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SYNOPSIS In reference (1), many factors affecting the general mechanism model of the pile-cap 
-soil interaction were pointed out. Now, through a comprehensive consideration of these factors, 
the basic theoretical equations for calculating the pile-soil displacement by elasticity theory are 
proposed, so that it makes the concrete analysis of the stability and settlement calculation of a 
low-cap piled foundation by load transfer theory possible. By this proposed method, the load trans­
fer of non-linear characteristics between pile and soil on the pile shaft and under the pile tip 
can be considered and the effect of all factors mentioned in reference (1) on the portions of the 
total load carried by the pile tip« the pile shaft and the soil under the bottom of the pile cap 
can also be estimated. Finally, the load-settlement curve can be plotted.

I. INTRODUCTION

Since the available methods for calculating the 
bearing capacity and load-settlement curve of 
piled foundation have their severe limitations 
nowadays, as a consequence, the basic concept 
of piled foundation load transfer theory was de­
veloped in order to establish a more rational 
calculating model. The aim of this paper is to 
find a way to calculate the displacement of a 
pile-soil system with the basic equations of the 
theory of elasticity with giving a comprehensive 
consideration to all factors mentioned in Ref.
(1), so as to make the practical usage of the 
calculation of the stability, settlement of a 
piled foundation by load transfer theory pos­
sible.

II. ESTABLISHMENT OF CALCULATION hETHOD

Since the problem is rather complicat, it is 
necessary to stress on the main contradiction 
i.e. the non-linearity of load transfer in a 
pile-soil system. Therefore following assump­
tions must be made:
1. Only the final settlement and not the process 
of consolidation is to be considered.
2. The additional stress and settlement of every 
point in subsoil under the cap are calculated
by the thoery of elasticity.
3. For simplification, the cap is considered to 
be absolutely rigid.
4. Loading on the foundation and the overburden 
pressure of subsoil are transfered through the 
cap to piles and to subsoil at on time.
In establishing the basic equations, several 
methods was proposed in Ref.(l). In which fol­
lowing main points can be summarized: 1. The 
relative displacement between pile and soil is 
caused by the difference between the settlement 
of the soil at every points and the forced set­
tlement of the pile. 2. The unit friction is an 
unique function of the relative displacement. 3. 
In considering the installation of piles, the 
geological and geometrical conditions, the re­

sistance and settlement of the pile tip are ex- 
presed by multinomial functions. 4. For fric­
tional soild, strengthening effect of the pile 
cap pressure to the pile tip resistance and the 
friction on the pile shaft should be considered.
5. To a certain depth from the bottom of the ĉ > 
the downward movement of the pile and the soil 
are actually synchronous, so that the friction 
within this depth is weakened. As for rigid pi­
les, its "Barrier effect" will render the move­
ment of the soil within the pile group being 
close to be vertical,therefore the one-dimensi­
onal compression theory can be used directly in 
the calculation of the settlement of the soil 
within pile group.
The procedures of the application of these me­
thods will be illustrated here through the fol­
lowing example. The derivation of the basic 
equation is as follows:
1. Portion of load carried by the cap Per(?6) and 
the expression of P-S curve.
From Ref. (1), it is known,

ki oo(yt) (1)

In which P, Pc—  total load on foundation and 
the load carried by the cap 
respectively 

ft)' —  pile tip resistance and shaft resis­
tance of each pile in foundation res­
pectively 

n—  number of piles
All terms in both sides of Eq.(l) are depended 
upon settlement, so Eq.(l) can be rewritten as:

P « r(% )= -
F, C5.)

----------------- n t o o lr i  2  )
n Fj CSk) * n tcD FI>3t*,, 6M(JL J  + F,f5,)

In which
F2(Sg) equals to Pc, the total load acting on 

the bottom of the cap, a function of 
settlement of the ground surface Sg.

FjCSfc) equals to Pb, the tip resistance of
each pile, a function of the displac- 
ment of pile tip.

TrPFiAS^j^f*)) equals to Ps, the shaft friction 
of each pile, it is a function of the 
relative displacement of pile-soil
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^S(z) and the effective normal pressure 
on the pile-soll boundary 5 (z) at 
depth Z.

For simplification and by considering this re­
search has its practical meaning only for the 
low-cap piled foundation of rather whort piles. 
The elastic compression of piles can be neglec­
ted, therfore S^=5g, Eq.(2) can be rewritten as:

F * C S , )
? * ■ ( % - ) -

w Fj (S f ) + n  x p F C * S ( z ) > ° * ( * ) J  * F m ( S j )

In which n is number of piles, F2 and F3 are 
function of Sg, only F is not an unique function 
of S™, but in the final analysis ¿S f z ) and63c(z) 
are Doth depended on the development of Sg.
The expression of F2(Sg) and FjiS-) were given 
in Ref.(l). In here, %ne derivation of functions 
between F and S„ is emphasized. Once they can 
be done, the whole problem can be solved.
The meaning of symbols used in Eq.(2) are shown

riy id
p iU

the settlement of 
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Flg.1 P-S Curve Fig. 2 Settlement of soil 
vs depth

%= >(sg (n 1.0) (3)
and the pile-soil relative displacement at 
depth z is

¿ S ( z) = (l-»[)Sg (4)

Eq.4 is simplified because the elastic compres­
sion is neglected. It can also be rewritten as:

* 3(z)/3g = > (5)
Similarly, for certain types of soils and pile 
materials, the maximum relative displacement 
corresponding to the ultimate shaft friction on 
pile-soil boundary is a constant without much 
fluctuation, so it can be expressed by a coef­
ficient e<, then

ô -= ̂ Sfmax/ (6)
oi varies from»-»0, corresponding to Sg varies 
from 0-»“\ From Eq.5 and Eq. 6 we obtain,

A ^ ( i )  /  = ( l -H ) /o£  (7)
Furthermore, the function F in Eq.2 and Eq.2 
itself has already contained the factor of "St­
rengthening effect". If it is neglected, F will 
become f£*S(z)] .

2. The derivation of function F [as( 2 ) Z\1 
Function F contained two factors i.e. the "Weak­
ening effect" and the "Strengthening effect".
In order to find out finally the relation bet­
ween F£dS(z)>0x(z)l and the settlement of ground 
surface Se, two coefficientsT andÇ are adopted, 
then 1

F/>S(z), 6-x(z)] =f,C/l(Sg).L (8)

In which r — modified coefficient for "Weakening 
effect"

r — modified coefficient for "Streng
1 thening effect" 

can be defined as .

r _  dz Jq F,(as(x))Jz. ^

' midJol F, (S,) dz /„ *■ F , CSf) J*

The meaning of £,in mechanics is as follows:
The relative displacement between pile and soil 
of a rigid single pile changes from a uniform 
value of Sg into^S(z) of each pile shaft in the 
pile group under a low-oap at different depth z. 
The value of^Sfjnax above the critical depth zc 
is smaller then¿1Sfmax (Fig.2,a), therefore at 
a certain depth below the cap, the mobilization 
of the shaft friction is limited and consequent­
ly weakenened.
Evidently, the value of depends on three fac­
tors: Sg, •AS(Z) and/iSfmax* ln above equation, 
function F-) itself is a function of the mobili­
zed shaft friction f3 and^JS(z) of the corres­
ponding point.
The definition of £ican be expressed by,

r  X  CF. taf, Ji

S.L F,(~s(x)) J z  (l°)

In which F-|(/iS£z))
¿3 F̂  US(Z) )

defined as before, and 
is a function of the incre­
ment of the shaft friction 
induced by the cap bottom 
pressure.

Therefore f  | < S w J - C . t X *

à z  (li)

as APi(4S(z)) is related to the horizontal st­
ress increment in the soil inside the pile 
group, so it is possible to obtain by Boussinesq 
equations and then find out the^C^to obtain 
/3Fi(^S(zp  directly or it also can be obtained 
indirectly byj6i times K0(earth pressure coef­
ficient at rest) to obtain-aÉÿ. In this paper 
is used in which the "Barrier effect" of the 
soil inside the pile group is considered.
From Eq.8 or 11, Eq. 2 can be finally rewritten

P e r ( % >

F . C S , )

n F , ( S 3 ) + n n D l X , Z I F , ( S 9) + F M(S9 ') (12)

In the right side of the above equation, except 
the two coefficients Ç,, which should be calcu­
lated according to aspecific engineering and 
geological condition, the other three functions 
F-|, F2 and F3 are mainly determined by the pro­
perties of soil and the characteristics of the 
boundary materials. They can be approximately 
predetermined and consequently optimizing selec­
tion of geometrical elememts of the piled foun­
dation can be carried out.

III. DETERhIN ATION OF COEFFICIENTS Q,AND C*

Although F-), F2 and F3 can also be called par­
tial load transfer functions of a low-cap piled 
foundation. They can also be obtained simplely 
by pileload test or by plate load test. The F2 
even can be computed by the one-dimensional la- 
yerwise summation method with the result of the 
laboratory tests. Therefore for a low-cap piled 
foundation, the load transfer parameters to be 
determined in the light of specific geometrical 
and subsoil conditions. The derivation of Ç, and 
C*for a low-cap piled foundation with four piles 
is illustrated as follows:
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(1). Determination of 5i
Assume the modulus of deformation is E and the 
Poisson's ratio equals to 0.5 for saturated soil 
and 0.3 for sand. Let the width of a square cap 
be B (or its equivalent radius for a circular 
cap), in according to the Boussinesq equations, 
the settlement at depth z below the bottom of 
the cap is: 

for /i=0.5

r3(z)
=

¿»S-, «X

when 5(z) > ^ S fmax,

fs(z) = ^smax 

The above relationship can be seen in Fig.3.

Fig. 3 fg vs 4S

Eq.9, Fi ( S(2)) respresents the mobiliza- 
of the unit sha‘

From
tion of the unit'shaft friction at z, While 
F^Sg) represents the mobilization of fa at z=0 
when the settlement of the ground surface equals 
to Sg.
Therefore, for the consideration of the degree 
of the mobilization of the f3 in the entire len­
gth of the pile, the development of Sg can be 
divided into three stages,
a. First stage,ot > 1.0
This implies Sg is very sisall, no failure occurs 
along the boundary, i.e. Sz Sg<^Sfmax

ti _  Jo 'MfUL _  1  sc(/v J w Jz

f L — p 

J. a  5.---T:
alz

J T ± * «

rlXt
i s  m a x  I .—  —

* ”>•* J o ot J n

=  I - j ~ l  t  t ji+n t *) (14)

all symbols are shown in Fig.4.

b. Second stage, 1.0 >oi. \ +n t *
This implies S~ is already larger than Sf^*, 
but point C in Fig.4 is below £, the entire 
length of need not to be divided into two 
sections in calculation. Same as before, we get:

t ~ *  [ l - j k t * J 7 T W T ) ]  (15)

c. Third stage, oti oiL = 1- ' / / i +n t '

In this case, Sg becomes considerable large,not

S z  A e c R  [ t - K z / n f j *

for A =0.3 j

For the function pt , several calculation models 
have been proposed by different authors. For 
simplification, one of the models is adopted hare 
as follows:

When 0 *  ^(zJ^Sfnax, the shaft friction is:

£

Fig.4 Relationship between and |

only Sg^Sfmajc point C in Fig.4 is located in 
the interval of $L . Therefore the entire length 
of should be divided into 0-*-^ andj^^two 
sections in calculation. Same as befor*e, we get:

£jy-£:<'-Vd S +Jic d$]
»■ h a r e  7[  =  5 z / S r

1-/7= s *  Z jL i.

S(M1

<*}-
S ,

(16)

7 = > / < i + z x y

/-S, =  / - ! / ( ! + £ * )

From >fc =l-t^, SO £c =J2oL-cA x/ ( I  ~oO

Eqs. 14, 15 and 16 are valid for/f=0.5»
For cohesionless 80113^=0.3 we get:

^i(o-i) (».*) t  °  -t/T+xt') 17)

(2). Derivation of
On the basis of the above mentioned solution, ai 
additional coefficient Ci is used to take the 
"Strengthening effect" into account. The defi­
nition of is:

r  _  T ip s  +  * a P t  _  P t  * ^ P s

^  ~  <10) 
where P3— shaft friction of each pile without

considering the "Strenthening effect".
.AP3— the increment of P3 caused by the con­

tact pressure on the bottom of pilecap. 
Evidently,£>1.0 is mainly valid for cohesionless 
soils only. In short, the copmlicat factors such 
as the original stress condition of the subsoil, 
the way of pile installation are disregarded at 
first. Let the normal stress induced by the self 
-weight of the subsoil on the pile shaft is equ­
al to K o f z  , 30

Ps ̂ K.rzfySF. (*S(Z))Jz (19)

in where tg<T— external friction coefficient on 
the boundary of pile shaft.

Y  — the unit weight of subsoil.
From Ref.(l), there is linear relation between 
Pc and Sg, that is

Pc = CSg (20)

The increment of P3 induced'by Pc is

*p s =£V. It y teeicz ) F, f a s (x)) Jz  ( 21)

Furthermore, from Eqs.18, 19 and 20 we get:
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(22)
£ ^ X, ̂  gg W )  F, (&S(^)<4z

S J- r z  F ,^ s ez)) c l z  

From Ref.(2), it is known,

=  Pc /7 -  T  2 ‘ 1=  p j - r ^  -1 (23) 
J U '  +  F V ' - 1 Cc J c n - ^ y J

• r  ^  / i 0 Pc [ '  ~ j( f+ ]  F, (AS(z))cfc
, +  -------71----^ --------------  (22')

Jo r z F , ^ s ( z ) ) d z

Similar to Eq.14,

F, (AS(z>) =  ”fs»,+x ~ f s m a x ' i ( , ~ 7() (24)

Substitute into Eq. 22, finally, we get, when 
Sg ¿dSfmax

£  = \  +  M c S i _

T B

£ ~  [ '  J r h s ^ K 1 r r r p r ] H

i ' V  C '+ j £ f r W
(25)

when Sg>^S|*jnax# and — / (^7+ 7r£*

Cj! *

JZZJ ci

c S * E ' ~

C d tn o m ln a io r - )

Now fzie solved, combining with C * then the 
P-S_ curve and the PaT>-Sff curve can be obtained 
frofi Eq.12 8 8

IV. VERIFICATION OF THE CALCUIVTING hODEL

(1). Verification by a pile model in sand throu­
gh the measured P-Sg curve and the Pe--Sg cal­
culated from the daTa observed from strain gages 
sticked on the head of the model pile is quite 
agreed with that obtained theoretically by the 
above theory (Fig.5).

P  (  A V )
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N
Thtor
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3
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p .,
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3 0

K t
'Theor.

Ex/*n "I
'

Fig.5 Comparison between theoretical
results and experimental results
for P—S and P -S g er g

The axial load, the shaft friction and the ben­
ding moment distribution measured by many strain 
gages sticked along the entire length of the 
model pile are also clearly shown that the ac­
curacy of the calculating method based on load 
transfer theory on piled foundations.

(2). Verification by in situ loading test of 
piled foundations
A single pile with a square cap is loaded in 
situ in a construction site.in Zhejiang (Ref.3). 
The result of the test shows its shaft friction 
is weaker than that of a single pile without cap 
under the same settlement Sg. The modified coef­
ficient of "Weakening effect" calculated by

the result of the in situ test is also agreed 
closely with the one obtained by above theore­
tical calculation (see Fig.6)

—  . -  ------

Vi) =*A2

3) —7 f-iq 6

FI*. 6 Comparison between theoretical 
result and experimental result 
for ?/ - S f / i Sfmax

Another in situ test was carried in Shandong 
(Ref.4 and 5) of a series of pile groups also 
definitely indicated that the average shaft 
friction was affected by the presence of low-cap. 
The test result also shown that the "Weakening 
effect" and the "Strengthening effect" are exis­
ted.
The magnitude of these effects are depended up­
on the pile spacing.

V. CONCLUSIONS

(1). The load transfer theory not only can be 
used for analysis of single pile behaviours, it 
is vilad to be used in studying the low-cap pi­
led foundations as well. The theory can be used

-onsider the non-linear^charcteristic of st­
ress and strain in the pile-soil boundary, the 
complicat geological conditions. It can be used 
to find the P-Sg curve and the corresponding 
portion of load carried by the cap Per(%) under 
different settlement Sg also can be find.

(2). The basic calculation foimula proposed in 
this paper summarized the effects of all factors. 
In using them to solve pratical engineering pro­
blems, it is necessary to integrate them with 
the specific condition, but need not alternating 
the basic calculation principles.

(3). Pile-soil-cap interaction problems exist in 
all low-cap piled foundations (including the 
piled raft foundations). A design neglecting the 
portion of load can be carried by the soil under 
the bottom of the cap will be an highly oversafe 
one, especially for the low-cap piled founda­
tion built on the frictional subsoils. As for 
other special conditions, such as friction pile 
groups in saturated soft subsoils (in which ne­
gative friction may become significant) and end 
-bearing pile groups etc., the behaviours of 
pile groups can also be predicted by using the 
calculation principles proposed here.
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