more represen- 
tative of ultimate conditions (near failure) rather than 
the working stress range as assumed by Broms(5). Vesic 
(20) suggests that the coefficient of subgra.de reaction 
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nh c a n  b e s t  b e  o b t a i n e d  f rom m e a s u r e d  d e f l e c t i o n s  and 
s l o p e s  i n  a l a t e r a l  load test.  I n  a d d i t i o n ,  o b s e r v a t i o n s  
on ins t rumented p i l e s  i n d i c a t e  t h a t  nh is  n o t  c o n s t a n t  
f o r  a  g i v e n  r e l a t i v e  d e n s i t y .  a s  assumed by T e r z a g h i l l 9 ) .  
b u t  it v a r i e s  w i t h  l a t e r a l  d e f l e c t i o n  o f  t h e  p i e r .  TO 
t a k e  i n t o  accoun t  t h e  v a r i a t i o n  of nh wi th  d e f l e c t i o n ,  
ana lyses  were made o f  t h e  load tes t  d a t a  o b t a i n e d  d u r i n g  
t h i s  t e s t i n g  program and t h e  d a t a  a v a i l a b l e  i n  t h e  l i t e r a -  
t u r e  (1.2.4.8.9.12.16) t o  d e v e l o p  a n  approximate r e l a t i o n -  
s h i p  f o r  t h e  v a r i a t i o n  o f  nh w i t h  t h e  l e v e l  o f  d e f l e c -  
tion: T h e s e  r e s u l t s  fo rm t h e  b a s i s  o f  t h e  p r o p o s e d  
method. 

THEORETICAL COBSIDERI\TIONS 

Consider a s i n g l e  v e r t i c a l  p i e r  o f  d i amete r  b. l e n g t h  
L. and s t r u c t u r a l  s t i f f n e s s  EI ,  p l a c e d  i n  a soil mass o f  
known c h a r a c t e r i s t i c s .  T h e  s t a t i c a l  i n f l u e n c e s  a l o n g  
t h e  p i e r  can b e  determined by c o n s i d e r i n g  t h e  p i e r  a s  a 
beam a n d  u s i n g  t h e  d i f f e r e n t i a l  e q u a t i o n  o f  b e n d i n g :  

E I ~  - p ( z )  .................................. ( 1 )  
dz4 

i n  which E= modulus o f  e l a s t i c i t y  o f  p i e r ;  15 moment of  
i n e r t i a  o f  p i e r ;  y= d e f l e c t i o n ;  p l z ) =  l a t e r a l  s o i l  p res -  
sure a t  dep th  z. 

The r a r i o  of l a t e r a l  s o i l  p r e s s u r e  t o  t h e  d e f l e c t i o n  is 
t h e  subgrade r e a c t i o n  modulus s o  t h a t :  

................................... ply= Kh ( 2 )  

where Kh= subgrade  r e a c t i o n  inodulus. 

Closed form s o l u t i o n s  o f  E q .  1 a r e  a v a i l a b l e  I101 f o r  a 
c o n s t a n t  Kh. However, o b s e r v a t i o n s  on l a t e r a l l y  loaded 
p i l e s  i n  g r a n u l a r  soils i n d i c a t e  t h a t  a  m o r e  r e a l i s t i c  
a s s u m p t i o n  i s  a modulus  Kh l i n e a r l y  i n c r e a s i n g  w i t h  
dep th  accord ing  to: 

i n  which nh = e m p i r i c a l  q u a n t i t y  c a l l e d  t h e  c o e f f i c i e n t  
o f  subgrade r e a c t i o n .  

The s o l u t i o n s  o f  t h e  d i f f e r e n t i a l  e q u a t i o n ,  Eq. 1, f o r  
Kh l i n e a r l y  i n c r e a s i n g  w i t h  d e p t h  h a v e  b e e n  o b t a i n e d  
u s i n g  t h e  method o f  f i n i t e  d i f f e r e n c e s  and h a v e  b e e n  
p r e s e n t e d  as n o n - d i m e n s i o n a l  c o e f f i c i e n t s  ( 1 1 . 1 5 ) .  
These S o l u t i ( ~ 1 6  q i v e  d e f l e c t i o n  as: 

+ B , ( P ~ ) T ~  ............................ ( 4 )  
Y= E I  E I  

i n  wh ich  y= d e f l e c t i o n ;  P= l a t e r a l  l o a d ;  a =  h e i g h t  o f  
a p p l i c a t i o n  o f  t h e  a p p l l e d  l o a d  P above t h e '  ground s u r -  
f a c e :  Ay,B - n o n - d i m e n s i o n a l  d e f l e c t i o n  c o e f f i c i e n t s :  
and 

Y- 

T  i s  t h e  c h a r a c t e r i s t ~ c  p i e r  l e n g t h .  

For  v a l u e s  o f  L I T  g r e a t e r  t h a n  2 . 0 ,  t h e  v a l u e s  of-..Ay 
and B f o r  d e f l e c t i o n  a t  t h e  ground s u r f a c e  a r e  sho-,,'ln 
f i g .  5 .  These  v a l u e s  a r e  b a s e d  on c o m p u t a t i o n s  u s i n g  
e l a s t l c  p i l e  theory  (11). S i m i l a r  c o e f f i c i e n t s  a r e  a v a i l -  
a b l e  f o r  moment, s l o p e ,  and s h e a r  ( 1 3 . 1 5 ) .  

For LIT r a t i o  of l e s s  t h a n  2.U, t h e  p l e r  can be  assumed t o  
be a s h o r t  r i g i d - p i e r  w i t h  g r o u n d l i n e  d e f l e c t i o n  g i v e n  by: 

y= Is + +' ............................. (6) 
LZ nh L' "h 

For L/T = 2 ,  t h e  computed d e f l e c t i o n s  using E q .  4 o r  E q .  6 
may d i f f e r  by up t o  1 5 %  d u e  t o  t h e  d i f f e r e n c e s  i n  t h e  
r e s u l t s  o f  r i g i d - p i l e  and e l a s t i c - p i l e  theory .  

PROPOSED METHOD 

A review o f  load t e s t  d a t a  o b t a i n e d  dur ing t h i s  t e s t i n g  
program and o f  d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e  (1 .2 .4 .Y.  
3 .12.16)  i n d i c a t e s  t h a t  f o r  s a n d s ,  t h e  va lues  o f  nh can 
be expressed  i n  terms o f  r e l a t i v e  d e n s i t y  and normal ized 
d e f l e c t i o n  I y / b ) .  Based on c u r r e n t l y  a v a i l a b l e  f u l l - s c a l e  
l o a d  t e s t  d a t a ,  t h e  p r o p o s e d  c u r v e s , f o r  nh v e r s u s  y / b  
f o r  v a l u e s  o f  y / b  between 0 . 5 %  and 10% are  shown i n  F i g .  
10 as a f u n c t i o n  o f  r e l a t i v e  d e n s i t y  of eand. The v a l u e s  
o f  nh shown i n  F i g .  10  a r e  f o r  s a n d s  a b o v e  t h e  w a t e r  
t a b l e .  P re l imina ry  compar isons  o f  observed and p r e d i c t e d  
d a t a  i n d i c a t e  t h a t  f o r  sands  below t h e  water t a b l e  5 0 %  of  
t h e  v a l u e s  of  nh g i v e n  i n  f i g .  10 may be  used .  A s t e p -  
b y s t e p  procedure  t o  compute a l o a d - d e f l e c t i o n  c u r v e  f o r  a 
p l e r  is : 

1. Assemble in fo rmat ion  on p i e r  and load ing :  d i a m e t e r ,  
b ;  l e n g t h ,  L; modulus o f  e l a s t i c i t y  o f  p i e r ,  E ;  moment 
o f  i n e r t i a  o f  p i e r ,  I ;  a r e a  o f  s t e e l ,  As; and h e i g h t  
o f  a p p l i c a t i o n  o f  load  above ground,  a. 

2 .  Assemble a v a i l a b l e  s o i l  d a t a :  5011 u n i t  w e i g h t ,  Y ;  
a n d ,  r e l a t i v e  d e n s i t y ,  D r .  I f  s i g n i f i c a n t  v a r i a -  
t i o n s  w i t h  dep th  a r e  found,  use  t h e  ave rage  v a l u e s  i n  
t h e  sand t o  a d e p t h  e q u a l  t o  two t o  t h r e e  t i m e s  t h e  
p i e r  d iameter .  The r e l a t i v e  d e n s l t y  may be e s t i m a t e d  
us ing  s t andard  ~ e n e t r a t i o n  blow count  and c o r r e l a t i o n s  
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p r o p o s e d  by B a z a r r a ( 3 )  o r  SY u s i n g  c o r r e l a t i o n s  
b e t v e e n  c o n e  penetration r e s i s t a n c e  and r e l a t i v e  
d e n s i t y .  

3. s e l e c t  y/b v a l u e s ,  such a s  0 .5%.  1 .0%.  2 . 5 % .  5 . 0 % ~  
8.0%, and 10.0%.  

4 .  com?ute d e f l e c t i o n  y  corresponding t o  t h e  s e l e c t e d  
v a l d e s  of y / b .  

5 .  O b t a i n  nh c c r r e s p o n d i n g  t o  v a r i o u s  v a l u e s  o f  ~ / b  
s e l e c t e d  i n  s t e p  3 and r e l a t ~ i v e  d e n s i t y  s e l e c t e d  i n  
s t e p  2,  sing F i g .  10.  

6 .  Compute z h a r a c t e r i s t l c  length  T  us inq  Eq. 5. 

7.  Corpute  t h e  r a t i o  Z m a x  = L/T. 

8.  Obtain  Ay and B y  from Fig. 3 corresponding t o  v a l u e s  

o f  L / T  in s t e p  7 .  

9 .  Compute P u s i n g  Eq .  4  or  6 .  

An i l l c s t r n t i v e  example u s i l g  this procedure  f o r  P i e r  4 i s  
shown 1x1 Appendix 111. The computed l o a d - d e f l e c t i o n  d a t a  
a r e  shown i n  F ig .  8 a s  t h e  proposed method. 

REVIEW AND CONCLCSIONS 

The proposed method of e s t ima t ing  l a t e r a l  de f1ec t io r . s  f o r  
d r i l l e d  p i e r s  p rov ides  a  simple e m p i r i c a l  procedure  t a  
t a k e  i n t o  account  t h e  dependence of t h e  c o e f f i c i e n t  o f  
subr j rade  r e a c t i o n  nh on t h e  magn i tude  o f  d e f l e c t i o n .  
Comparisons  o f  t h e  computed v a 1 u e s ' u s i r . g  t h e  p r o p o s e d  
method f o r  t h e  s e v e n  t e s t s  r e p o r t e d  h e r e l n  w i t h  t h e  
observed va lues  i n d i c a t e  t h a t  t h e  j r e d i c t i d  v a l u e s  a r e  
geneza l ly  one t o  t h r e e  t imes the  observed v a l u e s .  A s  a  
comparison, t h e  e x i s r i n g  procedures  (5 .14.17)  g e n e r a l l y  
p r e d i c t  va lues  which a r e  two t o  more than f i v e  t imes  t h e  
observed v a l u e s .  

A review of  F i g s .  4 and 5 i n d i c a t e s  t h a t  t h r e e  s i m i l a r  
p i e r s  c o n s t r u c t e d  w i t h i n  a  d i s t a n c e  of about  30 f t  ( 9 . 2  m )  
had d e f l e c t i o n s  r ang ing  from 0.6  i n .  t o  1 . 1  i n .  (15 .2  mm 
t o  27 .9  mi a t  a load of 200 k i p  (890 kN). These d a t a  
i n d i c a t e  t k a t  v a r i a t i o n s  in s o i l  and c v n s t r v c t i o n  c o n d i -  
t i o n s  can  r e s u l t  i n  d i f f e r e n c e s  o f  a s  much a s  1 0 0 %  i n  
observed d e f l e c t i o n s  of s i m i l a r  p i e r s .  

Cyc l i c  loads  o f  up t o  one-half t h e  u l t i m a t e  load  appear  t o  
i n c r e a s e  t h e  measured d e f l e c t i o n s  f o r  shor t - t e rm s t a t i c  
l o a d i n g  by 20 t o  35% for s a n d s  above t h c  w a t e r  t a h l e .  
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The proposed r e l a t i o n s h i p  between nh. r e l a t i v e  d e n s i t y ,  
and y/b shown i n  F i g .  10  is based  on a l i m i t e d  number o f  
f u l l - s c a l e  l o a d  test d a t a .  The curves  p rov ide  a  simple 
p r o c e d u r e  t o  a c c o u n t  f o r  n o n - l i n e a r  s o i l  r e s p o n s e  and 
appear t o  p r o v i d e  a r easonab le  p r e d i c t i o n  o f  t h e  load- 
d e f l e c t i o n  b e h a v i o r  O E  d r i l l e d  p i e r s  i n  sand. However, it 
i s  r e c o s n i r e d  t h a t  t h e  c u r v e s  may be m o d i f i i d  a s  more 
f u l l - s c a l e  load  t e s t  d a t a  become a v a i l a b l e  and t h e y  should 
t h u s  be  used w i t h  c a u t i o n .  KO s a f e t y  f a c t o r  i s  included 
i n  t h e s e  c a r v e s  and an a p p r o p r i a t e  s a f e t y  f a c t o r  must be 
a p p l i e d  t o  t h e  l o a d s .  

In  a e d i t i o n  t o  t t e  a l lowab le  d e f l e c t i o n ,  t h e  p i e r  des ign 
should conaider  t h e  i l l t ima te  c a p a c i t y  o f  t h e  p i e r ,  espe- 
c i a l l y  for s h o r t  p i e r s  wi th  an L /T  r a t i o  o f  2.0 o r  l e s s .  
The s t r u c t u r a l  d e s i g n  should  i n c l u d e  c o n s i d e r a t i o n s  of 
s t r e s s e s  i n  c o n c r e t e  and s teel  due to t h e  combined =£Sects 
o f  a x i a l  and lateral l oads .  For p i e r s  with a n  L/b  ratio 
of less t h a n  4,  b a s e  s h e a r  may b e  impor tan t .  
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APPENDIX 11. - NOTATION 

a = e c c e n t r i c i t y  o f  load  P 
A, = a r e a  o f  s t e e l  

Ay. B - nondimensional d e f l e c t i o n  c o e f f i c i e n t s  < p i e r  d iameter  
Dr = r e l a t i v e  d e n s i t y  of sand 

E = modulus o f  e l a s t i c i t y  of p i e r  
I = moment o f  i n e r t i a  of p i e r  
k - c o n s t a n t  o f  subgrade r e a c t i o n  (same a s  nh) 

kh = Subgrade r e a c t i o n  modulus 
L = p i e r  l e n g t h  

nh = c o e f f i c i e n t  oE subgrade  r e a c t i o n  
N = s t andard  p e n e t r a t i o n  blow c o u n t  
Nh = r a t e  o f  e l a s t i c  modulus i n c r e a s e  wi th  d e p t h  
p = s o i l  p r e s s u r e  
P  = l a t e r a l  load on p i e r  

p (z )  = l a t e r a l  s o i l  p r e s s u r e  a t  d e p t h  z 
T = c h a r a c t e r i s t i c  l e n g t h  
z = depth  below ground s u r f a c e  

Zma, = dep th  c o e f f i c i e n t  
y  9 p i e r  d e f l e c t i o n  
Y 5 soil u n i t  weight 
Q = a n g l e  o f  i n t e r n a l  f r i c t i o n  
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APPENDIX 111. -- EXAMPLE 

Problem: 

A d r i l l e d  and c a s t - i n - p l a c e  p i e r  wi th  a d iamete r ,  b= 
2 ft (0 .61  m) and l e n g t h ,  L= 18 f t  15.49 m )  i s  c o n s t r u c t e d  
i n  dense  sand.  The s t r u c t u r a l  r i g i d i t y ,  E I ,  o f  t h e  p i e r =  
7 .08  x 1 0 ~ 0  l b - i n 2  (2 .07  x l o L 1  kg-cm2). 

The s o i l  has  a n  a v e r a g e  d r y  d e n s i t y ,  1 0 5 - p c f  11681 
k g j m 3 ) .  a n g l e  o f  i n t e r n a l  f r i c t i o n ,  9 =  36 , and an  
a v e r a g e  r e l a t i v e  d e n s i t y ,  Dr 7 8 5 %  based  on b l c w c o u n t  
u s ~ n g  Bazarra's ( 3 )  correlation Xo w a t e r  t a b l e  i s  
p r e s e n t .  

Compute t h e  l o a d - d e f l e c t i o n  c u r v e  fo r  l a t e r a l  load  app l i ed  
a t  ground s u r f a c e .  

S o l u t i o n :  u s e  s t ep -by-s tep  procedure  i n  a t a b u l a r  form a s  
f o l l o w s :  

s t e p  

P i e r  da ta :  b= 24 i n .  
L= 1 8  f t  

E l =  7 .08  x i b - in2  
a =  0 i n .  

S o i l  da ta :  y =  105 pcf 
D,= 85% 

NOTE: 1 in = 2 . 5 4  cm 
1 f t  = 30.41 cm 
1 ~ b - i n . ~  = 2 .92  kg-cm2 
1 p c i  = 0.0276 kg/crn3 
1 k i p  = 4 .45  k~ 
1 pcf = 16.01 kg/m3 


