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Variation in time of capacity of pile foundations in clays

Changem ent dans le tem ps de la capacité des fondations pieux dans les argiles

A. A. BARTOLOMEY, Professor, D.Sc., Eng., Perm Polytechnical Institute, USSR 

B. S. YUSHKOV, Cand.Sc., Eng., Perm Polytechnical Institute, USSR

SYNOPSIS The paper presents the results of comprehensive experimental and theoretical
investigations of the increase in hearing capacity in time of various pile foundations in clays. 
Data on variation of single pile capacity in time as dependent upon pile location within a 
foundation are cited. The variation of capacity of a pile foundation as a whole depending on the 
number of piles is also discussed. To determine pile foundation capacity formulae, a regression
equation and a nomogram are suggested.

The increase in time of bearing capacity of 
single piles in clays have been investigated 
in detail recently(Bartolomey,1966;Novozhilov, 
1966,1970) whereas relevant data on the 
similar process in pile foundations are in 
fact not available. In order to elucidate the 
regularities of variation in time of pile 
foundation capacity comprehensive empirical 
and theoretical investigations have been 
carried out at the Perm Polytechnical Insti
tute. Based on the experimental testing of 
small-scale pile foundations the regularities 
of pile foundation capacity variation in time 
have been determined and relationships which 
hold for group behaviour of foundation piles 
in service obtained. To study the regularities 
of interaction between a pile foundation and 
surrounding saturated clay small- and large- 
scale instrumented pile foundations comprising
4 to 25 piles as well as full scale instrument
ed pile foundations were tested. Piles were
5 to 15m long, 25 x 25, 30 x 30 and 35 x 35cm 
in section and with the spacing of 3d. A 
foundation consisted of up to 9 piles. The 
experiments were conducted in clays of dif
ferent consistencies ( « 0.25 - 0.8)

Numerous experiments have demonstrated that 
bearing capacity along the lateral surface of 
driven piles in saturated clays reaches its 
ultimate value after the seepage consolidation 
and tixotropic strengthening process is over. 
The tests show a 80% increase in capacity of 
four-pile groups tested 40-45 days after 
driving as compared to the data obtained 6 
days after. The bearing capacity of nine-pile 
groups (5,7 and 9m long piles) registered 45 
days after driving increased by 70% as 
compared to the data obtained 6 days after 
driving (Fig. 1,2) (Bartolomey & Yushkov,1980)

The analysis of load distribution between pile 
tip and lateral surface showed that for all 
piles (except central) in a 9-pile group the 
load carried by lateral surface is 35-50% 
larger than that of the pile tip whereas the 
tip of central pile carries twice as much load 
as the lateral surface. Comparison of bearing 
capacities measured 6 and 45 days after driv
ing demonstrated that comer pile resistance
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Fig.1. Pile capacity increase in time(consist
ency^. 7): 1-single 5m long pile;1'-5m long 
pile in a group of 4 piles;1"-5m long pile in 
a group of 9 piles;2-single 7m long pile;2'- 
7m long pile in a group of 4 piles; 2''-7 m 
long pile in a group of 9 piles; 3- single 9m 
long pile; 3’-9m long pile in a group of 4 
piles; 3''-9m long,pile In a group of 9 piles.

increases by 15% 45 days after driving as 
compared to 6 days after and friction forces 
along lateral surface grow 4 times for the 
same period. Pile tip resistance of middle 
piles in an outside row grows by 36% for 45 
days while friction forces along lateral sur
face increase by 220%. Central pile tip resist
ance increases by 70 % and the corresponding 
friction forces values indicate a 3-times 
increase for the same period.

The increase in capacity of corner and middle 
piles in the outside row is mainly due to the 
growth of unit friction along the lateral sur
face. The Increase in pile tip frontal resist
ance of the central pile is due to consolida
tion of the underlying soil.
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The value 0 in the denominator is determined 
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Fig.2. Pile foundation capacity variation in 
time for 4-and 9-pile groups.1,2,3-4-pile foun
dations, 5,7,9m long piles,respectively;1J213* — 
9-pile foundations,5.7,9m long piles respect.

A number of experiments indicate that an ac
curate evaluation of the actual bearing capa
city of pile foundations might be based on 
ultimately allowable settlements of buildings 
and structures (Bartolomey, 1982).

The analysis of load distribution among piles 
in a 9-pile foundation 6 and 45 days after 
driving has shown that bearing capacity values 
in corner piles are the highest ones whereas 
central piles carry the lowest load among 
other piles in both cases.

The change of physical-mechanical soil 
characteristics as an immediate result of driv
ing as well as the variation of soil character
istics in time are the factors which affect 
the variation in time of pile foundation bear
ing capacity. Pile driving brings about the 
consolidation of soil adjoining a pile so that 
physical and mechanical properties of soil 
change. The degree to which the initial soil 
properties change might be a criterion to 
distinguish several zones of different conso
lidation. Soil unit mass increases by 20-27% in 
consolidated zones adjoining piles as well as 
in inter-pile spacings.

Based on the analitlcal solution of the problem 
of soil displacement during pile driving for
mulae have been obtained for determining con
solidation zone dimensions. A width of conso
lidation zone for a 4-pile foundation is 
determined using the formula:

where & is the coefficient of porosity for 
undisturbed soil; 8m\K is the coefficient of 
porosity for soil after driving; L is the 
inter-pile spacing.

The bearing capacity of pile foundation is 
minimal immediately after driving because the 
emergence of additional pore pressure results 
in the effective stress decrease as well as 
decrease in soil resistance along the lateral 
surface of piles. Eventually, additional pore 
pressure drops while effective stresses, soil 
resistance along the lateral surface and bear
ing capacity increase. The variation of pile 
foundation bearing capacity depends on effect
ive stresses and, therefore, to determine it 
a degree of effective stress increase(consoli
dation) should be used. The tests indicate 
that a relationship exists between a growth of 
pile foundation bearing capacity in time and 
variation of additional pore pressure along 
the pile-soil interface and at different dis
tances from a foundation depending on the 
radius of soil consolidation zone which ap
pears as a result of driving. On the basis of 
the solution of a seepage consolidation theory 
problem and taking into account pile founda
tion parameters, regularities of load transfer 
to adjoining soil and some ®ther factors we 
obtained the formulae for determining pile 
foundation bearing capacity in time

^ ■ (5)
Pvti { D;

where ^  is the bearing capacity of pile 
foundation at any time interval; CQ is the 
bearing capacity of pile foundation as regis
tered after driving; Pw is the additional pore 
pressure; PWo is the initial value of additional 
pore pressure.
When P* = Pw# effective stresses are equal to 
zero and the pile foundation capacity is mini
mum. When (xt)“ 0 effective stresses reach 
th® maximum value and the bearing capacity 
becomes maximum. The bearing capacity grows as

the ratio P»(*̂ ) decreases.
■pwTIi)

The analysis of experimental data indicates 
that the bearing capacity is influenced by the 
variation of 7/ Putffotn just as by the degree

T W
consolidation. Thus, the resulting formula for 
determining pile foundation bearing capacity 
is reduced to

+ (6 ) 
Based on the solution of a seepage consolida
tion problem and taking into account pile 
foundation parameters and regularities of load 
transfer to adjoining soil, formulae have been 
obtained to determine a degree of consolida
tion ( U 3 ).

The degree of consolidation values for practic
al purposes are prespecified in a table for 
different values of F and K ,

, R F _ t i t
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where R “ L  + T, is the distance from the centre 
of foundation to the consolidation zone border; 
%  is the radius of pile foundation as deter

mined using the formula p ‘ 2. ( gl  + 6)

where d end $ are the plane dimensions of 
foundation (m). , ,

F - ^
where is the time "at rest" for piles (in 
days); is the consolidation index.

S. E ( \ + 2 E)

<»>

where is the seepage coefficient; b0 is the 
coefficient of initial pore pressure; 'feis the 
coefficient of soil lateral pressure; ¡f̂ is the 
unit mass of gas-containing liquid; ri is the 
porosity of soil; E w is the modulus of volu
metric compression of gas-containing liquid;
|b is the dimensionles^ coefficient equal to

1 - 1 J !

The specified values of consolidation degree 
depending on "K " and " F "  are reproduced in 
Table I. For a single pile K =8, for a 4-pile 
foundation K = 4 and for a 9-pile foundation 
K - 2 .

Given the initial bearing capacity value 
obtained from static penetration or pile driving 
data and having analytically specified the con
solidation degree we can obtain the pile foun
dation bearing capacity with regard for time 
factor.

A regression equation was obtained based on the 
available experimental data which have been 
processed using mathematical statistics pro
cedures:

9  = 886.57 + 219 X, + 834X* + 259X»- . ,q ,
- 106.57X? + 198.751,1*+ 248.43 ^
+ 208.75 Xi'3>4

TABLE I

Consolidation Degree Values as 
Dependent on F and R

TABLE II 

Levels and Intervals of Variation

1 0.05 0.034 0.280 0. 720 1.327

2 0.25 0.126 0.964 2.450 4.563

3 0.50 0. 256 1.914 4.430 9. 000

4 0.75 0.473 3.482 8.795 16.333

5 0.95 0.975 7.114 17.905 33.400

The coefficients of regression in the Eq.(9) 
were specified using the least squares method 
and proceeding from the condition that the 
bearing capacity depends on three factors:time, 
number of foundation piles, pile length. These 
factors, intervals of their variation and the 
fixed levels are presented in Table II where
I, is the number of days since driving (t ); 
¡£iia the number of piles in a foundation ( tv ), 
Xjis the pile length ( i  ).

I n  ac c or danc e  wi t h  t he c ond i t i ons  of  t he ex pe-

Levels
Factors

I/, (days) (the num
ber of piles)

(pile
length)

Zero level 
(0) 25,5 5 7

Lower level 

(-1)
6 1 5

Upper level 

(+1) 45 9 9

Interval of 
variation 19,5 4 2

riment tabular (X;.) and given ( X;) values of 
the factors are related by the ratio 

i f. = ~ Xvi — .
(1 0 )

where is the given value of a factor at.the 
zero level ( t - 25,5 days ; (V = 5 piles; I  = 
7m); -*¡1 is the given value of variation interval 
( t = 19.5;/v = 4; v = 2). Solving the regression 
equation we can specify variations of pile 
foundation bearing capacity as dependent on the 
number of foundation piles and their length for 
any time period.

To determine pile foundation bearing capacity 
In engineering practice a nomogram based on 
empirical and theoretical solutions was com
posed (Fig. 3). The nomogram consists of two 
binary scales X,X£ and CĈ Xj, and the scale ¡f 
on which bearing capacity values are plotted. 
Scale 0C,®2: the ordinate is the number of 
foundation piles, the abscissa is the time "at 
rest" for piles. Scale J2I3:the ordinate is 
the number of foundation piles, the abscissa 
is the pile length. Bearing capacity values 
should be determined following the procedure:
1. A point is specified in the T,IZ scale which 
corresponds to a given number of piles and time 
"at rest". 2. This point is plotted onto the 
XiXiaxis.3. A point is specified in the 

scale which corresponds to the same number of 
piles and to the given pile length. 4. This 
point is plotted onto the X 2Ijaxis. 5. Connect
ing the point plotted on the ®,X2axis with the 
one plotted on the Xj X 3 axis we obtain the 
point where the line crosses the axis. The 
point thus specified corresponds to the bear
ing capacity value to be determined.

Example: The bearing capacity of a 5-pile foun
dation has to be determined 6 days after driv
ing (pile length is 8m). First, the unkniwn 

are apecified.

«  _  XI -Xol ------------

T.
J i

where ^  are the given values of the given 
factors; i t are the given values of the factors 
at zero level taken from Table II; i°, = 25,5 
(time); &  = 5 (number of piles); i j = 7 ( v - 
pile length); are the given values of varia
tion intervals taken from Table II: <3| = 19,5 
( t - time); = 4 (number of piles); = 2 
(% - pile length).
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6 - 25.5
For 6 days CHl ----------- = -1

19.5

For 5 piles  ̂ J ®

The values of £| = 1;!ti= 0; J» = 0.5 are then 
substituted into the regression equation and 
solving the equation we obtain Cp =690.5 kN. 
The given values'll *»1;Xi= 0; 1/3= 0.5 are 
substituted into the regression equation to 
determine the bearing capacity of the same 
foundation 45 days after driving. The equation 
solves to giveCpa 1128.5 kN.

Thus the bearing capacity of pile foundation 
for 45 days "at rest" increases by 438 kN as 
compared to the 6 days period. The empirical 
and theoretical Investigations have demonstra
ted that bearing capacity of pile foundations 
in clays increases by 65-70% in 40-45 days. 
Thus the design efficiency is raised when 
bearing capacity increase in time is taken 
into consideration.
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