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T h e purpose of the mode l studies repor ted i n th i s paper are: (a) t o f i n d the l a t e ra l a n d 
v e r t i c a l load d i s t r i b u t i o n i n a l a t e r a l l y loaded pi le f o u n d a t i o n ; (b) t o compare the ex­
pe r imen ta l values of pi le loads w i t h those g iven b y some of the bet ter k n o w n theories; 
a n d (c) t o compare the eff iciency of pi le groups w i t h d i f f e r en t ar rangements of piles i n 
resisting la te ra l loading. 

Th ree m ode l piles, made of w h i t e oak, were used, each 1J.^ i n . square i n cross-section 
a n d 45 i n . long . Pi le loads were calculated f r o m pi le strains ob ta ined b y the use of SR-4 
s t r a in gauges. Displacements of mode l founda t ions were measured b y mechanical dials . 
A t o t a l of e ight tests were made on mode l founda t ions , each w i t h a d i f f e r e n t pi le ar­
rangement. 

T h e d i s t r i b u t i o n of loads, p a r t i c u l a r l y l a t e ra l loads, among the piles was f o u n d t o be 
largely dependent on the f o u n d a t i o n movements . Pile loads as p red ic ted b y a n a l y t i c a l 
methods show reasonably good agreement w i t h experiments i f the h o r i z o n t a l load is 
sma l l . Pile groups w i t h ba t t e red piles were general ly more e i fec t ive i n resis t ing l a t e ra l 
loads. 

• A C O M M O N procedure i n the analysis 
of a l a t e ra l ly loaded pi le f o u n d a t i o n is f i r s t t o 
determine the load on each i n d i v i d u a l pi le i n 
the f o u n d a t i o n . F r o m the load on each pile, or 
the pi le load, the s t a b i l i t y of the f o u n d a t i o n 
can be est imated, based on i n f o r m a t i o n f u r ­
nished by results of loading tests on a single 
pi le or b y some empi r i ca l rules. Therefore , 
a l t h o u g h the d e t e r m i n a t i o n of p i le loads does 
no t a lways give a d i rec t so lu t ion t o the ana ly ­
sis of a l a t e ra l ly loaded pi le f o u n d a t i o n , ( fo r 
w h i c h the a m o u n t of a n y la te ra l movemen t is 
usua l ly the s t a b i l i t y c r i t e r ion) , i t has been 
considered a step of f u n d a m e n t a l impor tance 
i n a r r i v i n g a t a so lu t ion t o the p rob lem. W h i l e 
m a n y a n a l y t i c a l methods f o r ob t a in ing p i l e 
loads i n a l a t e ra l ly loaded pi le f o u n d a t i o n can 
be f o u n d i n the technical l i t e ra ture , exper i ­
m e n t a l da ta on th is subjec t are ex t remely 
scarce. 

As i n m a n y other problems i n f o u n d a t i o n 
engineering, there are no un iversa l ly accepted 
rules i n the design of a l a t e r a l l y loaded pi le 
f o u n d a t i o n . T h e geometric l a y o u t of such a 
f o u n d a t i o n is o f t e n s i m p l y a m a t t e r of engi­
neering judgemen t and experience, and per­
sonal preference of the i n d i v i d u a l designer. 
T h e use of ba t te red piles i n resisting la te ra l 

loads, f o r instance, w h i l e f avored b y some 
engineers, is sometimes looked u p o n w i t h 
skept ic ism b y others. 

P U R P O S E AND M E T H O D O F S T U D I E S 

T h e chief purpose of the ' mode l tests de­
scribed i n th i s paper was t o o b t a i n the d i s t r i ­
b u t i o n of loads among the i n d i v i d u a l piles i n 
a p i le f o u n d a t i o n , a n d t o compare exper imen­
t a l results w i t h predic t ions of d i f f e r en t a n a l y t i ­
ca l methods . These model tests were also 
in tended to compare the efficiencies of d i f f e r ­
ent pi le arrangements i n resisting la tera l loads. 
T h e i n t e r p r e t a t i o n of f o u n d a t i o n s t a b i l i t y 
w h i c h is dependent on the f u n c t i o n of a 
pa r t i cu la r p i le f o u n d a t i o n or pi le g r o u p * has 
no t been a t t e m p t e d . 

I n th i s s tudy the p rob lem was t rea ted as a 
two-d imens iona l one, i.e., piles were arranged 
i n the f o r m of a bent . Tes t da ta were obta ined 
f r o m l abora to ry con t ro l l ed experiments w i t h 
models. M o d e l piles were d r i v e n i n t o a test p i t 

• If the foundation of an arch bridge pier moves 2 in., the 
foundation may be described a.s unstable, while tlie same 
amount of movement for a retaining wall is usually tolerable. 
In some instances, a pile group may be permitted even 
greater amounts of movement such as the anchor pile group 
for a flexible bulkhead. There, the stability of the pile group 
may be governed by the maximum stress criterion rather 
than displacement criterion. 
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con ta in ing fine d r y sand, and were c lamped 
together b y steel channel pieces s i m u l a t i n g a 
concrete pi le cap. A constant ve r t i ca l load was 
app l ied t o the model f o u n d a t i o n t h r o u g h o u t 
ever\ ' test. I n each test, d i f f e r en t ho r i zon t a l 
loads were appl ied t o the mode l f o u n d a t i o n i n 
the plane of the p i le bent . F o r each value of 
the ho r i zon t a l load, displacements of f o u n d a ­
t i o n , measured hy mechanical dials, and pi le 
strains, measured b y electric s t ra in gauges, 
were lecorded. Pile loads were comi)uted f r o m 
the s t ra in gauge readings together w i t h the 
phys ica l properties of the \n\es. 

T E S T E Q U I P M E N T AND P R O C E D U R E 

A more detai let l descr ip t ion of test set-up 
a n d da t a ob ta ined is inc luded i n a thesis, 
" M o d e l Studies of L a t e r a l l y Loaded Pile 
Founda t i ons" , presented t o the C i v i l I ' .ngi-
neering D e p a r t m e n t of the U n i v e r s i t y of 
V i r g i n i a , fo r p a r t i a l f u l f i l l m e n t of the require­
m e n t f o r the degree of b la s t e r of C i v i l E n g i ­
neering. 

Test Fit 

T h e test p i t used was a wooden t ank , 2 } ^ f t . 
wide, fi f t . long and 4 f t . deep. I t was filled w i t h 
d r j - beach sand, of w h i c h the ef fec t ive size and 
the u n i f o r m i t y coefficient were f o u n d t o be 
0.177 m m and 1.68 respectively. T o give some 
ind ica t ions as t o the densi ty of sand, T a b l e 1 
shows a pene t ra t ion recoixl of a % i n . pipe 
d r i v e n b y a 2 l b . hammer w i t h an 18 i n . f a l l . 
F igu re 1 shows the loca t ion of the sounded 
spots. 

Model Piles 

Three model piles, each 45 i n . long and 1 
i n . square i n cross-section, were made f r o m 
one ])iece of well-seasoned w h i t e oak lumber . 
I n oi-der t o d i f f e ren t i a t e bending strains f r o m 
ax ia l strains, SR-4 s t ra in gauges were ins ta l led 
a t t w o opposite sides of a pi le i n the plane of 
load ing . S t r a in gauges were p rov ided a t e ight 
elevations on one model p i le and a t seven 
elevations on the o ther t w o piles. 

T h e measured strains a t the t w o opposite 
sides of a n y pa r t i cu la r cross-section of every 
pile were f o u n d no t exact ly equal i n a s imple 
beam test. B y a l t e rna t ing the tension and 
compiession sides, f u r t h e r s imple beam tests 
p rov ided correc t ion fac tors t h a t w o u l d equal­
ize flexural strains on the t w o opposite sides of 

T A B L E 1 
P E N E T R A T I O N S O U N D I N C i R E C O R D ; 

N U M B E R O F B L O W S 
2 lbs. hammer at about 18* fall per blow 

Depth 
Hole Number (Fig. 1) 

I 2 3 4 5 6 

1 2 I 1 1 1 
6"-12' 9 12 10 9 9 8 

12"-18" 17 11 13 11 13 12 
18'-24' 21 17 14 15 18 13 
24'-3(l' 20 20 21 27 27 22 
3a"-M' 22 25 36 39 35 26 
36'-42" 28 27 35 36 35 27 

SAND SURFACE 

HOLE NUMBER 

© @ (D ® ® ® 

T 
15" 

+ 
15" 

^ 7 at 10.3"= 72" ^ 

Figure 1 

a pile. T h e m a x i m u m correc t ion was f o u n d t o 
be 10 percent, a n d the m i n i m u m was 2 percent. 
T h e average was abou t 5 percent of the cor­
rected s t ra in . 

Correction Gauges 

A l t h o u g h the compensat ing gauges were 
glued on a b lock t aken f r o m the same piece of 
t i m b e r f r o m w h i c h the mode l piles were made, 
the s t ra in gauge readings f o r some u n k n o w n 
reason d r i f t e d w i t h t i m e when no load was ap­
p l i ed t o the pi le . F o r t u n a t e l y , i t was f o u n f l 
t h a t a l l t he gauges d r i f t e d i n the same direc­
t i o n and b y abou t the same amoun t . There­
fore , ex t ra gauges ins ta l led on another b lock , 
w h i c h was cu t f r o m the same piece of t i m b e r 
as the piles, were used as correct ion gauges. 
T h e correc t ion gauges were the same as the 
other ac t ive gauges on the piles i n a l l respects, 
except t h a t they were n o t a f fec ted b y the 
stress condi t ions i n the mode l p i le founda t ions . 
T h e y s i m p l y gave the a m o u n t of d r i f t t o be 
deducted f r o m s t ra in gauge readings on the 
piles. 

Test Procedures 
T h e piles spaced a t 6 i n . center t o center a t 

the sand surface ( F i g . 2) were d r i v e n t o an 
embedded l e n g t h of abou t .39 i n . , l eav ing 6 
i n . above the sand surface. A f t e r the piles 
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Figure 2. Three vertical piles in place before being clamped. T h e stub, protruding out of sand surface near the 
lower corner of the picture, is a short pile on which correction gauges are mounted. 

Figure 3. Standard weights (50-lb. each) used as constant vertical load on model foundations during tests. 

h a d been clamped, s tandard weights were 
successively placed on t o p of the steel channels 
w h i c h c lamped the piles together. F i g . 3 shows 
standai 'd 50-lb. weights I'esting on a model 
f o u n d a t i o n . Be low the weights were three 
mechanical dials used to measure the founda ­

t i o n displacements. T h e m e t a l f r ame shown i n 
the p ic ture is a la te ra l loading device. T h e 
s ta r t of a test was made b y a p p l y i n g ho r i zon t a l 
loads a t a level about 5 i n . above the sand 
surface. Genei'ally, increments of 100-lb. each 
were used i n la tera l loading. T h e la tera l load 
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was reduced to zero before add ing the next 
increment . A t o t a l of eight tests were made. 
T h e arrangement of piles fo r each test is shown 
i n F i g . 4. 

P I L E .STRAINS AND P I L E LOADS 

F r o m the s t ra in gauge readings, diagi'ams 
f o r the a.xial s t r a in and the f l exura l s t ra in of 
the piles were prepared. T w o t y p i c a l diagrams 
are shown i n Figs. 5 and 6. I n each of the 
figures, the cont inuous curve along the axis of 
a p i le represents bending strains, w h i c h m a y 
be considered t o be, t o some scale, the bending 
moments i n the pi le . T h e distance f r o m the 
axis of the pi le t o the series of s t ra igh t seg­
ments represents the ax ia l s t r a in of the pi le . 
T h e distances measured to the r i g h t and t o the 
l e f t of the axis of the pi le denote compressive 
and tensile strains, respectively. T h e ax ia l 
load on a p i le m a y be calculated d i r ec t ly f r o m 
the axia l s t ra in . T h e transverse load on each 
pi le was obta ined b y using the w e l l - k n o w n 
re la t ionship f r o m mechanics of mater ials be­
tween the shear and the bending moment . T h e 
procedure is as f o l l ows : f r o m the m o m e n t dia­
g ram, the change i n m o m e n t is de te rmined 
f r o m the f i r s t gauge po in t (at the sand surface) 
to a po in t one or t w o inches below; the t rans­
verse load on a p i le is obta ined b y d i v i d i n g the 
change i n m o m e n t b y one or t w o inches, as the 
case m a y be. I t is realized t h a t on account of 
the presence of the soil a round the pile, the 
transverse force obta ined i n the manner de­
scribed above is no t exact ly the shear i n the 
pi le above the soil surface. However , t rans­
verse forces on d i f f e ren t piles obta ined i n th i s 
manner m a y be compared on a r a t i o basis, and 
the i r values as we l l as the values of the h o r i -

I zon ta l force ac t ing on each pile head, can be 
computed f r o m the e q u i l i b r i u m condi t ions of 
statics. 

' I n Tab le 2 are l is ted the values of the ax ia l 
and transverse pile loads, i n percentages of the 
t o t a l external axia l and transverse loads, fo r 
a l l of the piles i n the model foundat ions tested. 
T a b l e 3 gives the d i f f e ren t p i le loads i n per­
centages of the t o t a l extei 'nal ve r t i ca l and 
ho r i zon ta l loads. 

F o r the sake of b r e v i t y i n subsequent dis­
cussions, the f o l l o w i n g t e rmino logy w i l l be 
used to define the na ture of the ba t te r of a pi le 
and the re la t ive pos i t ion of a pile i n a group. 
A pi le is an " i n -ba t t e r ed" pi le i f i t inclines i n 
the d i rec t ion of the la tera l l oad ; i t is an "ou t -

All Better ' 3̂ 1 
Direction of Horizontol Load (-

(0) T-l 

T-5 

C W 

(f) 

T-2 

T-6 

t o T-3 

T-7 

(d) 

(h) 

T-4 

T-8 

Figure 4 

b a t t e r e d " pi le i f i t inclines against the direc­
t i o n of the la te ra l load . T h e "back p i l e " is the 
f i r s t pi le i n a pi le bent counted i n the d i r ec t ion 
of the external la te ra l load . T h e " f r o n t p i l e " 
is the f i r s t pi le i n a pi le-bent counted against 
the d i rec t ion of the external la te ra l load . T h e 
meaning of the " m i d d l e p i l e " is obvious . I n 
F igure 7, Pi le-A, an out -ba t te red pi le , is the 
f r o n t p i l e ; P i le -B, a v e r t i c a l pi le , is the m i d d l e 
p i l e ; Pi le-C an in-ba t te red pi le , is the back 
pi le . 

Distribution of Axial Load and Vertical Loads 

A s t u d y of Tables 2 and 3 shows t h a t the 
ax ia l pile load d i s t r i b u t i o n is no t subs tan t i a l ly 
d i f f e r en t f r o m the ve r t i ca l pi le load d i s t r i b u ­
t i o n . T h i s is due t o the smal l ba t te r of the 
piles.* As expected, the d i s t r i b u t i o n of the 
ax ia l a n d ve r t i ca l loads resembles t h a t of the 
stresses i n an eccentr ical ly loaded c o l u m n . 
W i t h larger ho r i zon ta l loads, the f r o n t pi le 
takes u p a greater share of the t o t a l ex ternal 
ve r t i ca l load t h a n the other piles. Genera l ly , 
w i t h a ho r i zon ta l load greater t h a n 200 l b . , 
the back pi le has t o develop a tensile force t o 
keep the f o u n d a t i o n i n e q u i l i b r i u m . I n a l l 
cases w i t h the increase of the la tera l load, 
the compressive load increases i n the f r o n t 
pi le a n d decreases i n the midd le a n d back 
piles. 

F igure 8 shows a p l o t of the percentage of 
the t o t a l external ve r t i ca l load t aken b y each 
pi le i n M o d e l T -8 against the external h o r i ­
zon ta l load . I t is clear f r o m the f igure t h a t the 
"neu t r a l ax i s " of the p i le group or of the 
analogous "eccentr ica l ly loaded c o l u m n " was 
sh i f t ed t o w a r d the f r o n t pi le w i t h increasing 

* In practice piles are seldom driven with a larger batter 
than used in these models, e.g., a batter of 3:1. 
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o Axial Sfrain 

• Bending Stroin 

<g-Axial Strain in Micro-inches Per Inch 

PILE B 

«f 200 100 

200 lbs 

cf : Bending 

PILE A 

-100 -200 • f 200 100 

(Compression) 

•o 0 50 100 

600 lbs 

PILE C 

100 -200 -300 «f 200 100 100 -200 

CNo Axial Strain) 

0 50 too 

Figure 5 

o Axial Strain 
• Bending Strain 

€g = Axiol Stroinin Micro-inches Per Inch 
»j = Bending " " . » 

PILE A 

«f 300 200 100 

300 lbs 
600 lbs 

40' 

i 
PILE C PILE B 

«f-IOO -200 -300 -400 «f-IOO -200 -300 100 -200 -300 -400 

300 200 100 

I Tens Ion 

«oO 50 100 150 «o 0 50 100 

Figure 6 

• rf -50 
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T A B L E 2 
D I S T R I B U T I O N O F P I L E L O A D S I N 

P E R C E N T A G E O F T O T A L A X I A L 
A N D T R A N S V E R S E L O A D S 

T A B L E 3 
D I S T R I B U T I O N O F P I L E L O A D S I N P E R C E N T A G E 

O F T O T A L E X T E R N A L V E R T I C A L A N D 
H O R I Z O N T A L L O A D S 

External 
Vertical 

Load 

External 
Horizon­
tal Load 

Axial Load Transverse 
Load External 

Vertical 
Load 

External 
Horizon­
tal Load Front 

pile 
Back 
pile 

Front 
pile 

Back 
pile 

Ihs. lbs. 

Model T-1 400 
400 
400 
400 

100 
200 
400 
500 

63 
85 

120 
129 

37 
16 

- 2 0 
- 2 9 

14 
17 
79 
80 

86 
83 
21 
20 

Model T-2 400 
400 

200 
500 

124 
139 

- 2 4 
- 3 9 

49 
80 

51 
20 

Model T-3 400 
400 
400 II

I 60 
114 
147 

40 
- 1 4 
- 4 7 

44 
65 
74 

56 
46 
26 

Model T-4 400 
400 
400 
400 

50 
100 
200 
300 

59 
67 

110 
132 

41 
33 

- 1 0 
- 3 2 

51 
54 
60 
62 

49 
46 
40 
38 

External 
Vertical 

Load 

External 
Horizon­
tal Load 

Axial Load Transverse 
Load 

External 
Vertical 

Load 

External 
Horizon­
tal Load c — 

o c M
id

dl
e 

1 
pi

le
 

cq F
ro

nt
 

• 
pi

le
 OJ 

1 
B

ac
k 

1 
P

il
e 

lbs. lbs. 

Model T-5 600 
600 
600 Il

l 41 
74 

112 

46 
43 
12 

13 
- 1 7 
- 2 4 

20 
36 
41 

24 
43 
40 

66 
21 
19 

Model T-6 600 
600 
600 
COO 
600 

200 
300 
600 
600 
700 

78 
96 

138 
154 
163 

22 
11 

- 1 6 
- 3 0 
- 3 7 

0 
- 6 

- 2 2 
- 2 4 
- 2 6 

31 
41 
41 
45 
53 

42 
38 
38 
39 
35 

27 
21 
21 
16 
12 

Model T-7 600 
600 
COO 

200 
400 
600 

31 
74 

111 

50 
66 
36 

19 
- 3 0 
- 4 7 

32 
39 
55 

30 
32 
28 

38 
29 
17 

Model T-8 600 
600 
600 
600 
COO 

100 
200 
300 
400 
500 

49 
C2 
85 

102 
130 

32 
38 
26 
13 

- » 

19 
0 

-11 
- 1 5 
-21 

26 
40 
43 
44 
43 

39 
30 
35 
36 
37 

35 
30 
22 
21 
20 

External 
Vertical 

Load 

External 
Horizon­
tal Load 

Vertical 
Load 

Horizontal 
Load External 

Vertical 
Load 

External 
Horizon­
tal Load Front 

pile 
Back 
pile 

Front 
pile 

Back 
pile 

lbs. lbs. 

Model T-1 400 100 60 40 90 10 
400 200 77 23 62 38 
400 400 118 - 1 8 83 17 
400 500 128 - 2 8 81 19 

Model T-2 400 200 114 - 1 4 43 57 
400 500 125 - 2 6 74 26 

Model T-3 400 100 58 42 88 12 
400 300 116 - 1 6 79 21 
400 500 169 - 6 9 86 14 

Model T-4 400 50 69 41 61 49 
400 100 67 33 64 46 
400 200 110 - 1 0 60 40 
400 300 132 - 3 2 62 38 

Model T-5 

Model T-C 

Model T-7 

Model T-8 

External 
Vertical 

Load 

lbs. 

600 
600 
600 

600 
600 
600 
600 
600 

600 
600 
600 

600 
600 
600 
600 
600 

External 
Horizon­
tal Load 

100 
500 
600 

20(1 
300 
600 
600 
700 

200 
400 
600 

100 
200 
300 
400 
500 

Vertical 
Load 

— 

Horizontal 
Load 

external loads. T h i s seems to be due to the 
f ac t t h a t the Ixick pile is not able to develop 
suf f ic ien t tension t o balance the compression 
i n the f r o n t ])ile. 

Distribution of Transverse Pile Loads 

T h e d i s t r i b u t i o n of transverse ])ile loads 
shown i n T a b l e 2 seems to indicate a general 
p a t t e r n accompanying increase of the external 
la tera l load . T h e pa t t e rn is t h i s : a t sma l l 
l a te ra l loads, the back pile is under a greater 
transverse load t h a n the f r o n t pile. W i t h i n ­
crease of external la tera l load, the s i t ua t i on 
is g radua l ly reversed. I t seems t h a t a f te r the 

la tera l load exceeds a cer ta in magni tude the 
f r o n t p i l e is a lways m u c h more severeh- loaded 
i n the transverse d i rec t ion t h a n the back pi le . 
T h i s p a t t e r n was exhib i ted b y p rac t i ca l ly a l l 
of the model founda t ions despite the va r i a ­
t ions i n the i r geometr ical l ayou t . T h i s proba­
b l y is due t o the f ac t t h a t the d i s t r i b u t i o n of 
the transverse force on each pi le i n a pile g roup 
depends on the re la t ive la tera l r i g i d i t y of the 
piles, t h a t is, the resistance developed a t a 
u n i t ho r i zon ta l displacement of the pi le . I n 
these model pi le founda t ions w h i c h con ta in 
iden t i ca l piles, h a v i n g equal embedded 
lengths, the re la t ive la tera l r i g i d i t y of a pile 
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Direction o( 
Loterol Load 

Front Pilt 
(Out-bottertd) 

Bock Pile 
(In-bottered) 

(Vert(col) 

Figure 7. Schematic diagram siiowing nomenclature. 
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Figure 8. A i i a l load distribution for model T-8 . 

appears t o depend on t w o fac to r s : (1) the 
stiffness of the soil , a n d (2) the d i rec t ion of 
ba t ter w i t h respect t o the la tera l load. T h e 
s t i f fe r the soil , the greater w i l l be the resistance 
of a pi le . F o r a single pile, i t has been f o u n d (1) 
t h a t an in-bat tered pi le possesses a greater 
l a te ra l stiffness t h a n a ve r t i ca l pi le , w h i c h i n 
t u r n possesses a greater stiffness t h a n an ou t -
ba t te red pi le . F o r sma l l ho r i zon ta l loads, the 
l a t e ra l f o u n d a t i o n movemen t is smal l and the 
stiffness of the soil or the dens i ty of the soi l 

m a y be considered no t subs tan t ia l ly d i f f e r en t 
f o r a l l piles. T h u s fo r the conf igurat ions of the 
pi le groups tested as shown i n F igure 4, the 
back piles should develop greater transverse 
forces b y v i r t u e of the i r ba t te r . B u t as the 
hor izon ta l load becomes larger, the soil has t o 
undergo greater displacement a t a higher rate 
(see F i g . 10) i n order t o develop suff ic ient 
la te ra l resistance. I n the case of a two-p i l e 
group, displacement of the soil i n f r o n t of the 
f r o n t pi le compacts the soil , thereby increasing 
its stiffness. However , the cond i t i on i n the 
soil i n f r o n t of the back pi le is qu i te d i f fe ren t . 
Because of the displacement of the f r o n t pi le, 
the sand immed ia t e ly beh ind th is pi le w i l l t o 
some extent f l o w to fill u p the v o i d caused b y 
th is displacement. T h i s decreases i ts densi ty , 
a n d impa i r s i ts a b i l i t y t o develop passive re­
sistance as compared w i t h the soil i n f r o n t of 
the f r o n t pi le . F o r a group of three piles, the 
same process t o o k place i n the soil, resu l t ing 
i n a change i n the densi ty of the sand near the 
sand surface, w h i c h change varies f r o m an 
increase a t the f r o n t pi le t o a decrease a t the 
back pi le . Based on theories of s t a t i ca l ly i n ­
determinate structures, the s t i f fes t pi le takes 
the greatest share of the external load. There­
fore, the f r o n t p i le takes more transverse load 
t h a n the m i d d l e pile, a n d the midd le pi le takes 
more transverse load t h a n the back pi le . I t 
should be po in t ed ou t t h a t the change i n the 
densi ty of the sand j u s t described applies o n l y 
to t h a t pa r t of the sand near i t s surface. 
Recent ful l-scale tests (2) have shown t h a t the 
b u l k of l a te ra l passive pressure developed 
against a l a te ra l ly loaded single p i le is b u i l t u p 
a t the upper p a r t of the pi le . Therefore , i t 
seems logica l t o believe t h a t a v a r i a t i o n of the 
densi ty near the upper p a r t of the soil has a 
greater bear ing on i ts a b i l i t y t o develop pas­
sive pressure t h a n a v a r i a t i o n of the dens i ty 
anywhere else. 

Distribution of Horizontal Load 

A t large ho r i zon ta l loads, the d i s t r i b u t i o n of 
hor i zon ta l loads is ve ry s imi la r t o t h a t of 
transverse loads. T h e large difference between 
the transverse and hor i zon ta l load d i s t r i b u t i o n 
a t smal l ho r i zon ta l loads f o r mode l f o u n d a ­
t ions w i t h an out -ba t te red f r o n t pile, such as 
Mode l s T - l , T -3 , T-5 and T-7 , is due t o the 
f a c t t h a t a t sma l l ho r i zon ta l loads, these 
founda t ions depend l i t t l e on the ho r i zon ta l 
component of the transverse resistance or pas-
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sive ear th pressure t o sustain the external l a t ­
eral load b u t instead, t h e y re ly more on the 
ho r i zon t a l component of the a x i a l pi le load. I t 
is when the ho r i zon ta l component of the ax ia l 
load becomes insuf f ic ien t to resist the external 
la te ra l load t h a t the la tera l ea r th pressure 
begins t o t ake u p a subs tant ia l share of the 
external load. Th i s , of course, is realized a t the 
expense of larger l a te ra l soi l displacement. 
Under large ho r i zon ta l loads, therefore, the 
share of the t o t a l external la te ra l load t h a t an 
i n d i v i d u a l pi le i n a g roup takes seems to de­
pend more on i t s pos i t ion re la t ive t o the ent i re 
pi le g roup rather t h a n i ts ba t ter . T h i s "pos i ­
t i o n f a c t o r " has been po in ted ou t b y Professor 
Tschebotar iof f i n a discussion of his tests on 
model dolphins (3). 

For a pi le f o u n d a t i o n w i t h ve r t i ca l piles 
on ly , such as M o d e l T-8 , the transverse pi le 
loads are ident ica l t o l a te ra l or ho r i zon ta l pi le 
loads. F i g . 9 shows the d i s t r i b u t i o n of t rans­
verse loads w i t h increase of the external h o r i ­
zonta l load fo r M o d e l T - 8 . A t a ho r i zon ta l load 
of 100 l b . the large share of the external 
la te ra l load t aken b y the m i d d l e pile is proba­
b l y due t o the f a c t t h a t the sand a round th is 
pi le was somewhat compacted as a resul t of 
the squeezing ac t i on of the d r i v i n g of i ts ad ­
jacent piles. 

F O U N D A T I O N D I S P L A C E M E N T S 

Relation of Lateral Load to Lateral Displace­
ment and Rotation of Foundation 

Figures 10 and 11 show the external h o r i ­
zon ta l load p l o t t e d against respectively, the 

l o g a r i t h m of ho r i zon ta l displacements of the 
mode l founda t ions tested a n d the i r ro ta t ions . 
T h e measured f o u n d a t i o n movements were 
those of the center of the pi le cap ( re la t ive t o 
the d a t u m pos i t ion before any ho r i zon ta l load 
was appl ied) . A t h i g h la te ra l loads the large 
rate of increase of displacements w i t h respect 
t o the la tera l load indicates t h a t the f o u n d a ­
t ions are m a i n l y dependent on the passive 
ear th pressure f o r la te ra l s t a b i l i t y . H a d the 
hor i zon ta l components of the a.xial forces i n 
the ba t te red piles been able t o absorb a l l of the 
la te ra l loads, the la tera l displacement w o u l d 
have been m u c h smaller. I t is in teres t ing t o 
note t h a t the r e l a t ion between the ex te rna l 
ho r i zon ta l load and the ho r i zon ta l displace­
m e n t or r o t a t i o n f o r a n y model f o u n d a t i o n can 
be app rox ima ted b y a s t r a igh t l ine i n these 
semi- logar i thmic plots . 

Comparison of Effectiveness of Model Founda­
tions in Resisting Lateral Loads 

Figure 12 gives the d i f f e r e n t l a te ra l d is­
placements a n d ro ta t ions of the eight mode l 
founda t ions tested fo r several ho r i zon t a l loads. 
T h e largest displacement, w h i c h corresponds 
t o the weakest f o u n d a t i o n under a pa r t i cu l a r 
ho r i zon ta l load, is placed inside a rectangle. 
T h e smallest displacement, w h i c h corresponds 
to the mos t stable f o u n d a t i o n , is placed inside 
a circle. ( T h e comparison is made f o r p i le 
groups w i t h the same number of piles under a 
fixed ho r i zon ta l load.) T h e advantage of ba t ­
te red piles over v e r t i c a l piles i n resist ing 
la tera l loads is clearly revealed b y the large 
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Figure 9. Transverse load distribution for model T-8 . 
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displacements of the ve r t i ca l pi le groups. I t is 
in teres t ing t o find t h a t the s y m m e t r i c a l l y 
arranged ba t te r p i le groups ( T - 1 a n d T-5 ) are 
no more eff ic ient i n resisting la te ra l loads t h a n 
those groups w i t h a s y m m e t r i c a l l y arranged 

HORIZONTAL DISPLACEMENT IN MCHES CLOGARITHHIC SCALE) 

Figure 10 

ROTATION IN RADIANS CLOGARITHMIC S C A L E ! 

Figure 11 
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piles such as Mode l s T - 2 and T - 7 . Undei- large 
la te ra l loads. M o d e l T-5 has a c t u a l l y under­
gone displacements greater t h a n M o d e l s T -6 
a n d T-7 , and has ro ta t ed as m u c h as the v e r t i ­
cal pile g roup . M o d e l T -8 . I t can also be no ted 
t h a t pi le groups w i t h in -ba t te red piles ( F i g . 7) 
are j u s t as s t rong i n resist ing la te ra l loads as 
groups w i t h ou t -ba t te red piles. S imi l a r obser­
v a t i o n has been made recent ly also b y M r . L . 
B . Feagin (4) . 

COMPARISON O F R E S U L T S O F M O D E L E X P E R I ­
M E N T S W I T H R E S U L T S O F SOME E X I S T I N G 

A N A L Y T I C A L M E T H O D S 

E x p e r i m e n t a l results of Mode l s T - 1 , T - 4 a n d 
T - 8 were compared w i t h a n a l y t i c a l results 
ob ta ined b y means of several of the bet ter 
k n o w n theories on the analysis of l a t e ra l ly 
loaded pi le founda t ions . I t is desirable t o de­
scribe b r i e f l y those a n a l y t i c a l methods w h i c h 
have been used t o calculate the pile loads of 
M o d e l T - 1 . 

Culmann's Method 

C u l m a n n ' s ^Method, developed i n 1866, as 
remarked b y Professor Te rzagh i (5) , is the 
oldest a n d simplest m e thod of ca lcu la t ing pi le 
loads f o r l a t e r a l l y loaded pi le founda t ions . I'he 
i m p l i e d assumptions i n th i s me thod are: 

(a) the external forces are resisted b y the 
resu l tan t of the ax ia l forces developed 
i n the i)iles. 

(b) t w o or more piles i n a group w i t h the 
same i n c l i n a t i o n or ba t te r m a y be re­
placed b y an i m a g i n a r y ])ile located a t 
the center of the pi le sub-group. 

T h e app l i ca t ion of th i s m e t h o d is l i m i t e d t o 
p i le groups w i t h " h i n g e d " ends and piles i n ­
cl ined i n no more t h a n three d i i ections. As the 
model piles were c lamped a t t he i r heads, the 
theore t ica l p i le loads ob ta ined b y th i s a n a l y t i ­
cal m e t h o d are n o t expected t o agree ve ry wel l 
w i t h the mode l test results. 

Vetler's Method 

M r V e t t e r {6) i n t roduced the idea t h a t the 
p i le cap cou ld be considered as a r i g i d j o i n t 
w h i c h p r o v i d e d fixity t o the p i le heads. I n a 
f u r t h e r e f f o r t t o account f o r the la tera l resist­
ance of soil , he showed t h a t the piles cou ld be 
assumed t o be fixed a t some dep th under the 
soi l surface. B y m a t h e m a t i c a l man ipu la t ions , 
the fixed end condi t ions can be replaced b y the 
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a d d i t i o n of some imag ina ry or " d u m m y " piles 
to the ac tua l pi le arrangement . Pi le loads can 
t h e n be de te rmined b y considering the real 
a n d i m a g i n a r y piles as h a v i n g " h i n g e d " ends. 
T h e " d u m m y " piles, being a lways perpendicu­
lar t o the real piles, g ive the transverse pi le 
loads on the real piles. 

T h e "e f fec t ive l e n g t h " (6) of the piles used 
i n c o m p u t i n g the pi le loads f o r M o d e l T - l b y 
Vet te r ' s M e t h o d is 39 i n . 

Hrennikoff's Method 

Also based on s t r u c t u r a l mechanics, the 
general approach of th i s m e t h o d (7) is s imi la r 
t o Ve t t e r ' s me thod . L o n g i t u d i n a l , la tera l , a n d 
r o t a t i o n a l resistances of each i n d i v i d u a l p i le 
a n d those of the ent i re pi le f o u n d a t i o n are 
considered. T h e assumptions are: 

(a) a l l pi le displacements are i n d i rec t p ro ­
p o r t i o n t o the external loads, 

(b) the p r o p o r t i o n a l i t y f o r each k i n d of dis­
placement is the same f o r a l l piles i n a 
group . 

Pi le loads are t h e n de termined b y equa t ing 
the external forces t o the t o t a l resistance of the 
piles, a n d b y sa t i s fy ing the three equations of 
statics. T h i s m e t h o d appears t o be the o n l y 
one repor ted i n the l i t e r a tu re b y w h i c h the 
f o u n d a t i o n m o \ ements can be de te rmined i n a 
d i rec t manner . 

I n the app l i ca t ion of H r e n n i k o f f ' s m e t h o d 
to the calculat ions of pi le loads of M o d e l T - l , 
the ax ia l pi le constant n and la tera l soil m o d u ­
lus k, are t aken as 40 k ips per i n . , and 200 psi., 
respectively. 

Comparison of Foundation Displacements for 
Model T-l 

T a b l e 4 lists the displacements of M o d e l 
F o u n d a t i o n T - l as calcula ted b y H r e n n i k o f f ' s 
M e t h o d a n d those measured b y model expei'i-
ments . A s explained before, H r e n n i k o f f ' s 
M e t h o d is based on a l inear re la t ionship be­
tween the external load and the f o u n d a t i o n 
displacement, wh i l e experiments indicate t h a t 
the external load is app rox ima te ly propor­
t i o n a l t o the l o g a r i t h m of the f o u n d a t i o n 
la te ra l and r o t a t i o n a l movements . (See Figs. 
10 and 11.) W i t h th i s i n m i n d , i t is no t sur­
pr i s ing t o find t h a t a t large ho r i zon ta l loads, 
the exper imenta l values of the displacements 
are m u c h greater t h a n the theore t ica l ones. 
However , i t is in teres t ing t o observe t h a t the 

T A B L E 4 
C O M P A R I S O N O F F O U N D A T I O N M O V E M E N T S 

(For Model T - l ) 

Hori­
zontal 
Load 

Hori­
zontal 

Dis­
place­
ment 

Vertical 
Displace­

ment 
Rota­
tion 

lb. in. in. radian 

100 Theory* 
Model experiments 

0.0079 
0.0059 

0.0055 
0.0023 

0,00014 
0.00033 

200 Theory 
Model experiments 

0.0158 
0.0166 

0.0055 
0.0068 

0.00027 
0.00093 

400 Theory 
Model experiments 

0.0317 
0.1110 

0.0055 
-0.0023t 

0.00054 
0.00623 

500 Theory 
Model experiments 

0.0396 
0.2810 

0.0055 
-0.0743t 

0.00068 
0.01603 

* Hrennikoff's Method. 
t Minns sign denotes an upward displacement. 

t w o sets of displacements agree reasonably 
closely a t smal l l a te ra l loads (100-200 l b . ) . 

Comparison of Pile Loads For Model T-l 

Tab le 5 gives the ax ia l and transverse p i le 
loads and bending moments a t the p i le heads, 
as calcula ted b y the three a n a l y t i c a l methods 
ment ioned above, and those f o u n d i n exper i ­
ments f o r M o d e l T - l . I t can be seen t h a t the 
exper imenta l values are reasonably close t o 
those g iven b y H r e n n i k o f f ' s M e t h o d f o r a 
ho r i zon ta l load equal t o 100 l b . W i t h increas­
ing external ho r i zon t a l loads, the discrepanc}-
becomes larger. General ly , a t h igh values of 
the la tera l load, the ax ia l loads are no t as large 
as the a n a l y t i c a l methods ha\'e predic ted . 
However , the transverse loads de te rmined b y 
experiments, were f o u n d larger t h a n those 
g iven b y the anah-t ical methods . 

I t is in teres t ing t o compare the discrepancy 
between the d i f f e ren t a n a l y t i c a l methods a n d 
experiments . I n F i g . 13 is p l o t t e d the dis­
crepancy between theories a n d exper iments 
against the external l a te ra l load f o r Pi le A i n 
M o d e l T - l . I t is seen t h a t the discrepancy is 
the smallest between H r e n n i k o f f ' s M e t h o d a n d 
the model experiments . 

Comparison of Vertical Pile Loads (Models T-4 
and T-8) 

T h e mode l founda t ions w i t h o n l y v e r t i c a l 
piles were analyzed b y the so cal led " C o n v e n ­
t i o n a l M e t h o d " , i.e., the use of the f o l l o w i n g 
f o r m u l a f o r the stresses of a co lumn subjected 
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T A B L E 5 
COMPARISON O F R E S U L T S OF P I L E LOADS O B T A I N E D B Y D I F F E R E N T A N A L Y T I C A L 

M E T H O D S A N D MODEL E X P E R I M E N T F O R M O D E L T-1 

Front Pile Back Pile 

Axial 
load 

Transverse 
load End moment Axial 

load 
Transverse 

load End moment 

(65. /6s. in.-lb. lbs. lbs. in.-lb. 

.368.00 
351.24 
325.38 
255.50 

6.00 
10.40 
9.90 

-140.00 
-46.71 

(-42.00)* 

55.00 
69.88 
93.80 

150.20 

6.22 
17.80 
60.60 

-145.00 
-85.83 

(76.00)* 

528.00 
491.91 
441.24 
333.00 

12.09 
24.50 
20.00 

-283.40 
-112.99 

(22.00)* 

-106.00 
-70.79 
-22.08 

63.00 

12.31 
31.91 

100.00 

-287.82 
-152.11 

(-110.00)* 

846.00 
773.28 
672.91 
555.00 

24.29 
52.70 

163.00 

-570.00 
-245.56 

(138.00)* 

-425.00 
-352.16 
-253.75 
-92.50 

24.51 
72.45 
43.40 

-574.00 
-284.68 

(17.00)* 

1003.00 
913.96 
788.53 
615.00 

30.49 
66.71 

221.00 

-710.00 
-311.31 

(290.00)* 

-581.00 
-492.84 
-369.37 
-138.00 

30.60 
74.11 
65.20 

-715.00 
-350.43 

(-240.00)* 

Horizontal load = 100 lb. 
Culmann 
Vetter 
Hrennikoff 
Experiment 

Horizontal load = 200 lb, 
Culmann 
Vetter 
Hrennikoff 
Experiment 

Horizontal load = 400 lb, 
Culmann 
Vetter 
Hrennikoff 
Experiment 

Horizontal load = 500 lb 
Culmann 
Vetter 
Hrennikoff 
Experiment 

* Calculated from the bending strain of piles at the elevation of the sand surface (Ist gauge point). 
Minus sign designates tension for axial loads; counter-clockwise for end moments. 
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Figure 13. Comparison of theoretical a i i a l pile loads to model measurements for pile A of model T-1 . 

t o a l a te ra l force i n a d d i t i o n t o an ax ia l fo rce : 

s = PIA ± Mcjl 

T h e results so ob ta ined were compared t o the 
exper imenta l values of the v e r t i c a l pi le loads. 
I t was no t an t i c ipa t ed t h a t the theore t ica l 
values w o u l d check v e r y closely w i t h the ex­

pe r imen ta l results, since the conven t iona l 
f o r m u l a is applicable o n l y t o piles w i t h 
" h i n g e d " ends. Nevertheless, t h i s is n o t too 
i m p o r t a n t so f a r as the p o i n t t h a t the com­
parison br ings ou t is concerned. Tables 6 a n d 
7 show, respectively, such comparisons f o r 
Mode l s T - 4 a n d T - 8 . I t is seen again t h a t the 
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T A B L E 6 
C O M P A R I S O N O F A X I A L P I L E L O A D S I N 

P E R C E N T A G E O F T O T A L E X T E R N A L 
V E R T I C A L L O A D F O R M O D E L T-4 

Theoretical pile load = 

C = ± 3 in. 

n I 

? . i 5 « = 200 ib, 
n 2 

M = horizontal load X 5 in 

/ = 2 X 3 -! 

External 
Horizontal 

Load 
Pile A Pile B 

lbs. 

50 Theory 60 40 
Model experiments 69 41 

100 Theory 71 29 
Model exijeriments 67 33 

200 Theory 92 8 
Model experiments 110 -10 

300 Theory 113 -13 
Model experiments 132 -32 3 

T A B L E 7 
C O M P A R I S O N O F A X I A L P I L E L O A D S I N 

P E R C E N T A G E O F T O T A L E X T E R N A L 
V E R T I C A L L O A D F O R M O D E L T-8 

Theoretical pile load = - ± V n 1 

552 = 200 lb.; 
o 

M = 

C = ± 6 i n . ; 7 = 2 X 6-! = 72 

horizontal load X 6 in. 

External 
Horizontal 

Load 
Pile A Pile B Pile C 

lbs. 

100 Theory 
Experiments 

40 
49 

33 
32 

27 
19 

200 Tlieory 
Experiments 

47 
62 

33 
38 

20 
0 

300 Theory 
Experiments 

54 
85 

33 
26 

13 
-11 

400 Theory 
Experiments 

62 
102 

33 
13 

5 
-15 

500 Theory 
Experiments 

68 
130 

33 
- 9 

- 1 
-21 

exper imenta l values agree reasonably wel l w i t h 
the theore t ica l values a t smal l hor izon ta l 
loads. T h e larger the external h o i i z o n t a l load 
is, the greater is the discrepancy between 
theory and exper iment . Under large external 
l a te ra l loads, the convent iona l me thod of 
analysis gives pi le loads smaller t h a n those 
f o u n d i n experiments, since bo th the com­
pressive load i n the f r o n t pile and tensile load 
i n the back pile are greater i n magn i tude t h a n 
f o u n d i n the expei'iments. T h i s seems to i n d i ­
cate t h a t i n order t o have the exper imenta l 
values i n agreement w i t h those g iven b y the 

convent iona l f o r m u l a fo r ve r t i ca l pile loads, 
the m o m e n t a r m f o r the external la tera l load 
should be increased w i t h increase i n the m a g n i ­
tude of the la te ra l load. I n Tables 6 and 7 the 
theore t ica l pi le loads g iven have been calcu­
la ted w i t h a momen t a r m fo r l a te ra l load equal 
to the distance f r o m the p o i n t of app l i ca t ion 
of load t o the surface of sand, a constant dis­
tance of 5 i n . 

C O N C L U S I O N S 

Because of the numerous variables i n v o l v e d 
i n the p rob lem of la tera lh- loaded pi le f o u n d a ­
t ions, i t is no t f e l t war ran ted t o make general 
conclusions based on these model studies. T h e 
f o l l o w i n g s u m m a r y of f ind ings m a y be made, 
however, and is t o be read w i t h considerations 
of the l im i t a t i ons of the test set-up. 

(a) T h e d i s t r i b u t i o n of external loads, 
p a r t i c u l a r l y la te ra l loads, t o the d i f f e r ­
ent piles i n a l a t e ra l ly loaded pi le 
f o u n d a t i o n is largely dependent on the 
f o u n d a t i o n displacements. A t h i g h l a t ­
eral loads, the f r o n t pi le a lways takes 
the greatest share of the external la te ra l 
load, and among the piles i n a group, i t 
is the most severely stressed b y bending . 

(b) T h e d i s t r i b u t i o n of pile loads can be 
sa t i s fac tor ih ' predicted b \ ' such an exist­
ing a n a l y t i c a l m e t h o d as H r e n n i k o f f ' s 
M e t h o d , i f the external la tera l load is 
smal l . However , a t large hor i zon ta l 
loads, the discrepancy between ))ile 
loads obta ined hy the a n a l y t i c a l m e t h ­
ods and the experiments increases as a 
result of large soil displacement and the 
deficiency of the back pile i n resisting 
tensile force. 

(c) Pile groups w i t h ba t te red piles have 
more resistance t o la tera l loads. Pile 
groups w i t h s y m m e t r i c a l l y arranged 
ba t te red piles do no t of fer more i-esist-
ance to la te ra l loads t h a n a symmet r i ­
ca l ly arranged pi le groups. For 3-pile 
groups, the s y m m e t r i c a l h ' arranged 
ba t te red pi le g roup tends t o displace 
more t h a n the a s y m m e t r i c a l l y arranged 
pile groups under equal l a te ra l loads. 
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Load Studies on Drilled Shafts 
L A W R E N C E A . D U B O S E , Assistant Research Engineer, 

Texas Engineering Experiment Station 

T h e cast-in-place concrete p i le is f i - equen t l j ' the most economical t y p e subs t ruc tu re 
fo r bridges a n d bui ld ings . However , there is a cer ta in a m o u n t of disagreement among 
engineers concerning the proper design of these piles, especially i n eva lua t ing the rela­
t i v e impor tance of sk in f r i c t i o n and bear ing f r o m the s t andpo in t of load suppor t ing ca­
pac i ty . T o help answer some of these questions, field load tests have been conducted i n 
a research p rog ram between the Texas H i g h w a y D e p a r t m e n t and the Texas Engineer­
ing E x p e r i m e n t S ta t ion . T w o series of tests have been completed. I n the first g roup of 
tests the pi le d iameter was k e p t constant and the effect ive length va r i ed f r o m 6 t o 18 
feet. I n the second series the ef fec t ive l eng th was k e p t constant and the i^ile diameters 
va r i ed f r o m 13 to 24 inches. 

T h e test procedure and the results of these field load tests are discussed i n th i s paper. 
A special pressure cell (based on electr ical resistance gages) was developed to measure 
bearing a t the base of the pi le . T h i s t y p e pressure device was successfully ins ta l led a t the 
base of several piles. Readings of the cell d u r i n g the load test ind ica ted o n l y a sma l l p a r t 
of the t o t a l load t o be carr ied as bear ing. T h i s was also ind ica ted t o be the s i t ua t i on f o r 
special tests conducted on a "greased p i l e " (representing a cond i t i on of no s k i n f r i c t i o n ) 
a n d a "false b o t t o m " pi le w h i c h gave a cond i t i on of no bearing. 

• T H E cast-in-place concrete p i le is f r e - of those piles. T h e eva lua t ion of the re la t ive 
q u e n t l y the most economical t y p e substruc- impor tance of sk in f r i c t i o n a n d bear ing f r o m 
tu r e f o r bridges a n d bui ld ings . There is, t he s t andpo in t of load suppor t i ng capac i ty is 
however, a cer ta in a m o u n t of disagreement especially controvers ia l . T o he lp answer some 
a m o n g engineers concerning the proper design of these questions, field load tests have been 




