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Settlement prediction of vertically loaded pile groups for Thermal Electric Power 
Station - Gdansk - Poland

Prévison des tassements d’une groupe de pieux verticaux pour la Centrale Thermo Electrique a 
Gdansk - Pologne

R.K.IwamotO, H.M.C.C.Antunes & N.Aoki — University oISâo Paulo ■ Brazil

ABSTRACT : This paper presents a numerical procedure to estimate the settlements of a group of vertically loaded group of piles un
der rigid pile caps. The load transferred by foundation elements is represented by a statically equivalent system of point loads. The 
settlements are calculated by numerical integration of individual forces contributions which are obtained through Mindlin’s equations 
and Steinbrenner’s procedure for layered soil. The load transfer model considers that the pile toe resistance is not developed until the 
ultimate pile shaft and cap resistance are attained. The settlement of pile head is composed by the elastic shortening of pile shaft and 
by the displacement of pile toe, according to Vesic’s proposition. The prediction of group behavior is made taking into account the re
sults from one load test on a single pile.

RÉSUME: Cet article présente une méthode numérique de calcul pour évaluer les tassements d'un groupe de semelles de répartition 
rigide reliant un groupe de pieux verticaux, sous l’action des charges verticales. La charge transférée par les éléments de fondation est 
remplancée par un système statiquement équivalent de charges ponctuelles. On applique alors le théorème de la superposition des ef
fects des forces, pour calculer les tassements, d’après l’utilisation des formules de Mindlin et le procédé de Steinbrenner pour le cas 
d’un terrain hétérogène. Le modèle de transfert de charge considère que la résistance par frottement lateral est développée avant que la 
résistance de pointe. D ’après la proposition de Vésic, le tassement de la tête est constitué par le raccourcissement élastique du fut plus 
le déplacement de la pointe du pieu. Pour la prévision de comportement du groupe de semelles on a aussi considéré les résultants d’un 
essai de charge réalisé a Gdansk, sur un pieu isolé.

1 INTRODUCTION

1.1 General data

The Technical Committee on “PILE DRIVING” (TC18) has 
sent questionnaires to the members of various parts of the 
world to request predictions of static behavior of piled raft 
foundations from previously given information. The purpose 
is to predict settlements of vertically loaded pile groups in
corporating data from load test done on a single pile at 
Gdansk -  Poland.

2 NUMERICAL MODEL FOR PILED RAFT 
FOUNDATION

2.1 The pile load transfer model

The pile load transfer model will admit that the load of the 
pile toe is only developed after the total mobilization of the 
ultimate pile shaft resistance, Aoki( 1979), Aoki( 1989).

When the applied load N; becomes larger than the ulti
mate shaft resistance PL and smaller than the rupture load of 
pile PR (Fig. la), it is admitted that the whole shaft resis

tance becomes mobilized. Then, the remaining load Pp is 
supported by the pile toe and, as a consequence, the load 
transfer diagram may be defined.

The axial normal force diagram at the depth z, is the dif
ference between the applied load Ni and the lateral resistance 
PL(z) accumulated until that depth. With this diagram, the 
elastic shortening of the pile can be determined by

8P = EN(z)*Az/AE (1)

When the load N, is smaller than the ultimate shaft resis
tance PL, it is considered that the whole load is taken by the 
shaft, i.e. the load in the pile toe Pp equals zero. In this case 
two hypotheses can be accepted:

• the applied force is totally supported by the shaft re
sistance (Fig. lb);

• the normal force diagram is proportional to the 
maximum lateral resistance diagram (Fig. lc).

In this paper, the first hypothesis has been implemented. 
This simplified model does not take into account the possible 
influence of the group effect in the rupture mechanism .

2.2 The settlement model

The estimation of settlements at a point in the interior of an 
elastic medium, induced by a given array of group of piles 
under vertical loads, by using the theory of elasticity, was 
presented in AOKI & LOPES(1975). This procedure uses 
Mindlin’s equation which are established for the case of a 
single force applied in the interior of a semi-infinite, homo
geneous, isotropic, linear elastic medium, Fig.2. Addition
ally, Steinbrenner s procedure allows its application to het
erogeneous natural soil conditions. Fig. 3 shows that the 
vertical load applied to the top of pile is being replaced by a 
statically equivalent system of point loads, and the settle
ment at given point is determined by superposition of the 
contribution from the individual forces.

I< —  PR ^

(a) (b) (c)
N„(z) = N¡ -  PL(z) N0(z)= N¡ [1 -Pl(z)/PL]

Figure 1. Load Transfer diagrams
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Figure 2. Elastic semi-infinite medium, MINDLIN(1936)

. . (b) 
ra rb

(a) Settlement at the pile toe 

Figure 4. Steinbremier’s procedure

The settlement of point B, Fig.2, due to applied load P is: 

P(l + v)
8>rE(l-v)

3 - 4v | 8 ( 1 - Q 2 ~ ( 3 - 4 v )  | ( z - c )2

(3  -  4 v )(  z + c )2 - 2 c z  6 c z ( z  + c)2

Ri Ri
(2)

The load P applied to the rigid pile cap, will be replaced 
by an equivalent statically distributed forces, in the contact 
areas among cap-soil, shaft-soil and pile toe-soil. According 
to Vesic’s (1975) proposition the settlement at pile toe has 
two components. One due to the action in the shaft and the 
other due to action in the pile toe. This allows the considera
tion of the non linear behavior in the pile shaft-soil contact. 
After the total mobilization of the lateral resistance the re
maining load is transferred to the pile toe.

In this way, the displacement 6S at the pile toe can be ob
tained by the superposition of displacements due to the loads 
applied under the pile cap, along the pile shaft and under the 
pile toe (Eq.3).

Therefore, the total settlement of pile toe is a sum of all set
tlements o f the n layers below the pile toe surface.

Finally, the settlement at the top of the pile can be calcu
lated as the superposition of the elastic pile shaft shortening 
and the displacement of the pile toe.

8i = 6P + 5 s (4)

3 NUMERICAL EXAMPLE 

3.1. Foundation data

The foundation of Thermo-Electric Power Station-Gdansk
-  Poland consists of 6 rectangular pile cap blocks to serve as 
support of two cylindrical tanks for ash, Fig. 8.

4 foundations: 4,3 m x 4,5 m;
2 foundations: 4,3 m x 10,0 m.
72 piles “Vibro-Fundex”: diameter of shaft 45,7 cm and 

diameter of base 53,0 cm, lengths 17,6 m and Young’s 
Modulus is 2400 kN/cm2.

N pile cap
Z
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(3)

2.3 Steinbrenner s procedure for layered soils

As known, the heterogeneous condition of natural soils has 
limited Mindlin’s solution application. To avoid these limi
tations, it can be applied the procedure of Steinbrenner 
(1934), in order to assume stratified elastic medium:

•  Firstly, the settlement of a point, at depth i, between 
the surface and the rigid layer is calculated;

•  Secondly, settlement in the chosen depth h consid
ered rigid, is calculated.

Considering that, at the rigid level, the settlement is theo
retically equal to zero, any settlement at depth i will be ob
tained by the difference between the two calculated settle
ments. This procedure can be extended for stratified soils, 
for each layer of varied characteristics in study (Fig. 4 b, c), 
at different depths, with their correspondents settlements r;.

3.2. Bearing capacity o f a single pile

The bearing capacity Nc (in compression), of a single pile, is 
the sum of the toe resistance NP and shaft resistance Ns:

T , - nT

Nc = N P + N S 

Where NP = SP q(r)

(5)

AP
( r )

?D = .

(Toe resistance) 
Ns = E SSi t' r ’ ASi (Shaft resistance) 

i = index refers to a number of soil layers 
Ss e SP = engineering factors 
q = unit base resistance

„ q t = unit shaft resistance 
: Ym t Yni= material coefficient (depending on ID or IL) 

Fig. 5 presents the diagram of shaft soil resistance, ob
tained from Polish Code No.PN-83/B-02482 "Foundation 
bearing capacity of piles and pile foundation" Gwizdala 
(1997), considered as input data in the computation program. 
From this diagram it was made the first prediction of the pile 
load -  settlement curve shown in the figure 7. Fig. 6 shows 
the adjusted shaft soil resistance diagram at rupture, obtained 
using the pile test data.

Table 01 -  Soil conditions

Layer(m) Type of 
the soil

Density 
index ( Id)

Es
(kN/cm2)

Poisson

-3,85 Fine sand 0,51 4,74 0,30

-4,40 Peat - 0,06 0,32

-4,70 Alluvium - 0,21 0,30

-13,20 Fine sand 0,72 6,50 0,30

-14,50 Fine sand 0.51 4,74 0,30

- Fine sand 0,72 6,50 0,30
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According to Polish Code, the base unit resistance q (kPa) 
and shaft unit resistance t (kPa) is a function of the density 
index Id  and engineering factors SP and Ss:

Table 02 -  Base and shaft resistance

Q (z)

Type of 
soil

Id Q ( kPa ) t ( kPa) S p S s

1 Fine sand 0,51 2205,88 47,41 1,4 1,1

2 Peat - - - - -

3 Alluvium - - - - -

4 Fine sand 0,72 2912,12 67,75 1,1 1,0

5 Fine sand 0.51 2205,88 47,41 1,4 1,1

6 Fine sand 0,72 2912,12 67,75 1,1 1,0

In order to get a better compatibility with the measured 
curve, the values of q and t were increased by 20 %, for “Vi- 
bro-Fundex”, as recommended in Polish Code.

The maximum resistance of base of pile

NP = SP q(r) AP

= 1,1 x (  0,291212+ 20% ) x 2206,18 = 848 kN

The maximum resistance along pile shaft:

Table 03 -  Shaft resistance

Ssi t i (kN / cm )

1,1 0,003650+20%

1.0 0,006775+20%

1.1 0,004741+20% 

1,0 0,006775+20%

Asi (cm ) 

42353,38

122035,16

18664,20

57428,31

NSi (kN) 

204,09

992,14 

116,80 

466,89 

1780 kN

Therefore, the bearing capacity of single pile is:

NC = NP + NS = 8 4 8 +  1780 = 2628 kN

Fig. 7 presents the measured load -  settlement curve, the 
curve correspondent to the diagram of shaft soil resistance 
based on Polish Code and the curve correspondent to the 
adjusted shaft soil resistance.

The second prediction uses the data from the pile test to 
estimate a new shaft resistance diagram, best fitted to the 
actual soil condition.

The accumulated shaft resistance was increased propor
tionally to the diagram of rupture calculated by the Polish 
Code and, then, the adjusted curve was calculated to com
pare with the curve of test pile.

P
Q (z)

1,3836
'kN/cm

1.1672 
kN/cm 

0,8984 
kN/cm

1.1672 
kN/cm

PL = 1780 KN PP = 848 KN 

Figure 5. Diagram of rupture (Polish Code)

Figure 6. Diagram of rupture (adjusted for test pile)

3.3. Load -  settlement curve

With the adjusted shaft resistance diagram, the settlement 
was estimated using the numerical model presented in this 
work. The comparison of results are shown in the Fig.7.

In order to estimate the load -  settlement curve up to 
rupture it is assumed the Van Der Veen’s (1953) expression. 
For an applied load P, greater than half of PR value, the cor
responding settlement 8 is calculated and the value:

a = -In (1 -  P / PR) /  S (6)

The load -  settlement curve up to rupture would be deter
mined by Van Der Veen’s expression:

P = PR ( 1 -  e ) (7)

The estimated curve fits well with the measured values, as 
shown in the Fig 7.

3.4. Settlement prediction o f vertically loaded pile groups

The next prediction of settlement is the behavior of the pile 
group considering the influence of the contact pile cap-soil 
and their interference in pile toe displacement In the same 
way the computer program allows the consideration of the 
effect of any array of individual piles.
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Table 04 -  Settlements of piles (cm)

Pile
Pile shaft 

shortenning
Displacement 

in pile toe
Settlement in 

top of pile
1 0,1051 0,09055 0,19565
2 0,10222 0,09505 0,19727
3 0,10528 0,09361 0,19889
4 0,10232 0,09484 0,19716
5 0,09876 0,10002 0,19878
6 0,10223 0,09817 0,20039
7 0,10537 0,0933 0,19867
8 0,10217 0,09811 0,20028
9 0,10512 0,09679 0,2019
10 0,10945 0,10009 0,19426
11 0,10351 0,10602 0,21061

27 0,10971 0,10417 0,21388

55 0,09651 0,11519 0,21171

72 0,1051 0,09056 0,19566

Table 05 -  Settlements of pile caps

Settlement (mm) Rotation Y (rad) Rotation Z (rad)

-0,1988 8.37656E-06 8,9852E-06

-0,2117 1.22126E-05 0

-0,1988 8.37656E-06 -8.9852E-06

-0,1988 -8.37656E-06 8.9852E-06

-0,2117 -1.22126E-05 0

-0,1988 -8.37656E-06 -8.9852E-06

ential settlement. In the questionnaire survey sent by TCI8 
they only supply loads in the top of the pile cap. The struc
ture type above the pile cap was not furnished for the com
plete soil structure analysis, thus limiting the prediction of 
settlement, with the effects of groups of piles and the contact 
of the rigid pile cap with the soil. A numeric example that 
considers the interaction between structures - soil can be 
found in Antunes & Iwamoto (2000).
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Figure 8 -  Pile cap settlement behavior

The loads applied in pile cap are: 8577 kN for pile cap 
with 9 piles and 17154 kN for pile cap with 18 piles (Fig.8).

For single pile (test pile), the settlement corresponding to 
the applied load of 953 kN was 1,14 mm. In this same pile, 
when considering the effect of pile group and the contact 
between pile cap and soil, that settlement was 2,12 mm (Fig 
8, Tab.4).

4 CONCLUSION

One of the most important factor in the prediction of pile 
behavior consists in determination of the more representative 
load transfer diagram of the pile -  soil system.

It is important to point out that in reality exists interaction 
between the structure and the soil, where the rigidity of the 
structure, in general, contributes to the uniformity of differ-
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