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A new method for calculating axial capacity and group action of tension piles 
in dense sand

Une nouvelle méthode de calcul de la capacité portante axiale et de l’effet du groupe de pieux en 
traction dans un sable serré

J.Quarg-Vonscheidt -  Erdbaulaboratorium Essen (formally Universität GH Wuppertal)
B.Walz — Bergische Universität GH Wuppertal, Institute of Underground Construction and Soil Mechanics

ABSTRACT: After a brief introduction to a new approach for calculating the axial capacity of single tension piles in granular soil 

experimental investigations on group piles in model scale are described. As a result of the model tests a method for determining 

group action of tension piles is presented.

RESUME: Après une courte introduction à une nouvelle approche de calcul de la capacité portante axiale d ’un seul pieu en traction 

dans un sol granuleux, nous décrivons des essais expérimentaux sur les groupes de pieux en modèles repectant les réalites sur ter

rains. Comme résultat de ces essais, nous présantons une méthode de calcul de l’effet du groupe de pieux en traction.

1 INTRODUCTION

Piles are quite often required to resist uplifting forces. The uplift 

loads may arise when piles were installed to support buoyant 

structures such as drydocks or basements. For this purpose a 

large number of piles is usually used acting as a pile group.

Due to a lack of physical understanding of the processes that 

govern tension pile behaviour, the current methods for calculat

ing axial capacity are relatively unreliable. Therefore, most ex

isting design methods were developed empirically providing an 

approximate match to a limited data base derived from pile tests 

(Jardine / Overy, 1996). To achive better predictions a new ap

proach is suggested which allows a sound understanding of the 

mechanism ruling the tension pile behaviour in dense sand.

2 HYPOTHESIS

The basic idea of this approach is that each tension pile activates 

a soil volume to resist the uplifting forces acting on the pile.

The effect o f the attached soil body can be demonstrated in a 

simple test. To perform this test a conical plastic foil with a 

model pile at its center is buried in a test container filled with 

sand. After the sand is being compacted, the entire soil body en

closed by the conical shell can be raised by lifting up the 

pile(Figure 1). This is possible, due to a wedging effect in the 

adjacent soil which prevents the pile from being pulled out o f the 

sand.

To explain this wedging effect Wemick (1978) developed an 

idealized model reducing this problem to a dilating shear band 

appearing close to the pile surface. This means, for pulling the 

pile out of the sand, a radial displacement of sand grains at the 

interface between pile and soil is necessary. These displacements 

are impeded by the foil shell causing additional radial and tan

gential stresses in the enclosed soil body (Figure 2).

From these considerations the hypothesis is derived that the 

uplift capacity of a tension pile in granular soil is based on the 

rotation of the principal stresses towards the pile’s surface.

In order to obtain a mathematical description of the stress 

vault, the soil body surrounding the pile is substituted by a num

ber of coaxial rotary shells embracing the pile in a radial direc

tion symmetrically.

In the initial state - with no tension load at the pile - these 

shells have the shape of cylinders. If the pile is now loaded by 

tensile forces, the principal stresses resulting from the weight of 

the affected soil around the pile are redirected towards the pile

surface due to an additional component of radial stress caused by 

impeded dilatation. This is shown by a reshaping of the shells 

from a cylindrical to a parabolic shape (Figure 3).

As the shells consist of dry granular material it is required 

that any point of the shells stays under pressure corresponding at 

least to the initial state. This condition can be proofed analyti

cally according to the rules of the static of shells
The static forces result from the internal stresses of all shells 

and the external radial stress acting on the outer shell due to

Figure 1: A simple test to demonstrate the effect o f  impeded dilation

Figure 2: Radial and tangential stress caused by impeded dilatation
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a: initial state

Figure 3: Mechanism o f  activating the soil weight by rotation o f  the 

principal stresses

earthpressure. Hence, the maximum volume is calculable if the 

principal shape of the rotary shells are given in advance.

3 EXPERIMENTAL TESTS

3.1 Experimental setup

Experimental studies have been performed on model piles in 

submerged silica sand.

The model tests were conducted in a cylindrical container 1,00 

m high and 1,50 m in diameter. The container was filled with 

water and additionally either with medium or coarse silica sand 

compacted by vibration. Twenty types of auger shaped model 

piles with 12,5 to 50 mm in diameter and 100 to 400 mm in 

length, were used (Table 1).

The piles were drilled into the sand and connected to a pontoon 

floating on the water surface above the sand layer. Tensile forces 

were transmitted from the pontoon to the piles due to raising the

Table 1. Model piles

storage tank

traverse for displacement measurement 

point of measurement 

LVDT

measurement of pile displacement 

steel construction (load distribution) 

pontoon 

load cell 

drainage

10 model pile

11 vibrator

12 steel platform

Figure 4: Test set-up (photo and crossection)
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water level inside the container (Figure 4). Measurement devices 

were employed for the determination of displacements and 

forces transmitted to the anchorage. The program of the experi

mental studies includes tests on single piles and pile groups in 

various configurations

3.2 Test results o f single piles

The measured values of uplift capacities of the tested single piles 

are shown in Figure 5. The plot of the ultimate load against the 

pile length and diameter respectivley, exhibits a rapid rising of 

the uplift resistance with an increasing pile length while the ef-
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Figure 5: Relationship between uplift load o f  tension piles and pile di

ameter and pile length

feet of an enlarged diameter to the ultimate load is more or less 

linear.

3.3 Test results o f group piles

The group tests are executed on 4 or 5 simultaneously loaded 

piles. The piles are arranged in a square grid with or without a 

center pile.

In the diagramms shown in figure 6 the average pile load for 

the comer piles of the four and five pile groups and the load of 

the center pile of a five pile group respectively are plotted 

against the pile head elevation. These plots are compared with 

the load displacement plot of a single pile.

The diagrams show the result o f tests with 8 , 16, 24 and 32 

cm distance between the comer pile and the focal point of the 

group. Referring to the plots it is obvious that with increasing 

pile spacing a pile of a group of 4 is the first to reach an uplift 

capacity that corresponds to the one of a single pile. Besides this 

a comparatively small ultimate load for the center pile of a group 

of 5 piles in the two middle grids is remarkable.

. Single pile 
• Group pile (group of 4)
- External pile (group of S)

Si ngle pile
Group pile (group of 4) 
External pile (group of 5) 
Internal pile (groupof 5) [

05 10 15 20

Pile head uplift (mm)

05 U 15 20

Pile head uplift (mm)

4 COMPARISON WITH THEORETICAL PREDICTIONS

4.1 Single piles

It is remarkable that the evaluation of the test results using the 

presented calculation method is not influenced by scale effects 

(Walz, 1988). Additional considerations of model and field test 

results published by other researchers suggest that reliable pre

dictions are possible using a simple algorithm for the axial ca

pacity of tension piles.

This algorithm results from the diagram shown in Figure 7. 

The plot shows the relationship between the measured uplift load 

of the tension piles and the length (L), the radial displacement of 

the sand grains at the interface between pile and soil is related 

either to the roughness of the pile surface or the medium grain 

size of the sand(ur) depending on which is less and the maximum 

width of the activated soil body (A) as described above 

(Figure 3)

According to this approach it is possible to calculate the uplift 

capacity of tension piles in 3 steps.

1. calculate the parameter Lu using the given pile specifications

Lu = 1 -0 .0 1 -In (1)

2. evaluate parameter Au using the algorithm below or the di

gram (figure3)

Lu = 1.04 -  0.04838 • In (Au) + 0.00552 • (ln(/iw))2 

-  0.0003771 • (ln(yiu))3
(2)

3. calculate the volume and the weight of the activated soil 

body using parameter Au

A = Au-ur

V = t c-l \ A 2 - ^ + A - d - ~
45

(3)

W = V - y

where Lu = parameter to enter the diagram; L = pile length, ur = 

pile roughness or medium grain size of the sand, d = pile di

ameter, Au = parameter derived from diagram, A = width of ac

tivated soil body, V = volume of activated soil body, W = weight 

of activated soil body, y = specific weight of soil

4.2 Pile groups

All in all the results of the group tests show an approximately 

linear increase of the ultimate group pile load with increasing 

pile spacing up to a value that corresponds to the ultimate load

Figure 6 : Results o f  the group tests with coarse sand

Au
Figure 7: Simple algorithm to calculate the axial capacity o f  tension piles 

in dense sand.

Pile head uplift (mm) Pile head uplift (mm)
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Figure 8: predicted and measured uplift capacity o f  tension pile groups
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Figure 9: isolation spacing in a 5-pile group

of a single pile. In other words, group efficiency reaches 100 % 
when isolation spacing occurres (Figure 8).

This elucidates that the size of the soil body activated by a 

single pile determines the maximum pile spacing for group ac
tion to occur.

This isolation spacing is similar to the calculated value of the 

largest diameter of the soil body attached to a single pile.

The minimum pile spacing to achieve maximum group effi

ciency can be predicted by determining the diameter of the acti

vated soil bodies as described above (Figure 9). According to the 

test results the group efficiency increases with increasing pile 

spacing up to 100% when isolation spacing is reached. Hence it 

becomes easy to determine the capacity of any pile group.
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5 CONCLUSIONS

The uplift resistance of tension piles can be predicted by the 

proposed theoretical method using the mathematical algorithm 

or the diagram shown in Figure 7.

This static approach avoids scale influenced faults as it is not 

based on stress dependent soil parameters such as the angle of 

internal friction.

The approach for tension pile groups is derived of the single 

pile approach basing on the static o f the shells. The group effi

ciency increases approximately linear with increasing pile spac

ing up to 100 % at the isolation spacing which is also predictable 

by the suggested approach.

With a design concept based on this approach it is possible to 

avoid technically complex and expensive group tests like those 

executed in Berlin.
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