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Experimental Study of the Behaviour of Laterally Loaded Piles

E tu de exp érim en ta le sur le com p ortem en t des p ieu x  sou m is à des charges latérales

K. KUBO, d r . e n g ., Chief, Foundation Laboratory, Port and. Harbour Technical Research Institute, Ministry of Trans
portation, Yokosuka, Japan

SUMMARY

Lateral load tests were carried out on model steel piles 
embedded in sandy soil, and a new expression p =  k ■ x ■ yo r' 
for the relationship between soil reaction, p, and pile deflection, 
y, is proposed. Conversion factors derived from the proposed 
expression of p and y are utilized to predict the behaviour of a 
prototype pile on the basis of the model test results. Soil reaction 
coefficient k decreases with the increase of pile width, but it 
becomes almost constant when the pile width is greater than 
20 cm. Effective length of a laterally loaded pile is not more 
than 1.5lmv  where lm1 is the depth of the first zero point of the 
moment curve. Many field test data are collected and examined 
to show that a unique relationship exists between the soil reaction 
coefficient k and the standard penetration value N both in sandy 
and clayey soils.

SOMMAIRE

Des essais avec charges latérales furent exécutées sur des 
modèles réduits de pieux d’acier, noyés dans un sol sablonneux; 
par suite de cette étude l’auteur propose une nouvelle formule 
p — k • x ■ y0'3 pour exprimer la résistance p du sol en fonction 
de la déformation y du pieu. Les facteurs de correspondance 
permettent, à partir de l’expression de p et y, de prédire le com
portement des pieux réels en se basant sur les essais sur modèles. 
Le coefficient k de la résistance du sol diminue avec l’accroisse
ment du diamètre du pieu; mais il devient presque constant quand 
le diamètre dépasse 20 cm. La longueur effective du pieu chargé 
latéralement ne dépasse pas 1,5 lmlt lm1 étant la profondeur 
du premier point zéro de la courbe des moments. Beaucoup 
d’informations sur des expériences de chantier ont été rassemblées 
et examinées pour démontrer qu’il existe une relation unique 
entre le coefficient de la résistance du sol k et la valeur N de 
l'essai de pénétration standard, tant dans des sols sablonneux que 
dans des sols argileux.

i t  is a  c o m m o n  p r a c t ic e  in  the analysis o f a la terally  loaded 

pile to  choose the follow ing fundam enta l differential equa

tion  as a starting  point:

E I ( d 2y / d x 2)  =  -  P  =  -  p - B ,  ( 1 )

where El — flexural rigidity of the pile, x =  depth from the 

ground surface, y =  pile deflection at the depth x, P =  soil 

reaction per unit length of the pile, p — soil reaction per 

unit area of the pile, B =  width of the pile.

Soil reaction p in Eq 1 is given by the following general 

expression:

p  =  k - x m - y ” . ( 2 )

In most of the current procedures of analysis, n is taken to 

be unity, whereas different values of m are adopted according 

to soil conditions. This means that the soil reaction, p, is 

considered to be a linear function of the pile deflection, y. 
The soil around a pile never behaves as an elastic body when 

the pile is subjected to a lateral force, however, as can easily 

be seen by the fact that few of load-deflection curves of 

lateral load tests show a linear relationship.

An extensive model study was made by the author with 

the object of obtaining a proper expression of the p — y 
relationship, which would provide a basis for the develop

ment of a better method of analysis.

m o d e l  t e s t s

All model tests were conducted in a concrete testing tank,

8 m long, 4.5 m wide, and 4 m deep. Principal features of 

the model piles are given in Table I.

In order to measure the bending strain, wire strain gauges 

were attached on both sides of the piles at 10 to 30 levels.

TABLE I. DESCRIPTION' OF MODEL PILES

Type of pile

Cross-

section

Number

of

piles

Width or 

diameter, 

B  (cm.)

Length of 

ern bed ment, 

L  (cm.)

Height of 

load appli

cation, h  

(cm.l

Free-head 

vertical pile rectangle 18 7-30 140-240 0-117

Free-head 

vertical pile pipe 12 1.75-10.10 00-240 15

Fixed-head 

vertical pile rectangle 10 7 83-150 9.5-83

Free-head 

batter pile rectangle 13 7-10 140 15-114

After 7 to 10 piles were placed in the testing position in the 

tank, medium-size river sand was filled and compacted by a 

hand tamper. The dry density of compacted sand was con

trolled to remain 1.78 ±  0.05 gram/cu cm for all of the 

tests. Lateral load was applied at the pile head by means of 

calibrated weights (Fig. 1). The deflection at the pile head,
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the magnitude of the lateral load, and the bending strain at 

the pile surface were measured at every increment.

Distribution of the bending moment induced in a pile was 

obtained from the strain gauge measurements. The first and 

the second differentiations of a moment curve give shear and 

soil reaction, and the first and the second integrations give 

inclination and deflection of the pile, respectively.

— — cm 

fig . 2. Typical p — y relationships of a model pile.

RELATIONSHIP BETWEEN SOIL REACTION AND PILE DEFLECTION

Calculated values of the soil reaction, p, and the pile 

deflection, y, are used to plot the p — y relationships as 

shown in Fig. 2. In Fig. 3, p — y curves at the depth of 20 

cm for different piles are plotted together to logarithmic 

scale. A good coincidence of p — y curves can be seen in 

Fig. 3 in spite of a wide variety of pile conditions. Index n 
in the general expression p =  k • xm • yn is considered to be

0.5, since logarithmic plots of the p — y relationship give 

straight lines with a tangent of 0.5.

To examine the effect of depth x, soil reaction p corre

sponding to a same deflection is plotted against depth as 

shown in Fig. 4. A  linear relationship between p and x 
indicates that index m is equal to unity. The conclusion, 

therefore, is that the p — y relationship is given by the 

following expression for the soil condition of the model tests:

p =  k-x-y°'°. (3)

Analyses of many field test data show that this expression 

can explain the behaviour of piles in the majority of cases. 

It also shows that the index n usually takes a value nearly 

equal to 0.5 even in a soil in which the index m differs from 

unity.

EFFECT OF PILE WIDTH

To examine the effect of pile width, B, on the coefficient 

k, model piles having different widths were tested in the 

same soil condition. As shown in Fig. 5, the value of k
P

g / c m "

1,000

500

FIG.

— -  WIDTH (B). cm 

fig. 5. Effect of pile width on the coefficient k.

0.5 i.o to

y.cm

3. Logarithmic plots of p — y  relationships at the depth 
of 20 cm.

decreases with the increase of pile width, but it becomes 

almost constant when the pile width is greater than 20  cm. 

Therefore, modification of k according to the pile width 

does not seem to be necessary for a pile having a width 

greater than 20  cm.
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f i g . 4. Plots of p versus x.

EFFECTIVE LENGTH OF A LATERALLY LOADED PILE

The term effective length of a laterally loaded pile means 

length of the pile portion which exerts effective resistance 

to a lateral load. The lower portion of a pile beyond the 

effective length shows no appreciable deflection, resulting in 

no increase of soil reaction, even when a lateral load is 

applied.

Fig. 6 shows the effect of the embedded length of a pile on 

the moment distribution. It can be seen that the actual length 

of the embedment has practically no effect on the moment 

distribution if it is greater than the effective length.

A pile having a smaller embedment than the effective 

length is not desirable as a pile which supports a lateral load. 

It can be seen in Fig. 6 that the length of 1.5Im̂  provides a
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where S — shearing force, i =  dy/dx, R =  ratio between 

corresponding values of a prototype pile and a standard pile.

In practical computation, Rh and RT may be used in place 

of Rx and Rs in Eq 4, where h is the height of the load 

application and T is the applied load.

Standard curves for the following relationships have been 

established on the basis of model test results (Kubo, 1961; 

Kubo, 1962).

For a free-head pile T -  y top, T -  y0, T -  i0, T -  M max, 

T-lrrii,
for a fixed-head pile T -  ytop, T -  ya, T -  i0, T -  

T -  T -  lmx
where ytop =  deflection at the point of load application, y0 =  

deflection at the ground surface, i0 =  dy/dx at the ground

N, blows

fig . 6. Effect of embedded length on moment 
distributions.

good measure of the effective length with a sufficient margin 

for safety, where lmx is the depth of the first zero point of 

the moment curve of a sufficiently long pile. Model test 

results show the following important characteristics of lmx. 
The value of ta j  of a pile is not constant but increases with 

the applied load. A  more flexible pile has a smaller value of 

/mj. The height of the load application, h, and the fixity at 

the pile head have no significant effect on the value of imj.

PREDICTION OF THE BEHAVIOUR OF A LATERALLY LOADED PILE

As stated before, Eq 3 is proposed for the p — y relation

ship on the basis of the model test results. An attempt was 

made by the author to find a method of predicting the 

behaviour of a laterally loaded pile, without solving Eq 1, 

by substituting Eq 3. A  method based on the rule of simi

larity has been satisfactory for the present purpose. Firstly, 

conversion factors, which are used in the conversion of 

quantities for one pile to those for another pile, are obtained 

by introducing Eq 3 into the general expressions of the rule 

of similarity. Secondly, standard curves of necessary rela

tionships, such as the load-deflection relationship, are estab

lished by converting the observed relationships for the model 

piles to the corresponding relationships for a standard pile. 

After obtaining the conversion factors and the standards 

curves, we can easily estimate the necessary relationships of 

a prototype pile.

Logarithmic expressions of the conversion factors are 

given in the following forms:

log Rs =  7 (log Rx)

-  (log Re i ) +  2 (log Rk) +  2 (log Rb)

log Rm =  8 (log Rx)

— (log Re i ) +  2 (log Rk) +  2 (log Rn)

log R t = 9 (log Rx)

-  2 (log RE1) +  2 (log Rk) +  2 (log Rb)

log Ry =  10 (log Rx)

— 2 (log Re i ) +  2 (log Rk) +  2 (log Rb) j

fig . 7. Estimated behaviour of a prototype pile.

% 7 -

( tyo ) fixed 
( fa I free

(l/ lo p )- fix e c (

('¿topHt'ee
fixed

(M m a x )fr - e e

(Mmgjr'i) -fixed
(Mmax) f  hee

fig. 8. Comparison between free-head pile and fixed-head pile.
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surface, M max =  maximum bending moment in a free-head 

pile, Mmax_ t =  bending moment at the top of a fixed-head 

pile, =  maximum bending moment in the embedded

portion of a fixed-head pile.

Computation charts for the newly proposed method are 

provided to facilitate analysis (Kubo, 1964). Fig. 7 shows 

the results of analysis for a prototype pile (Iguchi, 1962).

FREE-HEAD PILE AND FIXED-HEAD PILE 

Comparison of the standard curves for the free-head pile 

and the fixed-head pile makes clear the effects of fixity at the 

pile head on the behaviour of pile as shown in Fig. 8 . A 

number of relationships obtained from Fig. 8 are given in 

Table II.

TABLE II. RELATIONSHIPS FROM FIG. S

T
h

0 27 -
(yo) fixed 

(yo) free
- 1 .00

0 .27 =
O w )  fixed

( y to p )  free
= 0 .27

1 .00 -

(*lAnnx-f) fixed

(jlAnax) free
- 0 ..50

0 20 -
(• 1/ m a x - l )  fixed

(- 1/ m z .x ) free
- 0 . 40

00
(Inu) fixed

1 .00
(/mi) free

BATTER PILES

Two series of model tests were performed to study the 

behaviour of single free-head batter piles. Examination of 

obtained p — y relationships shows that the expression p =  

k • x • y 0-3 is also valid for batter piles, provided the angle 

of batter is within a practical range.

RATIO

A  2.0

1.0

tan 0

-30° -2 0 ’ -10* 0  10" 20" 3Cf a  

fig. 9. Effect of angle of batter on the coefficient k.

In Fig. 9 the ratio of k to k0 is plotted against angle of 

batter, 8, where k0 is the value of k for a vertical pile. The 

behaviour of a single batter pile can be predicted in the same 

way as in the case of a vertical pile, with a simple modifica

tion of k based on the ratio shown in Fig. 9.

EVALUATION OF THE COEFFICIENT OF SOIL REACTION

Analyses of many field test data indicate that there are 

two typical types of soil, namely S-type and C-type. The 

main features of these soils are given below.

fig. 10. Relation between N and k in S-type soil.

0.25 0.50 IOO 2.00 ,00%'cm

fig. 11. Relation between N and kc in C-type soil.

S-type soil. The p — y relationship is expressed by p =  
k ■ x ■ y0-3. The N value of standard penetration test in

creases linearly with depth. Examples— sand layer of uniform 

density, normally consolidated clay layer.

C-type soil. The p — y relationship is expressed by

P =  k e y 0'5. (5)

The N value is constant throughout the depth. Example—  

highly precompressed clay layer.

In determining soil type, the soil at great depth does not 

need to be considered. Only the soil within the range down 

to (1 0.5) lmx is important in the lateral resistance 

problem.

The relationship between N and k in S-type soil is obtained 

from the analyses of field test data and is shown in Fig. 10. 

The symbol N means the value of N at a depth of 1 m, when 

actual distribution of N is represented by a straight line 

starting from the origin.

The relationship between N and kc in C-type soil is shown 

in Fig. 11. A conversion of kc to k is necessary to analyse 

a pile in C-type soil, since the new methods of analysis are
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originally established for S-type soil. The conversion may be 

done by means of the following equation.

k = a X  (Z'10)“ I/5- [ ( £ / ) io ] “ 1/5-(fcc) 7/5, (6 )

where T10 =  lateral load per 10 cm width of a pile (kg), 

(E / ) 10 z= El per 10 cm width of a pile (kg/sq .cm .), k =  

coefficient of soil reaction in S-type soil (gram s/cirr3-5), 

kc =  coefficient of soil reaction in C-type soil (gram s/cirr25)-

The following values of a should be used: a — 0.334 for 

the estimation of y, a =  0.682, for the estimation of M m.,x, 

a =  0.273, for the estimation of Im̂ .

CONCLUSIONS

Lateral load tests were carried out on model steel piles 

embedded in sandy soil with the following results.

1. The relationship between the soil reaction, p, and the 

pile deflection, y, can be expressed by p =  k • x • y0Jl.
2. The coefficient of soil reaction, k, decreases with the 

increase of pile width, but becomes almost constant when 

the pile width exceeds 20  cm.

3. The effective length of a laterally loaded pile is not 

more than 1.5 lmlt where t e j  is the depth of the first zero 

point of moment curve.

4. The expression p =  k • x • y° 5 is also valid for batter 

piles, but the value of k should be modified according to the 

angle of batter.

A new method of predicting the behaviour of a laterally

loaded pile is proposed on the basis of the model test results. 

Estimation of pile-top deflection, maximum bending moment, 

and effective length of a prototype pile can be made readily 

by means of computation charts.

Analyses of field test data show that a unique relationship 

exists between the coefficient of soil reaction and the standard 

penetration value.

ACKNOWLEDGMENTS

The author wishes to express his thanks to Dr. Tomio 

Shinohara for his constant guidance in the course of the 

work. Thanks are also due to Dr. Yasumaru Ishii and Dr. 

Satoshi Hayashi for their valuable advice and encourage

ment.

REFERENCES

I g u c h i , H. (1962). Driving tests and loading tests on steel 
prototype piles. Tsuchi to Kiso (Soil Mechanics and Founda
tion Engineering), Vol. 10, No. 8 (in Japanese).

K u b o , K .  (1961). Effect of soil condition on lateral resistance of 
piles. Monthly Reports of Transportation Technical Research 
Institute, Vol. 11, No. 12 (in Japanese).

---------  (1962). Lateral resistance of single free-head batter piles
and single fixed-head vertical piles. Monthly Reports of 
Transportation Technical Research Institute, Vol. 12, No. 2 
(in Japanese).

---------  (1964). A new method for the estimation of lateral
resistance of piles. Report of Port and Harbour Technical 
Research Institute, Vol. 2, No. 3 (in Japanese).

2 7 9


