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Symbols and Abbreviations

SYMBOLS AND ABBREVIATIONS
Roman letters
A
Relative increase in capacity per log cycle of time
b, B

Pile breadth (diameter)

d

Depth

d50

Mean particle size

d10

Particle size at which 10% of the soil is finer

D

Pile diameter

De

Equivalent pile diameter (square piles)

Dr

Relative density

E

Energy

Emax

Potential energy

Emax

Maximum transferred energy

fs

Unit shaft resistance (capacity), or sleve friction (CPT)

fc

The same as fs above

F

Force

G

Shear modulus

G0

Small strain shear modulus

h

Distance from pile toe

I

Set-up rate

Jc

Case damping factor

Krest, Kmax Coefficient of horizontal earth pressure on the shaft
K0

In-situ coefficient of horizontal earth pressure

L

Length

N

Blows / 0.3 m (SPT)

N20

Blows / 0.2 m

qc

Unit toe resistance from CPT

qt

Unit toe resistance (capacity)

Q,

Pile capacity

QT

Soil quake, toe

QS

Soil quake, shaft

rf

Roughness factor for shaft resistance

Rcla

Centre-line average surface roughness

Rmax

Maximum surface roughness

Ra

Arithmetic mean surface roughness

Rtm

Maximum peak-to-valley surface roughness

Rs

Friction ratio from CPT
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R
2

R or r

Pile radius
2

Correlation coefficient

s

Set (penetration) per blow

S

Shear zone thickness

t

Time

T

Torque

U

Work

W´

Weight (effective)

u

Pore pressure

uf

Pore pressure at failure

ur

Dissipated excess pore pressure (at rest)

v

Particle velocity

V

Coefficient of variation

z

Depth below ground level

Greek letters
δ´
Interface friction angle
δf

Peak interface friction angle

δcv

Constant volume interface friction angle

δh

Boundary displacement due to dilation

∆

Increment

φ´

Friction angle

∆σ´r

Change in radial effective stress during loading

∆σ´rd

Change in radial effective stress due to dilation

∆σ´rp

Change in radial effective stress due to principal stress rotation

σ´rf

Radial effective stress at failure

σ´rc

Radial effective stress after pressure equalization

σ´v0

Vertical in-situ effective stress

∆σ´h

Change in horizontal (normal) effective stress during loading

∆σ´hd

Change in horizontal (normal) effective stress due to dilation

∆σ´hp
rotation

Change in horizontal (normal) effective stress due to principal stress

σ´hf

Horizontal (normal) effective stress at failure

σ´hf

Horizontal (normal) effective stress at rest (unloaded)

∆σ´h, rel

Increase in horizontal (normal) effective stress due to stress relaxation

∆σ´h,age

Increase in horizontal (normal) effective stress due to soil ageing

∆σ´h,set

Increase in horizontal (normal) effective stress due to set-up

τf

Shear stress at failure

Ψ

Scale factor of shaft resistance
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Abbreviations
ASTM
American Society for Testing Materials
API

American Petroleum Industry

CPT

Cone penetration test

CAPWAP Case pile wave analysis program
DYN

Dynamic

EOD

End of driving

EOID

End of initial driving

MDF

Modified

PDA

Pile driving analyser

WEAP

Wave equation analysis program

RMAX

Maximum Case method capacity

RS

Restrike

SPT

Standard penetration test

ST

Static

Subscripts
c

Calculated

f

Failure

h

Horizontal

m

Measured

r..

Radial (first subscript)

..r

Rest (second subscript)

s

Shaft

t

Toe

v

Vertical
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1

GENERAL INTRODUCTION

1.1

Background

General introduction

Long-term set-up is defined as an increase in bearing capacity over time that takes place
after the dissipation of excess pore pressures induced from the pile driving. In sand, for
instance, the dissipation can be expected to take place within a few hours. Long-term setup of driven piles in non-cohesive soils can, in many cases, be substantial, as several
studies in recent years have shown. Nevertheless, the underlying mechanisms of set-up are
not clearly understood. Long-term set-up in non-cohesive soil can roughly be divided into
two main time-dependent causes, based on the hypotheses presented by Schmertmann
(1991) and Chow et al. (1996):
1. Stress relaxation (creep) in the surrounding soil arch, which leads to an increase in
horizontal effective stress on the shaft.
2. Soil ageing1, which leads to an increase in stiffness and dilatancy of the soil.
Both these mechanisms start directly after pile installation and are, to a certain degree, also
a part of the short-term set-up that takes place during the dissipation of excess pore
pressures. It is, however, unclear which one of these mechanisms is predominant under
dissimilar conditions, and also how long this process continues.
In a practical sense, the problem is predicting the size of the set-up at a specific site and its
behaviour in the long-term, which would enable maximum use of the phenomenon. To
make this possible, a deeper understanding is needed of the mechanisms involved and their
effects under different conditions. Furthermore, reliable field investigation and testing
methods for determining the set-up characteristics are needed.

1.2

Scope and main objective of the study
One of the main objectives with the study was to clarify the principal mechanisms behind
long-term set-up of driven piles in non-cohesive soils. For this reason, two series of fullscale field tests were performed on instrumented concrete piles, driven in loose to medium
dense sand. In addition, laboratory rod shear chamber tests were performed on driven
model piles.
Another primary objective with the study was to compare the set-up between driven piles
and driven rods evaluated by either dynamic testing or torque testing. This was to find out
if these methods could produce relevant results, and if there possibly exists a relationship
between pile and rod set-up with respect to the relative increase in capacity over time.
Furthermore, a third method was proposed where blow-settlement data, obtained at restrike
at different points in time, is used as a means of determining pile set-up. Evaluation of the
methods is based on extensive dynamic testing and torque testing on driven rods carried
out at the same site as the test piles.
1

Schmertmann (1991) defined “pure” soil ageing as changes in the soil properties due only to the passage of
time. Hence, time-dependent stress changes are not included.
15
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Structure of the thesis
The thesis is divided into four main parts. Firstly, a general part ("I - General Part")
containing the literature review and the description of the tests site and soil conditions.
Secondly, two parts ("II - Basic Mechanisms" and "III - Field Methods") contains the
testing procedure, results, analysis, discussion and conclusions of two field test series on
instrumented piles, a laboratory study and the evaluation of three field methods for set-up
assessment. "Part II - Basic Mechanisms" is a study and an investigation of the basic
mechanisms involved during pile set-up. "Part III - Field Methods" describes three site
methods for assessing the pile set-up at a site, namely:
1. Dynamic testing on driven rods.
2. Torque testing on driven rods.
3. Evaluation of pile set-up using blow-settlement data.
Finally, the last part (IV) contains a summary and suggestions for further work.
The main work is based on extensive full-scale field tests involving both dynamic testing
and torque testing on driven rods at different points in time, as well as dynamic and static
testing on driven concrete piles instrumented with earth pressure cells.
The results have so far partly been presented in five papers (for the titles please refer to the
references). Two of the papers deal with the mechanisms of set-up and have been (will be)
presented at:
1. The 4th International Conference on Case Histories in Geotechnical Engineering in
St. Louis, USA 1998.
2. The International Conference on Geotechnical and Geological Engineering,
GeoEng 2000, in Melbourne, Australia.
The other three papers describe three site methods for assessing pile set-up, and have been
(will be) presented at :
1. The 1st International Conference on Site Characterization, Atlanta, USA 1998.
2. ASCE Geotechnical Special Publication (GSP): New Technological and Design
Developments in Deep Foundations, (International Conference on Geotechnical
and Geological Engineering, Geo-Denver 2000, Denver, Colorado, USA).
3. The 5th International Conference on the Application of Stress-wave Theory to
Piles, in Sao Paulo, Brazil 2000.
The part of the raw data from the field measurements and the computer analyses that has
not been presented in the thesis, is compiled in a separate appendix volume that is available
from the Division of Soil and Rock Mechanics, Royal Institute of Technology (KTH),
Stockholm.
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2

LITERATURE REVIEW – Set-up in non-cohesive soil

2.1

Short-term set-up due to the dissipation of excess pore pressures

2.1.1 General remarks
There is still today a common belief among many geotechnical engineers that pile set-up in
non-cohesive soil is mainly due to the dissipation of excess pore pressure. However, an
increasing number of case histories published in recent years clearly show that pore
pressure dissipation cannot explain the large increase in bearing capacity that takes place
over several months or even years, defined as the long-term set-up.
Short-term set-up, on the other hand, is often defined as the increase in capacity that takes
place within 24 hours. During this time period very nearly all the excess pore pressure
would be expected to have dissipated for most non-cohesive soils. However, for most
sands, short-term set-up due to the dissipation of excess pore pressures normally takes
place within a few minutes, or at the most a few hours, for single piles. Furthermore, part
of the short-term set-up will, to some extent, be influenced by the same mechanism
involved during long-term set-up.
However, when driving a large number of closely spaced piles, a build up of excess pore
pressures takes place in a larger volume of soil. Therefore, the dissipation time can be
expected to be prolonged. This is particularly true in silty soils when the time between pile
installations is short compared to the dissipation time.
2.1.2 Dissipation of excess pore pressures
Datta (1982) stated that the excess pore pressures induced by pile driving in non-cohesive
soil seldom exceed 20% of the effective overburden stress. Moreover, this takes place
locally around the pile tip, and further up along the shaft the excess pore pressures become
gradually smaller. This suggests that the shaft bearing capacity would not be significantly
influenced by the dissipation of these excess pore pressures. The conclusions made by
Datta are, however, based on limited data (three different soils) from a review of two
studies by Plantema (1948) and Möller & Bergdahl (1981). Furthermore, the observations
were made in geological deposits without any layers of low permeable soil (e.g. clay). The
time for complete pore pressure dissipation, according to Plantema (1948), was observed to
be 5 minutes for coarse sand and 45 minutes for silty sand. Furthermore, the excess pore
pressures were limited to a zone close to the passing of the pile tip.
Möller (1991) studied the build up of pore pressures during driving of a small-scale
(D = 102 mm) instrumented steel pile at two sites, one with sand by the Alby Lake in
Fittja, approximately 300 m from the tests performed in this study (in the same geological
deposits), and the other with silt in the town of Linköping. At the Linköping site large
excess pore pressures were built up during driving of the pile. The registered increase was
20-40 kPa at a depth of 8-12.7 m and at a distance of 0.5 m from the pile. A pore pressure
dissipation of 25% was observed after 8.5 hours in a dense clayey silt, and 55 minutes in a
17
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medium dense silt. Furthermore, the excess pore pressures showed a logarithmic decay
with time. For the pile driven in Fittja there was no pore pressure build up at all during
driving. Only a slight increase was noted at the time of impact. This pile was driven in a
loose to medium dense sand.
2.1.3 Some case histories of short-term set-up
Sevilla et al. (1998) presented a case where eight H-piles were driven into a glacial till of
very stiff to hard clayey silt and dynamic tested at different points in time up to 15 days
after end of driving (EOD). The result indicated that all the set-up, which ranged from 3280%, took place within the first 48 hours. In this case no measurements of pore pressure
were taken. However, in the absence of any long-term effects, the authors concluded that
this indicated pore pressure dissipation as the main cause behind the increase in capacity.
A similar case was presented by Castelli & Hussein (1998). Here, large diameter concrete
piles were driven into mainly fine sand with interbeds of very stiff clay and dynamic
testing was performed at different points in time, up to a maximum of 20 days after EOD.
The authors concluded that, although the scatter was large, all of the observed set-up
probably took place within 24 hours, and the increase therefore was due to pore pressure
dissipation.

2.2

Case histories of long-term set-up

2.2.1 Databases of pile set-up
The first well-documented case of pile set-up in non-cohesive soils, not attributed to pore
pressure changes, was by Tavenas and Audy (1972). Recently, Chow et al. (1998)
summarized the results from 11 studies of case histories with long-term set-up effects from
pile driving in sand, including some results from this study (Axelsson, 1998a). This review
is illustrated in Figure 2.1. It shows that the long-term set-up normally is in the region of
50 to 150 percent over a 100-day period, and also that the scatter is very large. Also Long
(1999) compiled a database of set-up cases, and divided them into three main groups:
clayey soil, mixed soil and sand. The sand group contained 6 studies of case histories
(mainly the same ones as in Chow et al.). A lower bound of 20 % and an upper bound of
100 % per log cycle of time were suggested for set-up in sand, but only for the first 100
days after driving.
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Literature review

Case histories for piling projects with long-term set-up
(Chow et al., 1998).
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For most of the cases in theses two databases the initial (reference) capacity Q0 was
measured from end of driving (EOD). Hence, part of the presented set-up would be due to
pore pressure effects. In order to avoid this, a database of friction pile case histories has
been compiled and is shown in Figure 2.2. Here, the reference capacity Q0 was measured
between 12 hours and 4 days after EOD, for which a complete pore pressure dissipation
can be expected to have taken place. The database consists of 181 loading tests in total,
performed on 71 piles at 16 sites (to determine the set-up of a pile at least two testing
occasions are needed). Table 2.1 provides the main details of the case histories. It is
important to note that the database suffers from the following shortcomings:
•

The capacity was determined by either static or dynamic testing. However, for a
few of the piles both static and dynamic testing were used in the same test series.
Furthermore, the static capacity has been evaluated using different methods.

•

Some of the capacities were evaluated from tests where the permanent set (net
penetration) was small, indicating that the capacity was not fully mobilized.
However, tests where the initial capacity Q0 could be considered as not fully
mobilized were omitted. Hence, in some cases the set-up is slightly
underestimated.

•

Although it is conceived that set-up mainly takes place along the shaft (see
below) the total capacity has been used, since it was not possible to separate the
toe and shaft capacities (with sufficient accuracy) in many of the cases. The toe
resistance can be expected to vary between the cases. However, for most of the
cases, it is estimated that this comprises in maximum a third of the total capacity.
Consequently, a plot of only the shaft resistance would produce somewhat higher
set-up rates than those shown in Figure 2.2.

In Figure 2.2 two lines are displayed representing a 15% and a 65% increase in bearing
capacity per log cycle of time. The average set-up is approximately 40% per log cycle. In
summary, the case histories clearly suggest that pile set-up can continue for several months
after the end of driving. A few of the cases (i.e. Dunkirk in Figure 2.1 and Böle in Figure
2.2) even suggest that this process can continue for several years.
Case histories of long-term set-up in non-cohesive soil have also been reported by Moe et
al. (1981), Zai (1988), Wong (1988), Seidel et al. (1988), Hunt & Baker (1988), Preim et
al. (1989), Eriksson (1992),York et al. (1994), Tomlinson (1996) and Seidel & Kalinowski
(2000). However, in these cases the reference capacity Q0 was determined at EOD driving.
Several of these cases are, however, presented in the databases by Chow et al. (1998) and
Long (1999) previously mentioned.
Case histories of non-existent long-term capacity gains in sand have not been encountered
during the literature review. However, Fellenius (2000) presented a case of two 20 m long
monotube piles, with a 7 m tapered section at the lower end, that were driven into a deposit
of silty sand. The results indicated that no set-up (during a three-week period) took place in
the top straight section. Instead, almost all of the set-up was observed to have taken place
at the tapered section.
20
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Table 2.1 Case histories of long-term set-up of driven piles in non-cohesive soil where t 0
is between 0.5-4 days after EOD.
Reference

Site location

Tavenas & Audy (1972)

Main soil
type

Number of
piles

Pile type

Pile dim.

Depth

[mm]

[m]

USA

sand

26

concrete hex.

305

8.5-13

Canada

sand, gravel

1

H-pile

310

22

Germany

sand

7

concrete sq.

350

21-23

USA

sandy silt

3

H-pile

305

43-47

Eriksson et al. (1993)

Sweden

sand, silt

2

concrete sq.

270

21-37

Åstedt et al. (1994)

Sweden

silt, sand

32

concrete sq.

235 - 275

14-37

Svinkin et al (1994)

USA

silty sand

3

concrete sq.

457 - 915

20-23

Norway

sand

10

concrete sq.

270

17-35

Axelsson (1993)

Böle, Sweden

sand

2

concrete sq.

270

18-23

Axelsson (1994)

Vårby,Sweden

sand

3

concrete sq.

270

28-32

Samson & Authier (1986)
Skov & Denver (1988)
Fellenius (1989)

Foyn & Alstad (1999)

Reference

Type of
testing

Number
of tests

Static

52

0.5

56

Samson & Authier (1986)

Dyn & Stat

2

2

51

Skov & Denver (1988)

Dyn & Stat.

7

0.5

23

Fellenius (1989)

Dynamic

9

1-2

16

Eriksson et al. (1993)

Dynamic

4

1

217

Comparison with driven rods

Åstedt et al. (1994)

Dyn & Stat

65

1-4

976

From 8 sites in Sweden. Capacity
not mobilized at RS (not all)

Svinkin et al (1994)

Dyn & Stat.

9

2

23

Foyn & Alstad (1999)

Dynamic

20

3-4

28

Capacity not mobilized at RS

Axelsson (1993)

Dynamic

6

1

3310

Capacity not mobilized at RS

Axelsson (1994)

Dynamic

6

1-2

115

Pile group

Tavenas & Audy (1972)

t0

Max ageing
time
[days]
[days]

Remarks
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3
Samson & Authier

65% per log cycle

Tavenas & Audy
Åstedt et al.
Svinkin et al.
Fellenius et al.

2,5

Denver & Skov
Eriksson et al.
Foyn & Alstad

40 %per log cycle

Axelsson (1993)

Q/Q0

Axelsson (1994)

2

1,5
15 %per log cycle

1
1

10

100

1000

10000

t/t0

Figure 2.2

Case histories of long-term pile set-up where t0 is between 0.5-4 days
after EOD.

2.2.2 Characteristics of set-up
Denver & Skov (1988) presented a linear relationship between pile set-up and the
logarithm of time based on three case histories of static and dynamic loading tests on
driven piles in sandy, clayey and calcareous soil:
 t
= 1 + A log 
Q0
 t0 
Q

(2.1)

where
Q0 and Q are the pile capacities at the time t 0 and t respectively.
A is the relative increase in capacity per log cycle of time.
For the piles in sandy soil A = 0.2, which means that the capacity increased 20% per log
cycle of time. These tests were performed between 0.5 and 23 days after end of driving.
The results are shown in Figure 2.3. Case histories presented by Tavenas & Audy (1972),
Fellenius et al. (1989) and York et al. (1994) confirm this relationship, at least up to a
month from end of driving. On the other hand, based on a study of a large number of piling
projects, Åstedt et al. (1992, 1994) stated that it continues for several months. Contrary to
the above cases, which show logarithmic increases over at least several weeks, the two
case histories of pile driving in clayey silt by Sevilla et al. (1998) and fine sand by Castelli
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& Hussein (1998) previously mentioned, indicate an absence of long-term effects.
However, the data is limited and the scatter too large to draw any definite conclusions.
Dynamic pile testing was performed by Axelsson (1994) for the foundation of the Vårby
Bridge, which is situated 20 km south of Stockholm, and approximately 30 metres east of
the test site used in this study. Four concrete piles 270 mm square were driven to a depth of
29-34 m and at a distance of 1.5 m. The pile capacity, evaluated from dynamic testing,
roughly increased by 100% from the end of driving to the beginning of restrike the next
day. It was concluded that part of this increase was due to the driving of neighbouring
piles. The piles were dynamic load tested again after 3.5 months and then showed an
additional increase in capacity of approximately 50-70% (A ≈ 0.3-0.4).

Figure 2.3

Set-up as a function of time (Denver & Skov, 1988).

Several studies, for example Samson & Authier (1986), Preim et al. (1989) and Fellenius et
al. (1992), indicate that long-term set-up predominately takes place along the shaft and
mainly on the lower part. Seidel & Kalinowski (2000) observed very small unit shaft
resistances (5-20 kPa) down to 45 m depth after the end of driving. The pile was a 51 m
long open-ended steel pile, driven into a dense to very dense sand deposit. It was
hypothesized that this was due to a small cavity surrounding the pile caused by pile
whipping. A considerable increase in the shaft capacity was measured at restrike after 22
days, showing values exceeding 150 kPa on the lower 20 m of the pile.
Svinkin et al. (1994) presented results from three piling projects in unsaturated sandy soil
sites and one in saturated silty sand. They observed that long-term set-up can, to a certain
degree, depend upon the level of the groundwater table. Particularly for three of the sites,
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where the piles were installed above the groundwater table, a very large increase
(threefold) in capacity was observed, clearly larger than the one in saturated soil.
Furthermore, the results indicated that the increase was linear with time over the two
weeks the tests were performed.
A few studies have observed that set-up also depends upon the average grain size. Åstedt et
al. (1994) studied 11 piling projects and observed an average set-up on the shaft of 50% in
sand and 75% in silt between 1 and 90 days after driving. Moreover, Tomlinson (1996)
observed a very strong increase in shaft capacity (see Figure 2.1) for piles driven in
micaceous sand (consisting of flaky particles).
Chow et al. (1998) argued that only a third of the observed long-term set-up for some
open-ended pipe piles driven in dense sand was due to soil ageing, the remainder was
explained by stress relaxation. These results were based on calculations using the cavity
expansion theory (Equation 2.5) and data from steel-soil interface shear tests, and not on
any direct earth pressure measurements. They do suggest, however, that set-up due to
stress relaxation could be more pronounced in a dense sand, particularly for large diameter
piles.

Figure 2.4

The influence of time on the pull-out resistance of driven nails
(Franzén, 1998).

In a full-scale field study of driven soil nails by Franzén (1998), the change in pull-out
resistance over time was examined. Four different kinds of nails, 6 m long, were installed
close to horizontally in a slope of fine sand above the groundwater level. The nail types
were an L-shaped angle bar (AB) with a 40 mm side length, two ribbed steel (RB20 and
RB336) bars with a diameter of 20 and 36 mm respectively, and an expansion bolt (EB)
with a diameter of 36 mm during installation and 50 mm after expansion. The nails were
load tested on three occasions, the first at 6-17 days and the last at 249-280 days after
installation. The results are presented in Figure 2.4. For the angle bar and the expansion bar
a clear set-up effect can be observed. However, for the expansion bar it could be expected
that the high initial horizontal stresses that are generated during inflation, would instead
lead to a decrease in pull-out resistance with time. Consequently, the observed set-up
would have to be explained by soil ageing, or possibly even by chemical bonding
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influenced by corrosion. The results indicate that the interaction between the soil and the
surface roughness is the main cause behind the increase in pull-out resistance. This
explanation is reinforced by the observation that hardly any increase in pull-out resistance
was observed for the ribbed bars. Here it is reasonable to assume that the failure surface
mainly took place in the soil a short distance from the nail. Furthermore, it was observed
for all the bars that the residual pull-out capacity was approximately the same as the peak
value shortly after installation, while after ageing the residual value was significantly
smaller than the peak value.

2.3

The time-dependence of dynamic soil parameters
Several studies, involving dynamic testing (and CAPWAP analysis) of piles, report that
changes in the dynamic soil parameters (according to the Smith soil model) occur over
time, such as the soil damping and the quake. Castelli & Hussein (1998) reported an
increase in both toe damping and shaft damping for large concrete piles driven in loose to
dense sand, between the end of initial drive and the beginning of restrike after 1-20 days.
No change in shaft quake was observed. However, a slight decrease in toe quake was
observed. Hunt & Baker (1988) observed the same trend for steel pipe piles that were
driven in mainly silty soil. Svinkin (1997) showed for a concrete pile driven in sand that
the toe damping and shaft damping are time-dependent parameters. The shaft damping
showed an increase with time for all considered damping models as illustrated in
Figure 2.5, whereas the toe damping showed a decrease. These results were obtained from
back-calculation using a wave equation analysis program (WEAP).

Figure 2.5

Shaft damping as a function of time after the end of initial driving
(EOID) for different damping models (Svinkin,1997).
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The phenomenon of soil ageing

2.4.1 Introduction
The effect of increasing penetration resistance with time, following a soil disturbance due
to compaction, has been reported and reviewed in several papers, for instance Mitchell &
Solymar (1984), Mesri (1990) Fordham et al. (1991) and Thomann & Hryciw (1992).
Similar to the long-term set-up effect observed for piles, this effect takes place over long
time periods, and after the dissipation of excess pore pressures. This phenomenon is
closely related to pile set-up and the underlying process is referred to as soil ageing. Soil
ageing can be defined as an increase in strength, stiffness and dilatancy of the soil, which is
not directly caused by a corresponding decrease in density. Although a small decrease in
density is inevitable during particle rearrangements, it is not sufficient to explain the
changes in the mentioned soil properties.
Several hypotheses explaining the causes of soil ageing have been presented during the last
few years. These can roughly be divided into two main hypotheses, which to a certain
degree contradict one another. Firstly, a cohesive behaviour due to cementation of particles
and secondly, an increasing frictional behaviour due to particle interlocking as a result of
particle rearrangements. The contradiction is that cementation at particle contacts is not
very likely to occur at the same time as particle movement, according to Mesri (1990) and
Schmertmann (1991).
2.4.2 The cementation hypothesis
Mitchell & Solymar (1984) suggested that the most probable cause behind soil ageing after
compaction is cementation at particle contacts, through precipitation of mainly silica from
solution or suspension in the pore water. Furthermore, Bely et al. (1975) pointed out that
the surface characteristics might play an important role in this process, and stated that a
rough grain surface has more possibilities to form structural connections than a polished
surface. Charlie et al. (1992) compared the rate of increase in penetration resistance after
compaction in several cases, and observed that the rate was greater for the sites in warmer
climates. It was suggested that the ageing-rate of sand is temperature-dependent, and that
this indicates that chemical effects, as suggested by Mitchell & Solymar, are the
predominate cause behind the observed effects. Fordham et al. (1991), on the other hand,
based on work by Schutjens (1991), argued that the pressure solution kinetics in granular
soils under normal in-situ temperature conditions are extremely slow. Consequently, this
effect was unlikely to account for the observed increases in penetration resistance that
occurred between five days and four months after compaction by blasting.
2.4.3 The friction hypothesis
Dusseault and Morgenstern (1979) showed that geological ageing can create so-called
locked sand. The characteristic of this sandstone-like material is a high degree of particle
interlocking with little or no cohesive particle bonding. This interlocking was found to be
caused by precipitation of silica on the grain surfaces. Shear testing demonstrated small
strains to failure and an extremely high degree of dilation.
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Mesri et al. (1990) stated that a possible mechanism behind ageing is the rearrangement of
sand particles, and that small movements between grains lead to macro-interlocking of
particles and micro-interlocking of particle surface roughness. Schmertmann (1987)
pointed out that horizontal creep might account for some of the observed increases in cone
resistance with time in clean sands after compaction. Likewise, particle reorientation as a
result of creep might lead to a purely frictional gain in modulus and strength with time.
Schmertmann (1991) suggested a mechanism in which three effects of dispersive particle
movements, internal stress arching and increased interlocking, combine to produce an
increase in modulus and strength. He also suggested that ageing and creep are strongly
interconnected and that creep is necessary, because it provides the energy for the ageing
mechanism.
2.4.4 Laboratory ageing tests
Affifi & Woods (1971) showed from laboratory tests on two air-dry sands and one air-dry
silt, a time-dependent increase in shear modulus without any change in density. The sands
showed 1-2% increase per log cycle and the silt a 5% increase. The relationship between
shear modulus and log-time was linear during the whole 430 days measuring time. Several
other studies with air-dry samples also show a time-dependent increase in shear modulus
of the same magnitude following a disturbance, for example Anderson & Stokoe (1978)
and Thomann & Hryciw (1992). Anderson & Stokoe (1978) proposed the following
expression for describing the long-term increase in shear modulus with time:
IG =

∆G
log t2 t1

(2.2)

where I G is defined as the coefficient of shear modulus increase with time (i.e. the rate of
increase, per log cycle of time), and ∆G is the increase in shear modulus (G2 - G1) between
two points in time, t 1 and t2.
Joshi et al. (1995) concluded from a laboratory experimental study that the increase in
penetration resistance of saturated sand is due, not only to particle rearrangement as in the
case of dry sand, but also to dissolution and precipitation of mainly salts and possibly silica
at the particle contacts and the interspaces. This was concluded from the observations, as
the submerged sand showed a clearly faster increase in penetration resistance than the dry
sand. Furthermore, the sand submerged in seawater showed a slightly higher penetration
resistance than sand submerged in distilled water.
Triaxial compression tests by Daramola (1980) on saturated sand showed a distinct
increasing dilatant behaviour over time and an increase in modulus of 50% per log cycle of
time, see Figure 2.6. The same effect and magnitude are also shown from direct steel-soil
interface shear tests on saturated dense sand by Chow (1997), see Figure 2.7. As can be
seen, the total dilation increases from 0.03 mm to 0.06 mm between 0 and 60 days. Eklund
(1998) also performed interface shear tests on both saturated and dry dense sand, taken
from the same site as in this study, at a depth of five to seven metres. The same trends and
magnitudes of dilation as Chow (1997) were observed. In the case of the dry sand and a
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rough steel plate (sandblasted), the maximum vertical deformation (dilation) increased
from 0.01 to 0.05 mm between a period of 1 to 72 hours. Moreover, an increase in stiffness
was noted, although the change in strength was negligible. In the case of the saturated
sand, the scatter in the result was too large to draw any definite conclusions, although the
general trend was that the total dilation was larger for the saturated sand.

Figure 2.6
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Figure 2.7

2.5

The effect of ageing on the steel-sand interface shear behaviour
(Chow, 1997).

Horizontal (normal) stress on the shaft

2.5.1 Studies of stress relaxation (creep)
Ng et al. (1988) instrumented a concrete pile with earth pressure cells on the shaft and toe.
This is the only extensive study (to the writer’s knowledge) excluding the present one,
where a full-scale instrumented pile is used to measure the long-term increase in horizontal
(normal) stress due to stress relaxation. The pile was driven into medium dense sand to a
depth of 9 m. Figure 2.8 shows the earth pressure as a function of time. The rate of
increase in horizontal stress was higher shortly after end of driving and then showed a
tendency to level off with time. This implies a logarithmic increase with time as postulated
by Denver & Skov (1988). Furthermore, there is an indication that the increase was
dependent of depth. Ng et al. (1988) explain the increase in horizontal stress as follows:
During driving the sand is pushed sideways. After driving, the soil mass slowly
relaxes and squeezes back onto the pile. Close to the surface the sand is vibrated
a number of times after the passage of the pile point: this leads to a large
“squeeze back” effect.
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Measurements of stress relaxation (Ng et al., 1988).

Ekström (1989) studied pile group behaviour by measuring the horizontal (normal) stresses
acting on several 60 mm square 3.5 m long model steel piles driven in loose sand and
equipped with earth pressure cells (Glötzl cells) on the shaft. The following was observed:
1. The horizontal stresses on the shaft (before loading) increased over time. The
increase was, on average, 5-15% after a ten-day period. He stated that this implied
an irregular stress distribution, both along the shaft and radially away from the
shaft. It was observed that the stresses were partly equalized with time.
2. The horizontal stresses on the shaft at rest decreased as a result of both the loading
tests and the redriving of the piles.
3. No increase in horizontal stress on the shaft was observed as a result of driving an
adjacent pile at a distance further than 9⋅D.
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2.5.2 Horizontal stress during loading
Table 2.2 presents some results from the limited number of full-scale tests involving
measurements with earth pressure cells on the shaft of driven piles in sandy and silty soils.
From the results the following is observed:
1. Very low horizontal effective stresses (small horizontal stress ratios, K) were
acting on the pile shafts at great depths, thus indicating the presence of a strong
soil arch surrounding the piles. Horizontal effective stress ratios as low as 0.070.30 were measured shortly after the end of driving.
2. During loading of the concrete pile at Hunter’s Point (Ng et al., 1988), driven in
loose to medium sand, there was a large increase in the horizontal effective stress
on the shaft. The same effect was noted for the concrete piles at Alby Lake
(Ekström, 1985) during bridge construction.
3. However, for the pile in loose sand at Drammen (Gregersen et al., 1973) there was
only a slight increase of horizontal effective stress when loaded after a few days.
For the pile in clayey silt at Pentre (Karlsrud et al., 1992) there was even a slight
reduction in horizontal stress.
It is important to note when evaluating results from earth pressure cells that the surface
roughness of the cells, which consist of a steel plate, might differ from that of the pile. This
is specially important for concrete piles where the surface of the cells must be sandblasted, in order to resemble the surface characteristics of the pile. For instance, a smooth
steel surface would not interact with the soil particles as a rough surface would, and
consequently a smaller degree of dilation during shearing has to be expected. There was no
data of the surface characteristics of the earth pressure cells provided in the studies by Ng
et al. (1988) and Gregersen et al. (1973).
In the study by Ng et al. (1988), previously mentioned, the pile was load tested after a
month. The earth pressure cells registered a very strong increase in effective stress during
loading, see Figure 2.9. Furthermore, practically no changes were observed in the pore
water pressure at the shaft surface during the test. The horizontal effective stress increased
on average by a factor of 2.7 (58 kPa) during loading up to failure from the at rest
condition. This effect was explained as being a direct influence of the pile point
penetrating the ground, thus generating a displacement in the soil surrounding the shaft,
and causing the soil to push against the shaft. An objection to this explanation is that it is
not very likely the penetration of the toe would influence an earth pressure cell to a major
degree at a relative distance from the toe2 of h/R = 33 and at a total distance of 5.0 m, as
was the case with the cell furthest from the toe. This type of behaviour was explained by
Lehane et al. (1993) as a result of confined dilatancy.

2

h is the distance from the pile toe and R is the pile radius
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Notice the minor reduction in stress at the beginning of the test in Figure 2.9. The same
effect was observed by Lehane et al. (1993) for a small-scale instrumented steel pile that
was jacked (pushed) into sand and load tested in compression and tension. Further, it was
observed that the effect was slightly larger for loading in tension. This was believed to be
caused by sand contraction due to the rotation of principal stress. Laboratory experiments
by Symes et al. (1988) and others show that the rotation of principal stress during shearing
can initially cause a reduction in stress due to volumetric contraction.
Chow (1997) summarized seven studies of model or small-scale steel pile tests, where the
radial stresses on the shaft were measured. In these tests relatively large increases in
horizontal stresses were also observed. The results of these studies are presented in section
2.6, together with a theoretical expression based on the cavity expansion theory.
In a rod shear laboratory study by Mooney (1998) very high interface friction angles were
observed, in some cases even larger than the peak soil friction angle. It was concluded that
this was due to constrained dilation and the development of force chains in the soil. It was
furthermore concluded that the effect of constrained dilatancy can generate very high radial
stresses, which are even in excess of the applied normal stress.

Figure 2.9
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Change in horizontal stress (total) at different depths due to loading,
1 psi = 6.89 kPa (Ng et al., 1988)
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Table 2.2 Database over driven piles in sand and silt instrumented with earth
pressure cells.
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Shaft capacity evaluated from the cavity expansion approach

2.6.1 The basic Imperial College (IC) approach
Lehane et al. (1993) and Lehane & Jardine (1994) performed loading tests on a small
heavily instrumented steel pile with earth pressure cells placed flush with the shaft. The
pile was jacked (pushed) into medium dense sand to a depth of 6 m. The results explain
some of the basic mechanisms that control the shaft resistance of piles in sand. The
following behaviour was observed:
1. The radial (horizontal) stress σ′rc acting on the shaft at a specific level showed a
tendency to decrease as the pile was jacked into the ground. In other words, the
radial stress decreases with increasing h/R, where h is the distance from the pile
toe and R is the pile radius.
2. During pile loading the radial (horizontal) stress increased up to failure due to
dilation at the pile-soil interface. Figure 2.10 shows the behaviour at one
instrument location. Here the radial stress increases by a factor 1.4. However, at
the beginning of the test a small reduction in σ′rc was noted. This was explained as
caused by principal stress rotation.

Figure 2.10 Results from a compression test at one of the instrument locations
at h/R = 8 (Lehane et al., 1993)
Based on the results the following relationship was postulated:
′ + ∆σ r′
σ rf′ = σ rc

where
σ′rf = the radial effective stress at failure
σ′rc = radial effective stress after pressure equalization
∆σ′r = changes in effective stress during loading
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Figure 2.11 Idealized model of constrained dilatancy caused by dilation in the shear
band. The figure on the right shows the effect of applying a shearing force
(modified after Wernick, 1978).
Furthermore, a mechanism was suggested where the increase in radial stress during loading
is mainly due to dilation (∆σ′rd), and, to a minor degree, to principal stress rotation (∆σ′rp):
′ + ∆σ rp
′
∆σ r′ = ∆σ rd

(2.4)

Moreover, they use the following relationship, presented by Boulon and Foray (1986), to
explain the dilation part of this mechanism. This relationship was also used by Wernick
(1978) for modelling cylindrical anchors in sand, and as a means to explain the very high
friction angles observed during pullout. Figure 2.11 illustrates the basic concept behind the
mechanism. The relationship is based on the cavity expansion theory and relates the
change in radial effective stress during loading, ∆σ′rd, to an interface boundary
displacement, δh, due to dilation:
∆σ ′rd =

2δhG
R

(2.5)

where
G is the shear modulus for an elastic soil mass and R is the pile radius.
Here, δh is dependent on the natural dilatancy of the soil, the surface roughness of the pile
and also, but to a minor degree, on Poisson’s ratio effects during loading. Nicola &
Randolph (1994) showed from a theoretical study that Poisson’s ratio effects, although
relatively small, are able to explain part of the discrepancies between compressive and
tensile loading. This is supported by the results from laboratory model pile tests performed
by Amira et al.(1995). Another explanation for the reduced capacity observed in tension
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piles is the effect of principal stress rotation, as shown from the instrumented tests by
Lehane & Jardine (1993).
Chow (1997) explained that the observed lower peak stresses and softer loading response
for piles loaded in tension were due to a higher degree of particle reorientation and
volumetric contraction. Furthermore, that the direction of the residual stresses plays a part
in this mechanism.
2.6.2 The influence of surface roughness
Chow & Jardine (1997) presented the following relationship, derived from the cavity
expansion theory (Eq. 2.5) with the dilation parameter δh replaced by the factor 2⋅Rcla, and
its validity is supported by results from instrumented pile tests (small-scale):
∆σ r′ =

4GRcla
R

(2.6)

where
Rcla is the centre-line average surface roughness and R the pile radius.
This relationship implies that the increase in stress is directly proportional to surface
roughness. This is, of course, only valid up to a limited degree of surface roughness, at
which point failure takes place in the soil at a distance from the shaft (Uesugi et al., 1988).
The relationship shows good correlation with measured increases in horizontal (radial)
stresses from a database by Chow (1997) of mainly small-scale tests or laboratory tests on
instrumented steel piles. The centre-line average roughness (Rcla) in several of the tests was
estimated to be approximately 10 µm, which is equivalent to δh = 0.02 mm.
Figure 2.12 shows a comparison between measured and calculated ∆σ′r for these tests. In
the Figure, the measured results by Ng et al. (1988), from a load test performed
approximately one month after driving, clearly show larger values of measured ∆σ′r
compared to the calculated values than can be observed from the other tests. The best
correlation between measured and calculated values for this test is obtained with
δh = 0.04 mm. Note that this is the only concrete pile in the comparison, and it is also a
full-scale test. However, it was not mentioned if the surface of the cells was sandblasted or
not. Although not presented in the figure, the results from driven instrumented small-scale
piles by Phung (1993) also correlate reasonably well with the relationship (i.e. with
δh = 0.02 mm).
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2.6.3 Interface friction angle
From the relationships previously presented the shaft capacity can then be calculated from
the Coulomb failure criterion:
τ f = σ rf′ tan δ f

(2.7)

Jardine et al. (1992) examined the interface friction angle measured in simple shear
interface tests and found that the peak interface friction angle δf to be more or less the same
as the constant volume interface friction angle δcv. The results also showed that δcv was
independent of the initial relative density of the sand, but reduced, with an increase in the
mean particle size as shown in Figure 2.13. The values are obtained from interface tests
with a surface roughness Rcla = 10 µm. Moreover, it was noticed that for a rough concrete
surface δcv was close to the soil to soil friction angle, thus implying that failure occurs in
the soil at a short distance from the shaft. The results from the interface tests are
completely opposite to that normally used in conventional earth pressure based approaches,
such as the one proposed by the American Petroleum Industry (API RP2A
recommendations), which is one of the most widely used methods for calculating pile
capacity (i.e. large friction angles in coarse soil and small friction angles in fine-grained
soil).

Figure 2.12 Prediction of ∆σ′r from cavity expansion theory (Chow, 1997).
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Figure 2.13 The interface friction angle as a function of mean particle size
(Jardine & Chow, 1997, after Jardine et al., 1992).
2.6.4 The zone of shearing
That the surface roughness has a strong effect on the dilation of the soil has been observed
in interface shear tests by Uesugi et al. (1988). It was shown that the zone, where dilatancy
and particle reorientation took place, was approximately 5-8 mm thick (≈5⋅d50) for a rough
interface. For a primarily smooth surface, slipping occurred at the interfaces and no shear
zone developed. Similar results were observed by Tejchman & Wu (1995) in plane strain
interface tests, silo interface tests and for numerical simulation. They concluded that the
thickness of the shear zone primarily depends on the surface roughness and the grain
diameter. However, the thickness of the shear zone was different between the tests. In the
plain strain test, the thickness of the shear zone was 1 mm (2⋅d50 ) for a rough steel plate
and 3 mm (6⋅d50) for a very rough steel plate. For the silo test, where the dilation was
constrained, the thickness was much larger, up to 20 mm (40⋅d50), for very rough walls in
contact with loose sand. A final comment: it is obvious that, although the shear zone is
relatively small, the effect of dilation on the soil stresses will extend much further into the
surrounding soil mass and will decrease in a radial manner.
A modified type of interface shear test is one where the normal load varies according to the
degree of dilation, i.e. a normal-stiffness test. This type of test more closely resembles
actual pile behaviour than conventional normal-load tests. Tests of this kind, which have
been performed by Tabucanon et al. (1995) and Evgin & Fakharian (1996), show that the
effect of dilation during shearing can generate very high normal stresses. Furthermore, the
results show that the stress ratio (τ/σ) to peak is only to a relatively small degree dependent
on the normal stiffness.
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Concluding remarks
The literature review shows that the increase over time in the bearing capacity of driven
piles in sand is often large, and is a process that continues for at least several months. An
average increase in total bearing capacity of approximately 40 % per log cycle was
observed from case histories. Considerable strength gains that follow a soil disturbance
have also been reported in other fields, such as soil compaction and soil nailing. It is
therefore remarkable how little research has been put into clarifying the basic mechanisms
of this phenomenon. It is even more remarkable how often time-dependent changes in the
properties of sand are altogether overlooked. It is the author’s opinion that soil ageing has
to be treated as a basic characteristic of non-cohesive soil. In this context, the definition of
pile capacity has to be clarified with respect to time, for example, the capacity at end of
driving, the capacity after pore-pressure dissipation and the long-term capacity (e.g. after
100 days).
It seems evident from the literature review that the effect of constrained dilation is an
important factor of pile behaviour in non-cohesive soils. However, only a few papers
discuss this effect and not even a handful try to quantify its effect on the radial (normal)
stresses during loading. It is surprisingly often neglected when analysing pile behaviour. In
the author’s view, constrained dilation is believed to have an important effect on set-up.
However, a better understanding of the stress-state around the pile and the stress acting on
the pile, both at rest and during loading, is believed to be a key element in understanding
the mechanisms of set-up.
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LITERATURE REVIEW
– Predicting pile behaviour using driven rods

3.1

General remarks

Literature review

Generally, the experience of correlating the penetration resistance of driven piles and
driven penetration rods (e.g. SPT or Swedish dynamic probing) in non-cohesive soils is
very poor. This is particularly true with regard to silty and fine sandy soils below the
groundwater table. However, one of the main objectives with a site investigation should be
to identify “problem soils”. For example, soils where heavy compaction might occur that
would significantly alter the in-situ properties, or soils with the potential of “false refusal”
(i.e. relaxation), due to induced negative pore pressures (Möller & Bergdahl, 1981). A
further objective would be to identify soils where heavy pile driving might occur, due to
large soil quakes (“elastic” rebound).
It is normally not enough to rely solely on conventional dynamic penetration testing as the
only method for evaluating pile behaviour. It is often necessary to complement with other
soil investigation methods, such as soil sampling and possibly CPT, for better
identification of soil type. Even with these additional methods the difficulties are
numerous, and the risk of missing fundamental aspects of pile behaviour is obvious. For
medium and large projects with a potential for problematic pile behaviour, a pile testing
program would be advisable. Soil conditions that from experience are frequently known to
cause piling problems are dense silts and fine sands below the groundwater table.
However, in recent years the use of stress-wave measurements for dynamic testing on
penetration rods might render a new dimension to drivability studies. This is because both
the toe and shaft capacity and the dynamic soil parameters can be determined. The results
can either be directly correlated to pile driving resistance or indirectly via, for instance,
wave equation analysis. This could possibly increase the prospect of identifying problem
soils. There have also been some studies where torque testing was performed on driven
rods or on the SPT, with the main purpose being to determine pile behaviour.

3.2

Predicting pile drivability

3.2.1 Direct methods (empirical)
Helenelund (1974) presented a relationship, shown in Figure 3.1, between pile driving
work (U) for 250 mm square concrete piles and the penetration resistance for dynamic
probing with a 32 mm diameter rod and 40 mm diameter conical tip. The drop hammer had
a weight of 70 kg and the drop height was 60 cm (Epot = 420 Nm). The soil consisted of
various types of non-cohesive soils. As shown in the figure the scatter in the data is
substantial even for the same soil type.
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The penetration resistance of driven rods versus the pile driving work in
different soils (Helenelund 1974).

Magnusson et al. (1997) compared the total driving energy for driven 270 mm square
concrete piles with 32 mm diameter driven steel penetration rods. The rods were equipped
with an enlarged 45 mm diameter conical tip. The study included 44 piles at 12 piling sites
in Sweden. The dynamic probing was performed according to the Swedish standard
procedure (HfA, see Section 13.2.1). The soil consisted of either silt / silty soils or wellgraded sandy / gravelly soils. The sum of the driving energy was calculated per meter for
the piles and rods respectively and a quotient was obtained by dividing the energies. For
the rods the driving equipment’s nominal energy was used (Epot = 311 Nm), and for the
piles an assumed efficiency of 80% was used.
The energy quotient was found to be roughly constant around 30 (weighed average) during
the “driving phase”, see Figure 3.2. This was taken at below the depth of five metres, when
the effect of the pile weight and the influence of the surface became negligible, and down
to a depth of approximately 22 m. However, there is in fact a tendency for the quotient to
increase with depth, up to approximately 40. The driving work for the piles ranged from
U = 0.2-4 MNm/m. Beyond 22 m, when driving was very hard, no correlation was
observed. The scatter in the results is very large as can be seen in Figure 3.2, with the
energy quotient varying from approximately 10-60. A part of this scatter can, however,
possibly be explained by the fact that the driving energies were calculated from the
hammer’s drop height obtained from old piling projects with, in some cases, poor logging
results and no control of the actual hammer efficiency.
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Energy quotient for piles and rods for 12 piling sites in Sweden Magnusson et
al. (1997)

From the results of these two studies the following can be concluded:
1. The average energy quotient for the relationship presented by Helenelund varies
from approximately 12 for easy pile driving (U = 0.2 MNm/m) to approximately
60 for heavy pile driving (U = 20 MNm/m).
2. For pile driving work between U = 0.2-4 MNm/m the energy quotient according
to Helenelund’s relationship lies between 12-38, which is within the range
obtained by Magnusson, see Figure 3.2. Although the rods had a 21% (and the
piles only 14 %) smaller cross-sectional tip area in the study by Helenelund, a
clearly higher degree of work is needed for the rods during easy driving than in
the study by Magnusson, see Figure 3.3.
3. The scatter is significant in both studies and of approximately the same extent.
Although a relationship between the penetration resistance (work) of piles and
rods was proposed, the question arises about applicability of these types of direct
relationships with regard to the very large scatter that has to be expected.
As a comparison, the impedance ratio between the piles and rods is 22 and,
correspondingly, the toe area ratio is 46. This could, to some degree, explain the field
results mentioned above. Axelsson & Bennermark (1999) showed from both field studies
43

Literature review

I - General Part

and wave equation analyses of driven rods with different cross-sectional areas, but with the
same toe area, that the impedance of the rod has a fundamental influence on the driving
work during hard driving. This implies that it is not possible to obtain a meaningful
correlation between piles and rods for hard driving. This is a great drawback as one of the
main objectives of performing dynamic probing is to predict the level where pile driving
will terminate.

1000

Rod driving work (KNm/M)

Helenlund (1974)
Magnusson et al.
(1997)

100

10

1
0,1

1

10

Pile driving work (MNm/m)

Figure 3.3

The relationships by Helenelund (1974) and Magnusson et al. (1997).

3.2.3 Indirect methods
General remarks
The most common type of indirect method, with the exception of possibly the use of pile
driving formulae, is dynamic analysis of pile driving using a wave equation analysis
program (GRLWEAP). A normal procedure when using dynamic testing on penetration
rods would be first to perform the dynamic testing and then, from a direct signal matching
procedure by CAPWAP analysis, evaluate the soil resistance and dynamic soil parameters
(i.e. damping and quake) according to the Smith (1960) soil model. The evaluated
parameters are then used as a guideline when choosing the appropriate soil parameters for
use in a wave equation analysis program. This procedure gives a possibility of identifying
“problematic soils”, inasmuch as high quake or soil damping values obtained from the
CAPWAP analysis could be a flag for potential piling problems. However, to be able to
predict the pile behaviour with sufficient accuracy, there has to be a correlation between
the dynamic soil parameters for the rods and piles. Furthermore, the pile toe and shaft
resistance forces have to be quantified to be able to perform a drivability study.
Methods using driven rods
Liang & Sheng (1993) compared the dynamic soil parameters, evaluated from CAPWAP
analysis, for 28 mm steel ram penetration rods and 305 mm closed-ended steel pipe piles
44

I – General Part

Literature review

driven in non-cohesive soils. The comparison was made for 15 cases in total, obtained
from nine sites. The toe and shaft quake correlations between the piles and rods are shown
in Figure 3.4. The pile shaft and toe quake were considerably larger, by a factor of
approximately three, than the corresponding quakes for the rods. For the toe this is hardly
surprising, as the toe quake is a function of toe diameter. For wave equation analysis the
toe quake is often chosen as D/120, when no other information is available. For the shaft,
however, the recommended value is normally 2.5 mm, regardless of shaft diameter, see
Table 3.1. The following correlation between the soil quake along the shaft (QS) and at the
toe (QT) was obtained:
QTpile = 3.1QTrod

(3.1)

QSpile = 2.9QSrod

(3.2)

No clear correlation could, however, be established for the Smith toe and shaft damping
factors, due to the large scatter in the data. The authors explained this by the fact that the
damping is influenced by both the penetration velocity and the diameter, but it was
observed that the Smith toe damping factor was clearly higher for the rods by a factor of
roughly five on average. In a discussion on this paper by Kuo (1994) serious doubt was
raised to the whole idea of establishing a correlation between Smith soil parameters of
piles and rods. The argument being that different soil responses, and consequently different
Smith parameters, must be expected if a pile is driven by different hammer systems.
Eriksson (1992) compared the behaviour of several driven concrete piles (235 and 270 mm
square) and 32 mm diameter driven rods, with and without an enlarged toe, at two sites in
Sweden with non-cohesive soils. The rods were driven according to the Swedish standard
procedure (see Section 16.2). Both static and dynamic load tests were performed on the
piles and rods. Poor correlation was observed between the penetration resistance (N20) of
the piles and rods. The drivability study, nevertheless, concluded that the penetration
resistance of piles can be estimated with an “acceptable accuracy” by wave equation
analysis. The study was performed using the dynamic soil parameters for the rods,
evaluated from the dynamic testing and CAPWAP analyses, and also using the standard
recommended Smith parameters in the GRLWEAP program, according to Smith (1960)
and Goble et al. (1991), see Table 3.1. These values are generally accepted as “average”
values and used when no other information is available. The penetration resistance
(capacity) was obtained from the dynamic probing using correlation factors (see Section
3.3.3). The results show that the best correlation was obtained using the recommended
values, rather than the values obtained from the CAPWAP analyses performed on the rods.
It is important to realise that the Smith dynamic parameters are not intrinsic soil properties.
Furthermore, the elasto-plastic soil model is a crude simplification of true soil-pile
behaviour. However, wave equation modelling (WEAP) and signal matching (CAPWAP)
procedures based on the Smith model have, in most cases presented in geotechnical
literature, produced very good results with regard to the static capacity.
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Correlation between shaft and toe quake values,
1 in. = 2.54 mm (Liang & Sheng, 1993).

Table 3.1 Recommended dynamic soil parameters for use in WEAP (Goble et al., 1998)
Smith dynamic soil parameters
Damping (Smith)
Quake

Shaft

Toe

0.16 s/m non-cohesive
0.65 s/m cohesive

0.5 s/m

2.5 mm

D / 120

Methods using the SPT
In a comprehensive study Rausche et al. (1997) compared the behaviour of a modified SPT
procedure with the behaviour of driven steel and concrete piles at six correlation sites, five
in sand and one in clay, and at three verification sites, one in clayey soil and two in sandy
soil. The modified SPT procedure involved dynamic stress-wave measurements, static load
tests in both tension and compression, as well as torque measurements on standard SPT rod
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and sampler (D = 51 mm, L = 457 mm). Contrary to the use of the SPT, which has a shortlength sampler, the use of full-length rods makes the determination of shaft parameters
relatively uncertain.
The modified procedure does not affect the N-value. The procedure involves the
replacement of the sampler by a solid oversized tip (D = 64 mm), when a soil layer
significant for end-bearing is reached. The purpose was to enable a better resemblance of
pile toe behaviour. Furthermore, two additional soil parameters were introduced into the
SPT soil model, namely a hyperbolic end-bearing behaviour and a soil plug mass.
In all, primarily four different methods for predicting pile behaviour (drivability and
capacity) were evaluated:
1. The “SPT static method” (SPT-ST). The resistance values and quake are obtained
from static compression or tension tests. The damping factors, however, are
evaluated by CAPWAP analysis.
2. The “SPT modified static method” (MDF-ST) is identical to the SPT-ST method,
except that the shaft damping factors were chosen according to the recommended
values, see Table 2.1, and that smaller toe damping factors then obtained were
chosen.
3. The “SPT standard and static method” (STD-ST) is also identical to the SPT-ST
method, except that all values were chosen according to the standard GRLWEAP
recommendations.
4. The “SPT dynamic method” (SPT-DYN). The resistance values and dynamic soil
parameters are all determined by CAPWAP-analysis.
The results from the correlation sites showed that the best predicted blow-counts were
obtained with the SPT-ST and SPT-DYN. On average, the predicted blow-counts differed
from the measured ones by 24% and 27% respectively. It was felt, however, that the
MDF-ST method yielded the best results with regard to predicting both drivability and
capacity. Contrary to this, a very poor correlation (67%) was obtained, when the static
resistance values from the Modified SPT were mixed with the standard dynamic soil
parameters according to the STD-ST method. It was concluded that it was possible to
identify sites where large quakes might occur from either static or dynamic modified SPT
measurements. For two of the sites both the piles and modified SPT indicated relatively
high quakes. It was further concluded that an enlarged flat-ended tip better predicts the pile
toe behaviour than a conical tip.
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Predicting pile capacity

3.3.1 Capacity determined from dynamic penetration resistance
The “classical” method to estimate pile capacity is by using a direct empirical correlation
between the dynamic penetration resistance of the SPT and the unit pile toe and shaft
capacity. For instance, Meyerhof (1976, 1983) proposed the following correlation between
SPT penetration resistance (N, blows/0.3 m) and unit shaft and toe capacity (kPa) for
driven piles in sand from a large number of case histories:
fs,pile = 2⋅N

(3.3)

qt,pile = 400⋅N

(3.4)

The relationship for the toe is illustrated in Figure 3.5. As shown, the scatter in unit toe
resistance becomes significantly smaller, if the distance to a weak soil bearing layer is
taken into consideration. However, the scatter was considerably larger for the unit shaft
resistance. The relationship for the toe (Eq. 3.4) is based on piles with a diameter less than
0.5 m, with the pile toe at a considerable distance from a weak soil layer or the ground
surface (h/D > 10). For a diameter larger than 0.5 m a reduction factor is used.
Bandini & Salgado (1998) have summarized the numerous different empirical methods
based on CPT and SPT results for pile design. They concluded that, although the methods
are conceptually quite similar, they differ in many important details.

Figure 3.5
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3.3.2 Capacity determined from static penetration resistance (CPT)
Toe capacity
According to Meyerhof (1983), see Figure 3.5, the correlation between the unit toe
capacity from CPT (qc) and piles (qt,pile) shows, on average, the same unit toe capacity in
homogeneous soils, when the pile toe is at a considerable distance from a weak bearing
strata and a pile diameter D less than 0.5 m. For larger D the pile toe resistance qt,pile is less
than qc (i.e. the ratio qt,pile/qc is less than unity). However, for loose sand, the value qt,pile
can be expected to be somewhat greater than qc, due to a larger degree of soil compaction
by pile driving.

Figure 3.6

Pile toe resistance versus CPT point resistance (Chow 1997).

According to the Schmertmann & Nottingham method (Nottingham, 1975 and
Schmertmann, 1978) the ratio qt,pile /qc is unity for normally consolidated sand. Moreover,
an upper limit for qt,pile of 15 MPa is proposed. The same correlation was also adopted in
the method by De Ruiter & Beringen (1979). Based on 14 pile case histories Eslami &
Fellenius (1997) also suggested that the ratio should be taken as unity (but with regard to
qE instead of qc)3. Gianeselli (1982), however, suggested that qt,pile /qc ranges between
0.4-0.5 for non-cohesive depending on soil type and degree of soil compaction. However,
for very compact sand and gravel a ratio of 0.3-0.4 was suggested. Lee & Salgado (1999)
showed from a finite element study that qt,pile/qc increases with decreasing relative density.
Based on observations from a database, see Figure 3.6 (involving 29 close-ended piles with
D ranging from 0.1m to 0.9 m), Jardine & Chow (1996) suggested that qt,pile /qc is less than
unity when D > DCPT = 36 mm, and decreases with increasing diameter as follows:

3

qE , is the cone resistance corrected for pore pressures on shoulder and adjustment for "effective" stress.
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qt , pile
qc

 D
= 1 − 0.5 log
 DCPT






(3.5)

For almost all the methods mentioned above qc is evaluated as the mean value over a
certain distance above and beneath the toe. Eslami & Fellenius (1997) proposed that the
mean be calculated as the geometric mean, as opposed to the other methods which use the
arithmetic mean.
Shaft capacity
According to the Schmertmann & Nottingham method the pile shaft friction fs,pile can either
be determined from the sleeve friction value fs or from the cone resistance qc. For
evaluation from sleeve friction the following relationship is used:
fs,pile =K⋅fs

(3.6)

where K is a dimensionless coefficient that lies between 0.8 and 2.0 in sand, depending on
pile type, cone type and embedment ratio.
However, since the sleeve friction often provides an uncertain measurement, the pile shaft
resistance is often based on the cone resistance. For evaluation from cone resistance the
following relationship is used:
fs,pile =C⋅ qc

(3.7)

where C is a dimensionless coefficient that lies between 0.8% and 1.8% in sand depending
on pile type. Furthermore, an upper limit of 120 kPa is imposed on the shaft resistance.
Eslami & Fellenius (1997) suggested that fs,pile should be based on qE (i.e. the cone
resistance corrected for pore pressures and "effective" stress), and calculated according to
Equation 3.7 with recommended values for C of 0.4% and 1.0 % in sand and silty sand
respectively.
3.3.3 Dynamic and static testing on penetration rods
Eriksson (1992) observed the following relationship between the capacity, determined by
dynamic testing, of Swedish ram penetration rods (without an enlarged toe) and 235 mm
respectively 270 mm square concrete piles driven in two types of non-cohesive soil:
In silty sand:
fs,pile =1.0⋅fs,rod,

At the end of initial drive

(3.8)

fs,pile =1.6⋅fs,rod,

At restrike

(3.9)

fs,pile = 5.4⋅fs,rod,

At the end of initial drive

(3.10)

fs,pile = 8.1⋅fs,rod,

At restrike

(3.11)

In sand:
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The scaling factors were roughly 50 % larger for the rods with an enlarged toe. It was
suggested that the scaling factor Ψ should be evaluated according to the critical depth
concept, where the critical depth for the piles is chosen as 20⋅D and for the rods 40⋅D:
Ψ = rf

σ vc′ , pile
σ vc′ ,rod

(3.12)

where rf considers the difference in surface roughness between the pile and the rod:
rf =

tan δ pile
tan δrod

(3.13)

The critical depth approach yielded a correlation factor of 1.5 and 3.7 for the site with silty
sand and sand respectively, which does not correspond very well with the measured
factors. From the unit toe resistance a correlation was difficult to observe, due to large
scatter in the data. However, they were of the same magnitude.
Åstedt & Holm (1995) compared the capacity of 15 driven concrete friction piles, 235 mm
and 270 mm square, and 13 (solid) driven penetration rods, 32 mm in diameter. The tests
were performed in non-cohesive soils, varying between silt and gravel at 5 piling projects
in Sweden. The standard Swedish driving equipment was used for the rods, see Section
13.2.1. Furthermore, the probing was performed without an enlarged toe, which is an
exception to normal standard procedure. The study placed emphasis on the shaft capacity
as the toe capacity was very small, particularly for the rods. The capacity was determined
by dynamic testing and CAPWAP-analysis. The correlation between unit shaft resistance
for piles and rods is shown in Figure 3.7. The results show a clearly larger unit shaft
resistance for the piles than for the rods. Moreover, a difference in correlation was obtained
for the test at the first and second restrike respectively. The first restrikes were performed
1-3 days after driving and the second 5-55 days after driving. As can be seen from the
figure, the scatter is very large and varies by approximately a factor of two. The following
correlation was obtained:
fs,pile = 2.1⋅fs,rod

for the first restrike

fs,pile = 3.0⋅fs,rod for the second restrike

(3.14)
(3.15)

Åstedt & Holm (1995) also compared the measured correlation factors for the shaft with
the calculated, according to the critical depth approach suggested by Eriksson (1992). The
results obtained did not show any correlation between measured values and calculated
values, according to the critical depth approach.
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Correlation between unit shaft resistance of driven piles (vertical axis) and
rods for first and second restrike (Åstedt & Holm, 1995).

In the study by Liang & Sheng (1993), mentioned previously, a similar correlation study
was performed for relatively short (all but one < 10 m) 28 mm steel rods and 305 mm
closed-ended steel pipe piles. A relationship between piles and rods with respect to the unit
toe and shaft resistance was observed. The results are shown in Figure 3.8. The data shows
surprisingly very little scatter compared to the results obtained by Åstedt & Holm (1995).
The following correlation was obtained for the shaft and toe respectively:
fs,pile = 2.6⋅fs,rod

(3.16)

qt,pile = 3.2⋅qt,rod

(3.17)

The results show that the unit toe capacity for the pile is clearly larger than for the rod by a
factor of more than three. However, a value closer to, or even less than, unity would be
more in line with previous studies, and with empirical derived relationships using CPT
penetration resistance according to Meyerhof (1983) and others, see Figure 3.6. Further,
values even less than unity are recommended by Jardine & Chow (1996) and Bustamante
& Gianeselli (1982), see Figure 3.6. Liang & Sheng (1993) did not attempt to explain this
discrepancy.
In the modified SPT procedure mentioned in the previous section, Rausche et al. (1997)
observed that scaling factors between 1.0 and 1.9 had to be applied to the SPT sampler unit
shaft resistance to give agreement to the evaluated pile unit shaft resistance. For the only
site in non-cohesive soil, where a comparison between SPT and full-scale pile static unit
toe resistance was performed, this showed that a correlation factor of two had to be applied
to the SPT value.
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Correlation between unit toe and shaft resistance for pile and rods,
1 ksf = 47.9 kPa (Liang & Sheng, 1993).

3.3.4 Torque testing on driven rods
Torque measurements on driven rods are regularly performed in Sweden during dynamic
penetration testing (i.e. dynamic probing) after every 20 cm penetration, N20. Torque
measurements are also recommended by the ISSMFE in the “International reference test
procedure for dynamic probing” as a method to estimate shaft friction. The main purpose is
to assess the number of blows that are needed to overcome shaft friction, N20,shaft. Another
reason for rotating the rod is to avoid excessive deflection during installation.
For the purpose of estimating shaft friction the following relationship derived by Bergdahl
& Dahlberg (1973) and Bergdahl (1979), between N20,shaft and the measured torque T, is
often used:
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N 20,shaft =

E shaft
E stroke

=

2⋅T ⋅e
D ⋅ m ⋅ g ⋅ µ ⋅ hh

(3.18)

where
T
e
D
m
µ
hh

=
=
=
=
=
=

Torque (Nm)
the vertical displacement of the rod, (20 cm)
the diameter of the rod, (32 mm)
the mass of the hammer (63.5 kg)
the efficiency of the hammer
the drop height, (0.5 m)

The values in parentheses refer to the Swedish dynamic penetration test. For this method,
with an assumed hammer efficiency of 0.8, the following relationship was obtained:
N 20, shaft = 0.050 ⋅ T

(3.19)

The result is then deducted from the total N20 value to give the penetration resistance at the
toe. It is important to realize however that the stress wave generated from the impact takes
place under merely a few milliseconds compared to the rotation (180°), which takes
approximately five seconds to perform. This implies that the N 20,shaft value will be
somewhat underestimated, due to the fact that the effect of dynamic damping is not taken
into account in the relationship.
The average unit shaft resistance over a rod length L is calculated from the following
expression:
fs =

2⋅T
π ⋅ D2 L

(3.20)

Decourt & Filho (1994) performed torque tests on the SPT and obtained a ratio between
the torque and the N-value (T/N). They implied that high N-values, caused by negative
pore pressures in dense fine sands or sand containing gravel, can easily be detected with
torque measurements. A recent study by Decourt (1998) showed however that the T/N ratio
can vary between 0.3 and 10 for a sedimentary sand. No explanation could be given for
this wide range of values.
Rausche et al. (1995) performed 20 torque and uplift tests on SPT rods in clayey to sandy
soils. The results, shown in Figure 3.9, indicate that there is a linear relationship between
the torque and the static shaft capacity. The results imply that torque tests, which are very
easy to perform, can replace more sophisticated tension or compression tests for shaft
capacity determination.
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Comparison between torque and uplift capacity, 1 ksf = 47.9 kPa (Rausche et
al., 1995).

Lutenegger & Shelley (1998) compared the unit shaft resistance obtained from torque
measurements on the SPT with shaft resistance of small diameter pipe piles (D = 44.5114.3 mm), both open and closed-ended, driven in medium dense sand above the
groundwater table. Although the scatter was large, the unit shaft resistance values were
observed to be of the same magnitude. They also compared the shaft resistance from
compression and uplift tests with that obtained from the torque tests. The results showed
that the up-lift and torque tests produced similar values of shaft resistance, but the
compression tests, on the other hand, consistently showed higher values. A correlation
factor of two times that suggested by Meyerhof (1976), presented in Equation 3.3, was
observed between SPT-T evaluated shaft resistance and SPT-N values for this specific site.
3.3.5 Static uplift testing
An alternative to static compression tests is to perform static uplift tests. An advantage
with this type of test is that the evaluated capacity is completely shaft-related. This is
particularly beneficial when assessing pile set up, because it eliminates the difficulty
associated with different toe behaviour, such as load history, relaxation (loss of toe
capacity) etc. Furthermore, it is much simpler to perform than compression tests since the
ground surface can be used as a reaction. The uplift force can easily be applied by means
of a hydraulic jack. Both Rausche et al. (1997) and Lutenegger & Kelley (1998) performed
uplift tests on the SPT, primarily as a method to estimate the unit shaft resistance for piles.
The method has not, however, been studied specifically with respect to long-term pile
set-up.
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Field methods for assessing pile set-up
In the study by Åstedt & Holm (1995) previously mentioned, a comparison was made
between the rods and piles with regard to the increase in capacity with time. To the writer’s
knowledge, this is the only comprehensive correlation study between the long-term set-up
of piles and penetration rods that has been undertaken. From the study, they concluded it
was possible from the observed rod set-up to quantify the set-up of piles. The results show
that the piles exhibited, on average, a slightly larger degree of set-up than the rods.
However, there is quite a large scatter in the data. This could, to some degree, depend on
the fact that the field data was obtained at regular construction sites. Consequently, perfect
research conditions could not be maintained at all times. The studies by Eriksson (1992)
and Rausche et al. (1997), mentioned in previous sections, only briefly deal with the set-up
of penetration rods.

3.5

Concluding remarks
As was revealed in Chapter 2, the full effect of pile set-up is very seldom utilized to any
great extent in piling projects. This could partly be due to the fact that the mechanism and
characteristics of set-up is not yet fully understood, and partly that conventional
geotechnical site investigation methods do not provide any information of the potential setup at a site. Moreover, the literature survey revealed that only a few articles deal with the
prediction of pile set-up using different soil investigation methods.
The literature review in Chapter 3 has been focused on predicting pile behaviour using
penetration testing, namely: dynamic probing (driven rods), the SPT and the CPT, with the
main focus on dynamic probing. The reason being that a part of the present study (Part III)
contains an evaluation of both dynamic testing and torque testing on driven rods as
methods to assess pile set-up. The use of driven rods is believed to be a very suitable
method for determining the set-up potential at a site. The main reason being that it is
similar to conventional pile driving. The literature review on the SPT is concentrated on
dynamic testing and torque testing on the SPT, and the literature review on the CPT is
focused on determining pile capacity.
The great advantage of using driven rods to assess pile set-up is that the set-up is obtained
from the total rod embedment length. Although the SPT could also be used to estimate pile
set-up, the information would be limited to the placement level and the length (460 mm) of
the sampler. This is a disadvantage since the sampler has to be left in the ground for some
time (probably at least a week) in order to obtain reliable set-up values. However, the SPT
could probably be an ideal tool for examining the soil ageing characteristics of a specific
soil layer.
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4

TEST SITE AND SOIL CONDITIONS

4.1

The test site

4.1.1 General description
The first field tests were performed in connection with the construction of two 250 m long
parallel steel-girder bridges over the Fittja Straits at Vårby, situated 20 kilometres southwest of Stockholm, Sweden. Figure 4.1 shows a photograph of the test site with the bridge
in the background. The offshore abutments are founded on bored and grouted friction piles
with a steel core (Ischebeck TITAN Micro Piles, ∅ 103/78 mm core) and are described by
Eresund (1997). The onshore abutments are founded on 30 m long, 270 mm square driven
pre-cast concrete friction piles with an allowable load of 850 kN. The piles were installed
in medium dense glacial sand.
The site was chosen for this study for two main reasons, firstly, due to the relatively
homogeneous soil conditions, and secondly, because of the noticeable set-up effects that
were observed during the production pile test in 1994 for the foundation of the bridge (for
more detailed information see Section 2.2). The test site is situated approximately 40 m
from the closest abutment, where driven concrete piles were used. Similar piles were used
in the field tests in this study, although of a slightly smaller dimension (235 mm square).

Figure 4.1

View from the test site (north shore).
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Figure 4.2
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Plan of the test site (Area A and B) showing the soil investigation and the
piles (rods excluded) .

4.1.2 Field test layout
Table 4.1 provides the chronology of events at the site between 1995-1999 and the
references to the papers where some of the results have been presented. The site was
divided into two main test areas: A and B. A plan of the test site with the soil investigation
and piles is shown in Figure 4.2.
In Area A three concrete piles (A-C) and 21 steel rods (H1-H21) were driven to a depth of
19 m. Two of the piles were instrumented with earth pressure cells on the shaft. The piles
and the rods were dynamic load tested at several points in time.
In Area B one instrumented concrete pile (D), four reaction piles (R1-R4) and 18 rods were
driven to a depth of 12-13 m. The pile was instrumented with earth pressure cells along the
shaft and at the toe, and furthermore, with piezometers along the shaft. Static testing was
undertaken at several points in time. Of the rods, four (HM1-HM4) were dynamically
tested and 14 (HM5-HM8 and HT1 – HT10) were torque tested at several points in time.
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Figure 4.3
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Plan of Test Area A showing the location of piles and rods.

Table 4.1 Chronology of events at the site.
Events at Area A:

Date:

Paper:

Installation of rods H1-H21, d=19.1 m

1995, June-August

Axelsson (1998b)

Dynamic testing of rods H1-H21

1995, June-September

Axelsson & Hintze (2000)

Installation of Pile A and B, d=19.1 m

1995, September

Dynamic testing of Pile A and B

1995, Sept. – 1996, Febr.

Axelsson (1998a)

Installation of Pile C, d=19.1 m

1996, February

Axelsson & Hintze (2000)

Dynamic testing of Pile C

1996, February – April

Events at Area B:

Date:

Installation of rods HM1-HM8, d=12.8 m

1997, May

Dynamic testing of rods HM1-HM4

1997, May – August

Torque testing of rods HM5-HM8

1997, May – August

Install. of four reaction piles, d=11.7 m

1997, August

Installation of Pile D, d=12.8 m

1997, August

Static testing of Pile D

1997, Aug.-1999, June

Installation of rods HT1-HT10, d = 7.8 m

1998, August

Torque testing of rods HT1-HT10

1998, August – October

Redriving of rods HT1-HT10, d = 11.7 m

1998, October

Torque testing of instr. rods HT1-HT10

1998, Oct.- 1999, June

Paper / Publication::

Axelsson (2000)

Axelsson & Westin (2000)
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Figure 4.4

4.2
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Plan of Test Area B showing the location of piles and rods.

Soil conditions
The soil investigation consisted of:
•

Three CPTu 4 (i.e. CPT with pore pressure measurements).

•

21 + 14 dynamic probing tests (driven to a depth of 19 m and 12 m respectively)
using a 32 mm diameter solid steel rod (the results are presented in Section 13.2).

•

Soil sampling at six levels.

Further, the pore pressures were measured using one piezometer and one open
standpipe.
The soil consists of more than 40 m of medium dense (on the border to loose) glacial
sand. The results from two of the CPTs, (CP1 and CP3) are presented in Figures 4.5
and 4.6 and show a soil that is relatively homogenous with respect to the penetration
resistance. The results from the dynamic probing are presented in Chapter 13. The
groundwater table lies approximately 2.0 m below ground level. The soil samples were
taken at levels corresponding to the earth pressure cells on Pile A and C. The soil

4

The abbreviation CPT will be used hereafter when referring to resistance values.
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profile interpreted from the CPT and the sampling is as follows (depth from level
+ 2.64):
d = 0 - 2.5 m,

Clay

d = 2.5 - 4.5 m, Silty sand
d = 4.5 - 8 m,

Sand

d = 8 - 14 m,

Silty sand

d = 14 - 19 m, Sand (gravelly)
d = 19 - 24 m, Silty sand
d = 24 m - ,

Sand

Measured and calculated soil properties are presented in Table 4.2 and Figure 4.7 shows
the grain size distribution. The soil is well graded and varies between a silty sand and a
gravelly sand. The relative density (Dr) is estimated to lie between 35-50 %, from the CPT
using a relationship from Jamiolkowski et al. (1985). Furthermore, the in-situ friction angle
was estimated to be 32-35 degrees from the CPT, using a relationship by Clausen &
Denver (1995). The sand is considered to be normally consolidated with respect to its
geological history. The in-situ coefficient of earth pressure, K0, is calculated as 0.45-0.50
using Jaky’s formula and the small strain shear modulus, G0, is calculated from the CPT
(qc) using a relationship by Baldi et al. (1989). The results from the mineralogical
investigation, revealed in Table 4.3, show that the mineral composition of the sand mainly
consists of hard minerals, such as quartz and feldspars.
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Figure 4.5

CPT results:CP1 (q c and fc are uncorrected for pore pressures).
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Figure 4.6

CPT results:CP3 (q c and fc are uncorrected for pore pressures). The surface
level at +1.8.

Table 4.2

Soil properties from grading tests and CPT correlations.

Sampling
depth
Soil type
[m]

Uniformity Mean particle CPT Relative
coefficient
size,
density
d60 / d10
d50
qc
Dr
[mm]
[MPa]
[%]

Shear
modulus
G0
[MPa]

7.1

Silty sand

15

0.16

3

35

33°

50

10.1

Silty sand

7

0.15

4

35

33°

60

13.2

Sand

7.5

0.25

6

40

34°

70

15.8

Gravelly sand

6

1.0

8

50

35°

90

18.2

Sand

5

0.55

6

40

32°

85

Table 4.3

Mineral composition.
Sampling depth

Mineral type

10.1 m

15.8 m

Quartz

50 %

9%

10 %

Na-Ca-Feldspars

30 %

17 %

22 %

K- Feldspars

15%

49 %

41%

(1)

25 %

27%

Pyroxene / Ampfibole
(1) Including Muskovit and Biotit
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Friction
angle
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[º]

5%

18.2 m
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5

Introduction

INTRODUCTION TO PART II
One of the main objectives with the research was to clarify the basic mechanisms behind
long-term set-up of driven piles in non-cohesive soils. Two field test series were performed
involving 235 mm square concrete piles driven in loose to medium dense sand. In addition,
a laboratory ageing study on model piles was conducted.
In the first series of field tests, performed in 1995-1996, the static pile capacity was
determined by dynamic testing at different points in time after the installation. Two of the
piles were instrumented with earth pressure cells on the shaft at various depths, in order to
measure the increase in horizontal stress on the shaft over time due to stress relaxation, and
compare this with the set-up evaluated from dynamic testing. The idea was to determine to
what extent the increase in shaft resistance was caused by stress relaxation (lateral creep),
and examine its behaviour over time.
In the second series of field tests, performed in 1997-1999, another instrumented pile was
installed at the same site. This pile was also instrumented with earth pressure cells on the
shaft, and in addition, three piezometers on the shaft and one earth pressure cell on the toe.
The pile was static load tested at different points in time. This gave an opportunity to
measure the increase in horizontal stress during loading and examine how this response
changed as a result of soil ageing. An important aim with these tests was to confirm the
conclusions drawn from the first test series.
Finally, a laboratory ageing study was performed in 1999-2000 on model piles, driven into
a pressurized chamber filled with saturated sand, and uplift tested at different points in
time. In order to study the influence of depth on set-up the horizontal pressure in the
chamber was varied between tests.
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6

THE FIRST FIELD TEST SERIES – TESTING PROCEDURE

6.1

General description
The chronology of main events is given in Table 6.1. Three concrete piles denoted A, B
and C, were driven in Area A (see Figure 4.2). Piles A and C were instrumented with earth
pressure cells on the shaft. The piles were dynamic tested for capacity determination at
different points in time. The results from the tests on the penetration rods undertaken in
Area A are presented in Part III of this thesis.
The main objective with the pile instrumentation was to monitor the relative change in the
earth pressure at rest, due to the effect of stress relaxation. To measure the total earth
pressure (i.e. absolute values) accurately was of secondary importance.
Table 6.1 Chronology of events.
Event

Days after driving the test pile

Date

Dynamic testing of the penetration rods

-

1995 June - Sept.

Driving of Pile A and B

0

1995-09-26

1, 6, 37, 143

– 1996-02-16

Driving of Pile C

0

1996-02-16

Dynamic testing of Pile C

1

1996-02-17

Dynamic testing of Pile B

213

1996-04-29

Dynamic testing of Pile C

72

1996-04-29

Redriving of Pile C a further 60 cm

0

1996-04-30

Dynamic testing of Pile A and B

6.2

Earth pressure cells

6.2.1 The cells used in this study - General description
The cells were constructed by Geokon Inc. and are made up of two stainless steel plates
welded together around the periphery. The space between the plates consists of
“incompressible” de-aired hydraulic oil, which is connected to a vibrating-wire pressure
transducer. The cells have a very high stiffness, approximately 35 GPa, being of the same
magnitude as the concrete pile, and nearly 1000 times the stiffness of the surrounding soil.
This high stiffness prevents the occurrence of local soil arching across the cell face as a
result of membrane deflection. However, due to the square shape of the pile the stress
distribution will not be uniform across the face of the pile. As a result, somewhat larger
stresses are expected to occur near the corners of the pile. Since the cells do not entirely
cover the pile face, the measured total stresses will probably be, at least to some degree,
under-registered.
The steel plates were sandblasted for Pile A but not for Pile C. According to the
manufacturer, the accuracy of the shaft cells is expected to be approximately 0.8 kPa with
a resolution of 0.3 kPa. This is fully satisfactory for the purpose of this study. The cells
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were equipped with a temperature sensor for calibration adjustment for changes in cell
temperature. However, the sensors proved to be rather sensitive to the ramming during
installation, resulting in either permanent damage or erroneous temperature values for
many of the sensors. As mentioned previously, this was not a problem because the soil
temperature at depth is roughly constant over time. At the location of the site in this study
the ground temperature was measured to be approximately 6-8° C.
During placement, installation and monitoring, the possibility of errors occurring was
seriously taken into account, and these are listed below. Furthermore, the data was
thoroughly checked for inconsistency, and whether the results could be considered as
reasonable. It is important to bear in mind the purpose of the instrumentation of the piles.
The main focus of the earth pressure measurements is on the relative increase in horizontal
stress over time. However, many of the errors discussed below are mainly associated with
the absolute values, and consequently of a secondary problem in this study.
6.2.2 Common errors associated with earth pressure cells
General discussion
In the following section there is a general discussion of errors that are sometimes
encountered with earth pressure measurements. However, Dunnicliff (1988) pointed out
that measurements of total stress against a structure will not be plagued by as many errors
as is associated with measurements within a soil mass. Moreover, that it is possible to
measure total stress at the face of a structural element with greater accuracy than within a
soil mass.
Below are some errors associated with contact earth pressure cells (based on Dunnicliff,
1988 and Lazebnik, 1998), that were conceived to be the most likely to occur in relation to
the pile instrumentation in the present study:
Temperature effects
Vibrating wire cells do normally have to be corrected for temperature
changes. However, if the cells are embedded at a great depth (and below
the groundwater level) this will not be a problem, because the soil
temperature will be almost constant throughout the year. This can anyhow
easily be corrected by applying a temperature sensor to the cell.
Cell stiffness
According to Dunnicliff (1988), the modulus of elasticity of the cells
should be at least one-half that of the concrete. Otherwise, stress
redistribution to the cell rim will occur and the measured stress will be
under-registered.
Cell placement
It is important to ensure that the face of the cells is absolutely flush with
the surface of the pile and that there is good contact between pile and cell.
Not complying with these conditions will cause local stress concentrations and erroneous measurements.
70

II - Mechanisms

The first test series – Testing procedure

Zero drift due to long-term effects
Lazebnik (1998) pointed out that a common problem with vibrating-wire
transducers is their tendency for zero drift, due to wire creep under
permanent tension.
Damage due to pile driving
There is obviously a risk of damaging the cell during installation,
especially if the pile is rammed. Apart from permanently damaging the
cell, the most obvious error would be a zero shift mainly due to bending.

6.3

Details of the pile instrumentation

6.3.1 Instrumentation of Pile A
Figure 6.1 shows the configuration of the pile instrumentation for Pile A and Pile C. The
earth pressure cells were placed in a blockout of the same depth as the cell thickness.
Figure 6.2 shows a photograph of a cell on Pile A before applying the epoxy-mortar and
the protective steel plate. The mortar was applied in the void surrounding the cell rim.
Pile A was instrumented with four circular (D = 175 mm) vibrating-wire earth pressure
cells (A1-A4) of a standard type. Figure 6.3 shows the general type of earth pressure cell
used (Geokon Inc. Model 4800). The cells were placed so that their depth below the
ground surface was 6.8 m and 13.2 m.
The absolute values are considered somewhat unreliable, probably due to zero shifts during
driving. Another reason for the unreliability could be internal arching of the cell, due to
poor alignment between the concrete and the back face of the cells. That the measurements
were somewhat erroneous was especially apparent during the first day after installation,
when small negative effective stresses were measured. This effect was possibly due to the
water pressure behind the cell not having equalized. In comparison, this effect was not
noted for the type of cell used on Pile C, which had a rigid back plate. However, after the
first day, the relative increases in earth pressure is believed to be correct, and corresponds
well with the data from Pile C. In the main, the results from the cells on Pile A have
mainly been used to check that the results from the cells on Pile C are reasonable and
consistent.
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Figure 6.1
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Configuration of the pile instrumentation for Pile A and Pile C.
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Figure 6.2

Installation of an earth pressure cell on Pile A (before applying the mortar
and the protective steel plate).

Figure 6.3

Principle of the earth pressure cell used for Pile A.

6.3.2 Instrumentation of Pile C
Figure 6.1 shows the configuration of the pile instrumentation for Pile A and Pile C. Pile C
was instrumented with six 200 mm square vibrating-wire “contact” earth pressure cells
(C1-C6) installed at five different depths. In principle, the installation procedure was the
same as for the cells on Pile A. However, because the cells were nearly as wide as the pile
face, the corners of the pile had to be reinforced by steel plates (see cross-section A-A in
Figure 6.1). Figure 6.4 shows the side view of the type of cell used (Geokon Inc. Model
4810). Two of the cells (C4, C5) were placed on each side of the pile in order to examine
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possible pressure discrepancies due to bending of the pile, and also to check the
performance of the respective cells.
For Pile C the driving was stopped just before the cells passed the ground. It was
established that no zero shift had taken place. Earth pressure readings were also taken at
different depths below ground during the installation, approximately one minute after the
driving was stopped (see Table 7.4). The readings were consistent with minor differences
between the cells at the same level, although there was a slight tendency of the horizontal
stress decreasing with increasing penetration, which also would be expected. This
behaviour is described later in Section 7.2. Furthermore, during the entire test period the
cells fully corresponded to changes in the groundwater table and the atmospheric air
pressure (data obtained from a weather station only a few kilometres away), clearly
indicating a satisfactory performance. It was not possible to obtain any earth pressure data
for Pile C in the period between 2 hours and 3.5 days after the pile installation due to a
local power failure.

Figure 6.4

6.4

Principle of the “contact” earth pressure cell used for Pile C.

Pile installation
The three concrete piles (A, B and C), 235 mm in square, were installed under easy driving
with a four tonne hydraulic hammer and a drop height of approximately 20 cm (Epot =
40⋅0.2 = 8 kNm). The efficiency of the hammer (energy delivered to the pile), evaluated
from dynamic testing, was roughly 90% on average. First Pile A then Pile B were driven to
a depth of 19.0 m. After dynamic load testing, first Pile A and then Pile B were driven a
further 10 cm to their final depth at 19.1 m. After the test program for Piles A and B was
concluded, Pile C was driven to the same level in between both these piles. Figure 6.5
shows the driving resistance of the piles. A slight tendency was noted of the penetration
resistance increasing for every succeeding pile driven.

6.5

Pore pressure measurements in the soil
A piezometer was placed at a depth of 7.1 m, in the silty sand, and at a distance of
approximately one meter from where Pile A was driven. When the tip of Pile A passed this
depth, the pore pressure increased by 8 kPa, and after further driving, when it reached a
depth of 8 m, a maximum increase of 10 kPa was registered. However, the excess pore
pressure rapidly dissipated. After about two minutes of further driving when the pile tip
reached a depth of 10 m, the excess pore pressures had decreased to approximately 2 kPa.
It is estimated that the excess pore pressures completely dissipated within 5-10 minutes
after the driving had ended.
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Pile driving log for Piles A-C.

Dynamic testing
Dynamic testing with stress-wave measurements was performed on all three piles at
different time intervals up to a maximum of 216 days (Pile B) from the end of driving. For
this a Pile Driving Analyzer (PDA) was used, together with two strain gages and two
accelerometers, attached approximately one metre below the pile head and placed on two
opposite sides to minimize the effects of bending, which is normal dynamic testing
procedure. The drop-height was increased with every testing occasion in order to take the
set-up effect into account and fully mobilize the pile capacity. The set (penetration) for
each blow was measured. The pile capacity was calculated by the analyzer directly after
each blow using the Case Method, specifically using the RMAX procedure according to
Goble et al. (1994), with a damping factor Jc = 0.7. The damping factor was chosen as it
gave the best correlation with the CAPWAP evaluated capacity, see below.

6.7

CAPWAP analysis procedure
CAPWAP (Case Pile Wave Analysis Program) analysis of the measured signals (signal
matching) was performed to determine the static pile capacity and its distribution along the
shaft and on the toe.
The results from CAPWAP analyses are very much dependent on the operator and the
engineering judgements that are made during the analysis. Fellenius (1988) showed from a
survey which included 19 CAPWAP engineers with varied degrees of experience that,
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although the variations in the dynamic soil parameter values (damping and quake) between
the engineers were very large, the difference in the total capacity was small (V = 4-14%).
However, the CAPWAP program is equipped with an automatic procedure, which for most
cases will produce good results. The CAPWAP analyses in the present study were largely
based on this automatic procedure for two main reasons. Firstly, it produced good quality
results (i.e. a good match), and secondly, it ensured that the results were obtained in a more
consistent way than would be expected to be the case should the analyses have been
altogether manually performed. Moreover, Likins et al (1996) showed from a large
database that very reasonable capacity results were obtained using the automatic CAPWAP
compared with static load testing (V=18%). In the present study, the following procedure
was followed during the CAPWAP analyses:
1. Appropriate data adjustments were made. In particular, for some of the records a
small change (less than 10% ) in the force calibration had to be made, in order to
obtain good proportionality with the velocity curve early in the record. The slight
mismatch between the force and velocity curves was due to the fact that the
assumed elastic modulus of the concrete used during testing differed from the true
value. Furthermore, a small acceleration shift was made, so that the final
displacement at the end of the record would correspond with the measured set.
2. An automatic CAPWAP trial run was performed. The same soil model (i.e.
damping and quake) was used for all the shaft elements. Afterwards, several
additional trials were performed using different wave speeds.
3. Changes were made to the soil model and additional automatic runs were
performed in order to improve the match quality. Furthermore, a simple
sensitivity study was made to investigate the influence of the main CAPWAP
parameters on the results and on the match quality. It was found that using the
shaft radiation-damping model produced a better quality match. Moreover, more
reasonable damping values were obtained. The radiation-damping model
represents the loss of energy into the surrounding soil due to inertia effects (Tien,
1987). Likins et al. (1992) suggested that the radiation-damping model should be
used when unreasonable high shaft damping constants are encountered.
Furthermore, from the correlation study by Likins et al (1996), mentioned above,
clearly better correlation with static loading tests was obtained (V=9%) when the
radiation-damping model was used. In addition, the residual stress analysis option
was tested in the automatic procedure to estimate the magnitude of stresses locked
into the pile after end of driving.
4. Finally, the results and the match were thoroughly inspected. In particular, the
blow-count match and the damping parameters were checked to see if they could
be considered as reasonable.
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THE FIRST TEST SERIES - RESULTS AND ANALYSIS

7.1

Results from the dynamic testing

7.1.1 Dynamic testing and CAPWAP analyses
The stress-wave curves for Pile A measured at end of driving (EOD), after 1 day and after
143 days are depicted in Figure 7.1. As can be seen, the shape of the curves changed
markedly as a result of set-up. From a visual interpretation of the curves it is clear (to a
trained eye) that a large part of the set-up takes place along the shaft. Note that different
drop heights were used during the testing.
The results from the dynamic testing and the CAPWAP analyses, presented in Table 7.1,
indicate that the set-up mainly takes place along the shaft. Furthermore, the toe resistance
is fairly constant over time, although the scatter is large. At EOD the toe capacity is
roughly half of the total capacity, while after a set-up period of a few months this only
amounts to roughly 25% of the total capacity. The average toe bearing capacity is 335kN
according to the CAPWAP results. The residual stress analysis option was tested during
the CAPWAP analyses but did not reveal any (or very small) residual stresses locked into
the pile after EOD.
Table 7.1 Results from dynamic pile testing.
Time after Capacity,
installation Case Method

Emax

Shaft

Toe

[mm]

[m]

[kNm]

EOD

481

560

344

216

~7

0.2

8.7

1 Hour

630

703

452

158

6

0.2

10.5

1

1

595

1

295

1

7

0.4

15.6

740

890

1

6 Days

1285

1247

746

501

4

0.6

17.4

37 Days

1505

1354

1016

338

4

0.8

23.1

143 Days

1533

1441

1097

344

3.5

0.8

19.9

EOD

460

529

274

255

7

0.2

9.0

40 Minutes

585

678

360

318

5

0.2

7.3

830

1006

875

130

5

0.4

16.1

6 Days

1445

1402

1066

337

4

0.6

16.8

37 Days

1644

1677

1188

489

--

0.8

18.9

143 Days

1668

1710

1349

362

3

0.8

20.3

216 Days

1728

1774

1365

409

4

08

20.8

811

744

387

349

6.5

0.4

16.7

1436

1441

1122

319

6

0.8

23.8

PILE 1 Day
C

Dropheight

Total

PILE 1 Day
B

Set per
blow

[kN]

PILE 1 Day
A

Capacity,
CAPWAP [kN]

72 Days

12nd blow.
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Comments
The average unit toe capacity qt for Piles A-C for first time loading after EOD was 5.0
MPa. The cone resistance qc at the level of the pile toe, at a depth of 19-20, was
approximately 6 MPa, which gives a ratio qt / qc of 0.83. This is close to the value 0.6,
obtained according to the relationship (Equation 3.5) by Jardine and Chow (1996), and
indicates that the CAPWAP analysis has provided reasonable values.

Figure 7.1

Typical stress-wave curves (Pile A), top: EOD, middle: 1 day, bottom: 143
days.

7.1.2 Capacity versus time
As Figure 7.2 shows, the pile capacity (determined from CAPWAP analyses) increased
approximately linearly with the logarithm of time, although Pile A and B showed a slight
tendency to level off after roughly a month. This can be explained by the piles being
dynamically tested several times, thus disrupting the set-up process and decreasing the
horizontal stress acting on the pile. Pile C, however, was only tested on two separate
occasions, and therefore shows a stronger set-up effect. Moreover, the pile capacities
gradually decreased for every succeeding blow during a specific testing occasion. For
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instance, the 37-day capacity for Pile A decreased from 1505 kN to approximately 900 kN
between the first and third blow. The results also indicate that the increase in shaft capacity
mainly took place at a depth of 7-15 m, which is roughly within the silty sand layer, for
Piles A-C (the piles were driven to a depth of 19 m). This can be seen in Figure 7.4, which
shows the increase in shaft resistance over time for Pile A. Moreover, Pile B and C also
showed similar shaped shaft distribution curves. It should be noted that this shape (i.e. with
the maximum unit resistance a few metres from the toe) would also be expected if a large
degree of residual stresses were locked into the pile after driving.
Comments
The total A-factor (toe and shaft) according to Denver & Skov’s relationship (Eq. 2.1) is
approximately 0.35 and 0.4 for Pile A and B respectively, and approximately 0.5 for Pile
C. Further, the average A-factor for the shaft only is 0.9 for Pile C, see Figure 7.3.
Correspondingly, for Pile A and Pile B the shaft A-factor is approximately 0.8 between one
day and six days, but successively drops down to an overall value of approximately 0.5 for
the last tests, due to the disruption in the set-up process.
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1000
800
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200
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0,001
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Figure 7.2

Total pile capacity as a function of log-time (EOD is represented by the time
0.001 days).
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7.1.3 Dynamic soil parameters
The computed set (penetration) per blow, soil damping and soil quake values obtained
from the CAPWAP-analyses are presented in Table 7.2. The results indicate that there
possibly is a tendency for the toe damping to increase over time, particularly during the
first day. At the same time there is a tendency for the toe quake to decrease. For the shaft,
on the other hand, no time-dependency is observed for the soil damping or quake.
Table 7.2 CAPWAP results: computed set, soil damping and quake value.
Time after
installation

Computed set Soil damping, Smith
per blow
[s/m]

Quake
[mm]

[mm]

Toe

Shaft

Toe

Shaft

6.6

0.10

0.74

11.1

1.3

1 Hour

6.2

0.37

0.76

9.4

1.3

PILE

1

1 Day

6.8

0.19

0.68

11.0

1.3

A

6 Days

4.0

0.74

0.71

7.5

1.0

37 Days

5.6

1.19

0.56

8.7

1.3

143 Days

4.1

0.80

0.70

6.9

1.6

EOD

7.6

0.37

0.58

8.8

1.0

40 Minutes

3.6

0.74

0.66

8.0

1.2

PILE

1 Day

7.7

0.86

0.30

10.5

2.4

B

6 Days

4.1

1.14

0.52

5.2

1.2

37 Days

2.9

1.03

0.61

5.1

1.0

143 Days

3.4

0.67

0.72

5.7

1.5

216 Days

2.6

0.88

0.66

5.0

1.8

1 Day

7.6

0.73

0.83

8.5

1.8

72 Days

6.3

1.02

0.33

9.9

2.0

EOD

PILE
C
1 2nd blow.

Comments
As can be seen in Table 7.2 the scatter in dynamic soil parameters is significant, which is
normal for CAPWAP-analyses, see Section 6.7. Nevertheless, the results support in a
broad sense the findings by Svinkin (1997) and Castelli & Hussein (1998) with regard to
the changes in these parameters over time. However, in the present case no increase in
shaft damping was observed.
The effects of time on the dynamic parameters (Smith model) are generalized in Table 7.3,
for the mentioned studies, as well as for the present one. Similar trends were also observed
for the driven rods presented in Part III (Section 14.2.2) with respect to the shaft. With
regard to the toe damping, however, no trend was observed due to the large scatter in the
data. Note that the decrease in toe quake at restrike could also be due to a smaller
penetration during the testing.
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Table 7.3 The effects of time on soil damping and quake (general trends).
Shaft

7.2

Toe

Damping

Quake

Damping

Quake

Increases with time

Unchanged

No trend found

Decreases with time

Results from the earth pressure measurements

7.2.1 Horizontal stress during pile driving
During the installation of Pile C the driving was stopped at specific levels and readings
were taken. The results were compared in order to check the consistency of the cells.
Table 7.4 shows the horizontal (normal) total stress at different levels on Pile C
approximately one minute after the driving was stopped. The results are normalized with
respect to the differences in water pressure due to cells not being at exactly the same level.
The performance of the cells was consistent showing little difference between cells at the
same level.
Table 7.4

Total stress on the shaft at different levels approximately one minute after
driving was halted (values at final depth are presented in bold numerals).

Cell depth
[m]

C1
h/R= 5.5
[kPa]

C2
h/R= 16
[kPa]

C3
h/R= 27
[kPa]

C4
h/R= 40
[kPa]

C5
h/R= 40
[kPa]

C6
h/R= 52
[kPa]

6.80-7.44

57.7

50.0

-

59.5

59.5

51.6

10.07-10.83

-

93.7

88.1

89.5

87.6

-

13.20-13.23

118.5

116.4

114.9

-

-

-

15.60-15.80

138.2

139.1

-

-

-

-

18.2

169.4

-

-

-

-

-

Comments
The effect of decreasing normal stress with pile penetration has been studied by Lehane &
Jardine (1994). They found that the degradation of normal stress was a function of relative
distance from the pile tip h/R (h = distance from pile toe, R = pile radius). This behaviour,
which can possibly be noticed in Table 7.4, is in agreement with their observations,
although a smaller decrease in relative terms is observed here.
7.2.2 Horizontal stress versus depth
The local horizontal (normal) effective stresses on Pile C, presented in Figure 7.5, show
that very low values were acting on the pile shaft prior to loading, much lower than the
estimated in-situ horizontal effective stresses. For example, the horizontal stress ratio on
the shaft at rest, Krest , ranged from 0.05-0.08 after approximately one hour and increased to
0.10-0.15 after 72 days. However, it should be noted that the dynamic testing was
performed one day after installation. It was observed that the dynamic testing caused a
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small reduction in horizontal stress at rest. After the test the horizontal stress started
increasing again, but at a faster rate than just before the test, at least initially.
Comments
It should be noted that these small horizontal stress ratios could partly be due to an underregistration of the earth pressure, caused by a stress concentration at the pile corners.
As a comparison, Ng et al. (1988) observed horizontal stress ratios as low as 0.11-0.18 at
depths of four to seven meters shortly after EOD, for a driven concrete pile in loose to
medium dense sand that was instrumented with earth pressure cells on the shaft. Also
Gregersen et al. (1973) and Karlsrud et al. (1992) observed very small horizontal effective
stress ratios for driven piles, similarly instrumented, in sand and in clayey silt respectively
(see Section 2.5.2 for more details). These studies and the present one indicate that pile
driving in sand and silt can generate very strong arching effects around the shaft even at
considerable depths, due to the formation of high tangential and low radial compressive
stresses.

σ' hr (kPa)
0

10

20

30

0

40

40 min
2 hours
3.5 days

5

6.8 days
16 days
52 days

10

72 days

15

20

Depth (m)
Figure 7.5

Local horizontal effective stress versus depth.

7.2.3 Stress relaxation (creep)
Figure 7.6 shows the local horizontal effective stress on the shaft at rest (non-loaded pile),
σ′hr , versus the logarithm of time, for the cells C1-C6 from 3.5 days up to 72 days after
end of driving. The relationship is practically linear during the whole measuring period.
There is, however, a slight tendency for the increase in horizontal stress to level off with
time. This is particularly noted for the deepest lying cell, C1. Moreover, the shallowest
placed cells, C4-C6, show practically no measurable increase at all after nearly two
months.
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In Figure 7.7 the rate (per log cycle of time) of increase in horizontal stress at rest, due to
stress relaxation, is plotted against the in-situ vertical effective stress ∆σ′v0. The results
indicate that the rate of increase in horizontal stress was approximately (R2 = 0.98) related
to the in-situ vertical effective stress (σ′v0) as follows:
∆σ h′ , rel

(

log t 2 t 1

)

= C ⋅ (σ v′ 0 )

2

(7.1)

where
C is a constant (in this case C = 3 ⋅ 10 −4 ),
t1 and t2 [days] is the time after installation and
∆σ′h,rel = (σ′hr,1 - σ′hr,0 ) - ∆ur [kPa] is the corresponding increase in horizontal
stress caused by stress relaxation only (excluding pore pressure dissipation, ∆ur).
35,00
30,00
25,00

σ 'hr (kPa)

Cell C6

20,00

Cell C5
Cell C4

15,00

Cell C3
Cell C2
Cell C1

10,00
5,00
0,00
1

10

100

Time (days)

Figure 7.6

Local horizontal effective stress versus log time.

Comments
The relationship (Eq. 7.1) implies that ∆σ′h,rel increases with the depth in square. However,
a linear relationship would be expected, as the in-situ effective stresses increase linearly
with depth. It is therefore reasonable to assume that the relationship is only valid up to a
limited depth for when σ′hr reaches the same magnitude as the in-situ horizontal effective
stress, σ′h0.
Ng et al. (1988) also observed an increase in horizontal stress due to stress relaxation for a
period of several months after installation. Likewise, the maximum increase was found
near the pile tip (see Figure 2.8).
That the horizontal stress increases almost linearly with the logarithm of time corresponds
well with the relationship for pile set-up (Eq. 2.1) presented by Denver & Skov (1988).
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Figure 7.7

7.3

Rate of increase (average) in local horizontal stress versus depth (σ′v0).

Analysis of the results

7.3.1 The effect of loading on the horizontal stress
Figure 7.8 and 7.9 shows the average horizontal stresses acting on the shaft at failure (σ′hf),
compared with the average measured horizontal stresses acting on the shaft prior to loading
(σ′hr). Here, σ′hf is back-calculated from the shaft capacity determined by CAPWAP
analysis (total capacity minus the average end-bearing value of 335 kN), and using the
Coulomb failure criterion with an assumed interface peak friction angle, δ´p = 32°. A
comparison between the earth pressure at rest and the earth pressure during loading,
indicates that the average horizontal stress increased approximately 20-60 kPa during the
dynamic loading. This effect is explained by the soil having a tendency to dilate during
shearing, whilst being confined by the surrounding soil arch, and thereby generating a very
high increase in horizontal stress. However, as mentioned previously, the earth pressure at
rest is most probably to a limited degree under-registered.
Figures 7.8 and 7.9 reveal that the increase in shaft capacity (from CAPWAP) cannot be
entirely explained by the increase in the horizontal stress at rest. The reason being that the
increase in σ′hf over time is clearly larger than the increase in σ′hr over time. Figure 7.8
also reveals that the horizontal effective stress on the shaft decreased as a result of the
dynamic testing. On the other hand, the installation of Pile C at a distance of 2.8 m (12⋅D)
produced a direct increase in horizontal stress by approximately 10 kPa on average.
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Effective horizontal stress at rest and at failure for Pile C.

Comments
Direct measurements of the increase in horizontal (normal) stress during static loading on a
concrete pile by Ng et al. (1988) and on a steel pile by Puech (1982), driven in sand,
confirm that the increase in normal stress, due to dilation, can be considerable. Ng et al.,
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for example, reported that the horizontal effective stress during loading increased, on
average, by a factor 2.7 (58 kPa) up to the maximum load for a concrete pile driven in
medium dense sand, see Figure 2.9.
Ekström (1989) showed from a summary of several studies that the zone of soil
compaction, due to pile driving, normally takes place within a distance of approximately
6⋅D from the pile shaft. A relatively large increase in the horizontal stress was registered
when a neighbouring pile was driven, although the driving was easy, indicating that the
soil arch surrounding the pile was unstable and that a slight disturbance was enough to
break down the arch. This would be expected with regard to the very low horizontal
effective stresses that were present on the shaft. Ng et al. (1988), on the other hand,
observed a decrease in horizontal effective stress when neighbouring piles were driven.
7.3.2 Set-up caused by time-dependent changes in the dilatant behaviour
Figure 7.9 shows that ∆σ′hf = σ′hf - σ′hr on Pile C increases from approximately 20 kPa
during the first load test, 1 day after driving, to approximately 60 kPa during the second
load test, 72 days after driving. This behaviour can be explained using the cavity expansion
theory and assuming reasonable values based on the CPT results and on the laboratory
ageing tests by Daramola (1980), Chow (1996) and Eklund (1998).
For example:
Assuming an average shear modulus of 60 MPa and a dilation δh of 0.02 mm will
give an increase in horizontal effective stress ∆σ′hf of 20 kPa, which corresponds
well with the one-day value.
Furthermore, assuming a 25 % (based on Daramola, 1980) increase in shear
modulus per log cycle of time and a 0.02 mm increase in dilation (based on Chow,
1996 and Eklund, 1998) will give a ∆σ′hf of 59 kPa, which corresponds well with
the 72-day value.
These calculations clearly indicate that very small boundary displacements are able to
generate large horizontal stresses on the shaft during loading and, consequently, that a
small increase in dilation over time, due to soil ageing, can give rise to high set-up effects.
Comments
The surface roughness (Rmax) of steel piles can be expected to be approximately 0.01-0.02
mm and for concrete piles roughly 2-4 times larger. These values are in the same region as
δh, which implies that Rmax will have a strong influence on ∆σ′hf. Chow (1996) showed that
using the cavity expansion theory, Equation 2.5, with δh = 0.02 and G from CPT
correlations gave reasonable results, compared to measured values of ∆σ′hf for mainly steel
piles in sand (see Section 2.6.2). However, for concrete piles a higher value of δh would be
more valid.
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Conclusions from the first test series
The principal conclusions from the field study on Pile A-C are as follows:
The results from the earth pressure cells indicated that a distinct soil arch developed as a
result of pile driving. Moreover, the arch deteriorated with time, leading to an increase in
normal (horizontal) stress on the shaft. This increase is attributed to the effect of stress
relaxation in the surrounding soil arch.
Depending on the degree of pre-loading, the piles showed an overall increase in total
capacity of 30-50 % per log cycle of time. It was concluded that the set-up mainly took
place along the shaft. The increase in shaft capacity alone was 50-90% per log cycle of
time.
It was observed that the long-term increase in bearing capacity was approximately linear
with the logarithm of time, and continued for several months. The same results were
observed for the increase in normal stress on the shaft at rest (due to stress relaxation).
Furthermore, there was a clear tendency for the increase in normal stress to be strongly
depth-dependent, indicating a stress level dependency.
It was observed that a relatively large pile movement (several blows in which the ultimate
resistance was reached) was needed to destroy the set-up. It was, for instance, noted that
the set-up rate was considerably reduced for the piles that were load tested at several points
in time. It was furthermore noted that the shaft quake was relatively constant over time,
whilst the toe quake showed a tendency to decrease. Regarding the toe and shaft damping
factors no clear trend could be distinguished.
The results indicated that the long-term increase in normal stress on the shaft at rest was
too small to explain the full set-up effect. Instead, the cavity expansion theory was used to
explain the difference between the normal stress at rest and the normal stress at failure. It
was concluded that the observed set-up was primarily caused by an increase in confined
dilatancy over time due to soil ageing, and consequently, that an increase in the normal
stress at rest, due to stress relaxation, only contributed to a minor degree.
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8

THE SECOND FIELD TEST SERIES – TESTING
PROCEDURE

8.1

General description
The second field-test series involves a full-scale instrumented concrete pile (denoted
Pile D), driven in medium dense sand (on the border to loose) in Area B (see Figure 4.2).
The main objective was to investigate the effect of constrained dilatancy and its long-term
characteristics. The idea was to measure the changes in horizontal stress on the shaft
during static loading, due to the effect of confined dilatancy. For this purpose, the pile was
instrumented with both vibrating-wire earth pressure cells and piezometers on the shaft, as
well as a pressure cell at the pile toe. Static loading tests were performed at five points in
time, between the first day and almost two years after the end of driving. Furthermore, the
long-term increase in horizontal (normal) stress at rest, due to stress relaxation, was
monitored during the whole time-period. Table 8.1 gives the chronology of events at the
site.
Table 8.1 Chronology of events.
Event

Days after EOD

Date

Driving of the reaction piles

-

1997-08-13

0

1997-08-13

Static loading testing, 1 (virgin )

5

1997-08-18

Dynamic loading test

5

1997-08-18

0

1997-08-18

1

1997-08-19

8

1997-08-27

141

1998-01-06

667

1999-06-16

Driving of the test pile
st

1

Redriving the pile 20 cm
Static loading testing, 2

nd

Static loading testing, 3

rd

th

(virgin)

Static loading testing 4 , 5
Static loading testing, 6

th

th

1

Virgin test denotes the first loading test after EOD.

8.1.1 Instrumentation of Pile D
Earth pressure cells on toe and shaft
The configuration of pile instrumentation is illustrated in Figure 8.1. The test pile was
instrumented with five vibrating-wire contact earth pressure cells (Geokon, model 4810X)
flush with the shaft, denoted D1-D5, and one vibrating-wire contact earth pressure cell
(Geokon, model 4810X) on the toe, denoted TC. The shaft earth pressure cells, 200 mm in
square, consisted of two thin sandblasted steel plates with a high surface roughness (see
below). Principally, the cells are of the same type as those used on Piles A and C. A
general description of the earth pressure cells was given in Section 6.2.1. The readings
were corrected for changes in the atmospheric pressure and for the difference in cell
temperature above and below ground surface. When examining the results, it is important
to keep in mind that a relatively slight under-registration of the total earth pressure may be
present, due to the reasons previously discussed for Pile A and C in Sections 6.2 and 6.3.
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Configuration of pile instrumentation for Pile D (not to scale)
and soil profile.

Measurements of surface roughness
Figure 8.2 shows some typical results from the surface roughness measurements performed
on a concrete face and on a sandblasted steel face. The surfaces were of the same type as
for the concrete shaft of Piles A-D and earth pressure cells mounted on Pile D respectively.
The surface roughness of the steel plate was measured as Rtm = 26 µm, which is considered
as rough. Rtm (which is the equivalent of RzDIN) is defined as the mean of the maximum
peak-to-valley heights obtained within a specific sampling length, in this case 2.5 mm. The
surface roughness of the concrete pile was of approximately the same magnitude, Rtm =
47 µm. Summarized in Table 8.2 are the results from the roughness measurements. Rmax is
the maximum peak-to-valley height over the assessment length, which was 12.5 mm. Ra is
the arithmetic mean of the departures of the roughness profile from the mean line.
Table 8.2 Results from the roughness tests.
Rmax

Rtm

Ra

(µm)

(µm)

(µm)

Sandblasted steel

33

26

3.5

Concrete

72

47

7.6

It has to be pointed out that the values in Table 8.2 are obtained from surfaces unaffected
by any pile driving. The effect of this would be a decrease in the surface roughness due to
breakage and grinding of the largest asperities. As was shown by Müller (2000), the
surface roughness of a sandblasted steel rod was reduced after driving into medium dense
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sand under a moderate stress state (additional information is given in Chapter 10). The
reduction was noticeable, measuring a gradual decrease in the centre-line average
roughness Rcla (which is roughly half of Rtm) after the completion of the testing program,
from 12 µm (average) at the top half of the rod to 5 µm at a distance of 20 cm from the toe.

Figure 8.2

Surface roughness profile of concrete and sandblasted steel.

Piezometers
As mentioned in the testing procedure for the first test series at Area A, the dissipation of
excess pore pressures in the silty sand (at 7.1 m depth), caused by the driving of Pile A,
was completed within approximately 5-10 minutes after the driving ended. According to
the CPT results, the soil conditions are very similar across the whole site, so a similar
dissipation time would be expected for Pile D.
Three piezometers (Geokon, model 4500SX) were installed at three different levels along
the shaft, see Figure 8.1. The type of piezometer that was used is shown in Figure 8.3.
Their primary function was to measure the pore pressure changes during the static loading
tests, in order to evaluate the effective stresses on the shaft. Another reason was to monitor
the fluctuation in the groundwater table. The variations will also include changes in the
atmospheric pressure. This is a factor that must be taken into consideration when
measuring the relatively small increases in horizontal stress (normal stress), due to stress
relaxation. For instance, a change in atmospheric pressure of 50 mbar is equivalent to
5 kPa, which can be considered a normal fluctuation in Sweden when the weather
conditions change from rain to sunshine.
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For accurate measurements of the pore pressure, total saturation of the tip filter stone is
necessary. When the piezometer is lowered into water, this will compress the air in the
space in-between the filter stone and the diaphragm. After a period of time, the air will
dissolve and the space and the filter will be fully saturated. By comparing the results with
the water level measured through the open standpipe, it is estimated that the de-airing took
place within approximately 24 hours.
According to the manufacturer, the accuracy of the piezometers can be expected to be
approximately 1.7 kPa with a resolution of 0.1 kPa, which was completely satisfactory for
their purpose.

Figure 8.3

8.2

The type of piezometer used for Pile D (Geokon manual).

Pile installation
The instrumented test pile (Pile D), and four reaction piles(denoted Piles R1-R4) were
installed in Area B (see Figure 4.2) under relatively easy driving with a four tonne
hydraulic hammer (Junttan) and a drop height of 20 cm. The test pile was driven to a depth
of 12.8 m, and the reaction piles were driven to a depth of 11.8 m. The piles (concrete)
were 235 mm in square and equipped with a steel toe. Figure 8.4 shows the driving
resistance of the piles. The test pile, which was driven last and in the centre of the pile
group, exhibited harder driving for the last five metres. In order to reduce their effect on
the test pile, the four reaction piles were installed at an inclination of 3:1 away from the
test pile. The distance between the test pile and the reaction piles was one metre at ground
level and five metres at the level of the tip.
The pile driving was halted just before the respective cell passed the ground surface. It was
established that the cells were functioning satisfactorily and that no zero shifts had taken
place. After driving, the cells were also checked against the normal fluctuation of the air
and water pressure. The cell pressure fully corresponded with these changes, thus
indicating that no calibration shift had taken place due to the driving.
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Pile driving log: Pile D and the four reaction piles.

Static loading tests
The test pile was static load tested at different points in time, using a maintained load
procedure with approximately 10 steps. At every step the load was held for 8-16 minutes
by a hydraulic jack. The pile penetration was automatically measured every minute by two
displacement gauges mounted on a 4 m long reference beam. Figures 8.5 and 8.6 show the
arrangement of the static loading tests.
The pile capacity was evaluated using three different criteria; the Davisson criterion
(Davisson, 1972), the evaluated creep load and the load that corresponded to a pile toe
movement of 10% of the pile base diameter (s/D = 10%). According to the Davisson
criterion, the pile capacity Q is evaluated at the following pile displacement:
δ =

Q(δ )L D
+
+ 3.8
EA
120

[mm]

(8.1)

where D is the pile base diameter (for square piles De = 2b π ).
According to Poulus & Davies (1980), an error in the measured pile movement is to be
expected when performing static loading tests with the layout described above, due to the
interaction of reaction piles and test piles and to the placement of the reaction beam close
to the piles. However, these errors are mainly caused by an elastic soil mass displacement
as a result of loading and are estimated to be small in relation to the total pile movement at
failure.
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Figure 8.5

The loading test arrangement.

Figure 8.6

The loading test arrangement.
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8.4

The second test series - Testing procedure

Dynamic testing and CAPWAP analyses
In addition to the static loading test performed five days after EOID, a dynamic loading
test was also performed approximately one hour after completing the static loading test.
For this a pile driving analyser (PDA) was used, together with strain gages and
accelerometers attached to the pile. The test was carried out using the four tonne hammer
and a drop height of approximately 20 cm. This is the same type of equipment and drop
height as was used for the installation and dynamic testing of Piles A-C in the first test
series. The pile penetration for the blow was measured as 14 mm, clearly indicating that
the ultimate resistance was mobilized. To determine the static bearing capacity and its
approximate distribution along the shaft and toe, a CAPWAP analysis (stress-wave signal
matching) was performed. The same procedure for the PDA-measurements and the
CAPWAP analysis of Piles A-C, described in Section 6.7, was also used for Pile D.
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9

THE SECOND PILE FIELD TEST – RESULTS AND
ANALYSIS

9.1

Results

9.1.1 Static loading tests
The load-movement curves from the static loading tests on Pile D are depicted in Figure
9.1. As can be seen, it is apparent that an increase in the bearing capacity takes place over
time. As revealed in Figure 9.2, the capacity increased linearly with the logarithm of time.
It is interesting to note that the increase in capacity shows no tendency to level off between
a period of four months and 22 months, indicating that the set-up process could proceed for
several years. Another interesting point is that the second loading test performed 4 months
after EOD produced only a slightly smaller capacity than the first test. This would indicate
that a relatively large pile movement is needed to eradicate the effect of set-up. The same
type of behaviour was noted during the dynamic testing on Piles A-C. Here several blows
were needed to reduce the bearing capacity down to the value that existed at EOD.
Pile D showed an increase in bearing capacity (evaluated according to the Davisson failure
criterion) of 60 % (A=0.22) over a period of one day and 667 days (22 months). This is
clearly less than for Piles A-C (A = 0.4-0.5), which were driven deeper and in soil
undisturbed from previous pile driving.

Load (kN)
0

100

200

300

400

500

0
5

Displacement (mm)

10
15

22 months

20

4 months (2nd)

25
30

4 months (1st)
5 days (virgin)
8 days

35

1 day (virgin)

40

Figure 9.1

Results from static loading tests
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Figure 9.2

Increase in bearing capacity (Davisson criterion) versus time.

The pile-soil stiffness was calculated as the secant value at 80% of the failure load
(Davissons criterion). Between a period of one day and 22 months the stiffness increased
from 48 to 80 kN/mm (67%), which is almost of the same proportion as the increase in
capacity during the same period of time. As a comparison, the spring stiffness of the pile
itself (i.e. freestanding column stiffness) was calculated as 160 kN/mm. The capacity for
the loading tests performed five days (virgin test) 5 and eight days after EOD was almost
identical, indicating that the effect of stress history on the loading test result was
comparatively small. However, the pile-soil stiffness was slightly larger for the loading test
performed eight days after EOD.
The creep load was evaluated as the load where the creep curve (load versus creep
settlement, 4-8 min.) has its sharpest curvature, see Figure 9.3. The results show that the
creep failure load is only slightly less than the failure load (Davisson criterion) for all the
tests. Furthermore, the curves also display approximately the same shaped curvature
irrespective of ageing time. This would indicate that an aged pile is not exceedingly
sensitive to high loads close to failure.
The pore pressure measurements from the piezometers in the pile showed very small
increases during loading. The maximum measured increase in pore pressure which was
observed was approximately 1.5 kPa at the maximum applied load, and this was for the
piezometer (P1) closest to the toe This would indicate that very small volume changes took
place during loading.

5
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Table 9.1 Analysis of the static loading test results (in order of sequence).
Test

Failure load
(Davisson)
[kN]

Failure load
(s/D 10%)
[kN]

Failure load
(creep, 4-8 min)

Pile-soil stiffness
[kN/mm]

5 days (virgin test)

285

340

280

53

1 day (virgin test)

255

310

250

48

8 days

290

340

∼280

61

st

4 months (1 )

360

390

350

71

nd

4 months (2 )

340

-

-

71

22 months

410

450

410

80

6

5 days
1 day
8 days
4 months (1st)
22 months

Settlement 4-8 min (mm)

5

4

3

2

1

0
0

100

200

300

400

500

Load (kN)

Figure 9.3

Creep curves.

9.1.2 Dynamic testing and CAPWAP analysis
The evaluated static CAPWAP capacity (from the dynamic loading test performed 5 days
after EOD) was 389 kN, of which the toe capacity was 59 kN (1.1 MPa) and shaft capacity
330 kN. The toe capacity value is clearly smaller than what would be expected according
to the CPT results and what was measured by the toe cell (see Figure 9.9). Figure 9.5
shows the distribution of capacity along the shaft and toe. The CAPWAP capacity
overestimated the Davisson capacity by 36 %. This can partly be explained by the fact that
the Davisson capacity is evaluated at relatively small pile displacements, while the
permanent displacement during the dynamic testing was relatively large, i.e. 14 mm.
However, compared with the static capacity at a 10 % pile tip displacement, the CAPWAP
capacity only yields a 15 % overestimation (see Table 9.1). The CAPWAP analysis
suggested that the residual force at the toe was only 9 kN (0.16 MPa). Figure 9.4 presents
the static load-movement curves evaluated from the CAPWAP analysis compared with the
corresponding static loading curve. As can be seen, the CAPWAP curve shows a clearly
stiffer response than was evaluated from the static loading test.
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Figure 9.4

Static testing

Load-movement curves from the CAPWAP analysis and from static testing
(obtained 5 days after EOD).
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9.1.3 Toe and shaft response during loading
Horizontal (normal) stress on the shaft
Figure 9.6 shows the horizontal (normal) effective stresses acting on the shaft for Cell D1,
for the first five months (out of 22) of the test period. The four peak values are the
maximum effective stresses measured during a static loading test cycle. It is interesting to
note that the peak stresses show a tendency to increase over time, although the horizontal
stress at rest is almost constant over time. The same type of behaviour was noted for all the
shaft cells. However, a slight increase in the horizontal stress at rest was observed for the
other four cells. There was no clear trend observed of an increasing set-up rate with depth,
as was the case for Piles A and C in the first test series.

80

Horizontal effective stress (kPa)

70
60
50
40
30
20
10
0
1-8-97

1-10-97

1-12-97

31-1-98

Date

Figure 9.6

Measurements of σ′h on the shaft for Cell D1 during rest conditions and
loading to failure (peak values).

The results from the earth pressure cells show that a very strong increase in horizontal
stress was generated during loading of the pile, and that this effect increased over time.
This is clearly shown in Figures 9.7a-e. Furthermore, a slight decrease in horizontal
effective stress was observed for the first load step of approximately 50 kN, due to
principal stress rotation.
Figure 9.8 shows the increase in average horizontal effective stress on the shaft due to
loading up to failure, according to both the Davisson criterion and the s/D = 10% criterion,
for the different load tests versus the logarithm of time. The increase is very well
approximated by a linear relationship. It is interesting to note that the results suggest that
∆σ′hf was very small at the end of driving. This is supported by the observations made for
Piles A-C (see Figures 7.8 and 7.9 in Section 7.3.1).
It was concluded that the horizontal stress acting on the shaft at rest (i.e. the earth pressure
acting on the unloaded pile) was very small, indicating the presence of a distinct soil arch
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surrounding the pile. The horizontal stress at rest increased over time and, as revealed in
Table 9.2, was due to stress relaxation and to increases in residual stress after loading (preloading effect).
Table 9.2 Changes in the horizontal stress at rest.
Increase in average horizontal effective stress at rest [kPa]
1 - 8 days

1 - 141 days

1 - 667 days

Due to stress relaxation

0.5

2.9

6.3

Due to testing (pre-loading)

2.5

3.6

5.3

Total increase

3.0

6.5

11.6

However, the main cause behind the observed set-up is attributed to an increase in
confined dilatancy due to soil ageing. Figure 9.8 shows that this effect increases linearly
with the logarithm of time. Furthermore, it can be seen that ∆σ′hf (according to the
s/D=10% criterion) increased from 23 kPa to 43 kPa (i.e. an increase of 20 kPa,) over a
period of one day and 667 days (22 months). This should be compared with an increase
due to stress relaxation of only 6 kPa for the same time-period. However, the results
display a discrepancy, i.e. the horizontal increase in stress for the virgin test, performed
five days after EOD, is clearly smaller than might be expected according to the failure
load. This can be seen in Figure 9.8, by comparing the tests at one day and five days,
where approximately the same failure load was obtained. For this there is no obvious
explanation, but a possible explanation could be that the soil and stress conditions were
altered as a result of the redriving of the pile.
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Figure 9.7a Increase in σ′hf during loading vs. pile head displacement, shaft cell D1.
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Figure 9.7b Increase in σ′h during loading vs. pile head displacement, shaft cell D2.
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Figure 9.7c Increase in σ′h during loading vs. pile head displacement, shaft cell D3.
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Figure 9.7d Increase in σ′h during loading vs. pile head displacement, shaft cell D4.
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Figure 9.7e Increase in σ′h during loading vs. pile head displacement, shaft cell D5.
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Figure 9.8

Increase in average horizontal effective stress at failure versus time

Vertical stress on the toe
The toe capacity (Davisson), evaluated from Figure 9.9, was approximately 80 kN
(1.5 MPa) for the two virgin tests and almost constant at 105-115 kN (1.9-2.1 MPa) for the
subsequent tests. In Table 9.3 the toe capacities are evaluated for a relative base movement
s/D of 10%. The results show that hardly any set-up took place at the toe. For the virgin
tests, at one day and five days after driving, no change in toe capacity is observed. The
results also show that there is very little difference in toe capacity between the tests at
8 days, 4 months and 22 months after driving. In these tests the soil was pre-stressed from
the preceding loading tests. Furthermore, the maximum increase in toe stress during
loading ∆σ′vf is nearly constant for all the tests.
The vertical residual force on the toe was relatively modest. It slightly increased after each
loading test from 16 kN (0.3 MPa) after the end of driving, to 30 kN (0.55 MPa) after the
first test at one day after EOD, and up to a maximum of 39 kN (0.7 MPa), after the last test
104

II-Mechanisms

The second test series – Results and analysis

at 22 months. Included in these values is the effective vertical stress due to the weight of
the pile, which was 13 kN (0.2 MPa). The results from the CAPWAP analysis, mentioned
previously, also indicate that the residual stress at the toe was small.
Comments
A CPT cone resistance qc of approximately 5 MPa was obtained at a depth of 12.5 –13.5
m. For the one-day virgin test the ratio between the unit toe bearing capacity and the cone
resistance, i.e. qc / qt is 0.44 for the Davisson criterion and 0.52 for a s/D of 10%. This is
only slightly less than the value 0.6, calculated according to the relationship (Equation 3.5)
by Jardine and Chow (1996).
Table 9.3 Toe bearing capacities for different failure criteria.
Unit toe bearing capacity, ∆σ′ vf Residual toe stress
Test

(excl. residual stress)

(incl. pile weight)

Total unit toe
bearing capacity, qt

[MPa]

[MPa]

[MPa]

Davisson criterion s/D = 10%

s/D = 10%

5 days (virgin)

1.4

2.1

0.45

2.55

1 days (virgin)

1.5

2.3

0.3

2.6

8 days

1.9

2.4

0.55

2.95

4 months

2.1

2.4

0.7

3.1

22 months

2.1

2.5

0.7

3.2

∆σ'v

Toe cell
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1 day (virgin)

1000
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0
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50
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Figure 9.9

Increase in vertical effective stress during loading.
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Analysis of the results

9.2.1 Stress-paths
In Table 9.4, the total pile capacity evaluated from the loading tests, the toe capacity
measured by the toe cell and the shaft capacity are given. Furthermore, the unit shaft
capacity is calculated assuming shaft resistance in the sand deposit only (the top 2.5 m of
clay is omitted).
As mentioned in Chapter 6, the absolute values of the horizontal effective stress on the
shaft at rest was somewhat erroneous, although the measured changes in the stress at rest
(stress relaxation) and the instantaneous stress increase during loading are expected to be
correct.
However, an attempt has been made to back-calculate the horizontal stress at rest. The
main objective with the calculations is to provide a general picture of how the stress-paths
changed over time. The results are given in Table 9.5, which contains:
•

The average horizontal stress at failure, σ hf′ , calculated assuming an interface
friction angle of 23° (the value is reasonable according to Figure 2.13).

•

The increase in average horizontal stress during loading to failure (s/D = 10 %),
∆σ hf′ , see Figure 9.8.

•

The average horizontal stress at rest, σ hr′ , is then calculated from: σ hr′ = σ hf′ − ∆ σ hf′
(i.e. Eq. 2.3). Further, the increase in the stress at rest, according to Table 9.2, is
taken into account. The x denotes the stress one day after EOD.

As can be seen, an x-value (i.e the one-day value of σ hr′ ) of approximately 20-24 kPa was
the result from the calculations for all the tests. This seems a very reasonable value, giving
an average Krest of roughly 0.25 after one day and which increases to roughly 0.40 after 22
months, due both to stress relaxation and the effect of load testing (pre-loading).
Table 9.4 Pile capacities.
Test

Q (+W´)

Qtoe

Qshaft

fs

(time after EOD)

(s/D 10%)

( = qt ⋅At)

(= Q+W´-Qtoe)

(= Qs / As,eff )

[kN]
310 (+13)

[kN]

[kN]

[kPa]

1 day (virgin pile)

143

180

20.0

8 days

340 (+13)

163

190

21.1

4 months (1 )

390 (+13)

171

232

25.8

22 months

450 (+13)

177

286

31.8

st

2

As,eff = 9.0 m , the pile shaft area in the sand. W´= pile weight.
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Table 9.5 Horizontal stresses acting on the shaft. Results from the back-calculation (the
horizontal stress at rest one day after EOD is denoted x).
∆σ hf′

σ hr′

x

[kPa]

[kPa]

[kPa]

[kPa]
1 day (virgin pile)

47.1

23

x

24.1

8 days

49.7

27

x+3

19.7

4 months (1st)

60.8

34

x +6.5

20.3

74.9

1

x + 11.6

21.3

σ hf′

Test
(time after EOD)

22 months

(= f

s

tan δ ′

)

42

Figure 9.10 –9.11 shows ∆σ hf′ as a function of the average shear stress, τ , during loading,
for the tests performed one day and four months after EOD. The shear stress is calculated
from the applied axial load minus the measured unit toe resistance (and assuming shaft
resistance in the sand only, i.e. As,eff = 9 m2, and an interface friction angle δ ′ = 23o ). It is
interesting to note that ∆σ ′h becomes slightly negative during early loading. This is due to
principal stress rotation as mentioned in Section 2.6.2.
Finally, Figure 9.12 illustrates the stress paths that are concluded from the aforementioned
calculations for one day, 8 days, 4 months and 22 months1. As can be seen in the figure, it
is evident that the predominant cause behind the observed set-up can be attributed to an
increase in ∆σ hf′ over time, which is caused by an increasing dilatant behaviour due to soil
ageing. For instance, the stress-path for the test at 22 months starts at σ′hf =33 kPa and
reaches failure at σ′hf =75 kPa.
The results suggest that the observed set-up can, in this case, be divided into three main
causes:
1. An increase in ∆σ hf′ over time as a result of soil ageing. As can be seen in
Figure 9.8, ∆σ h′ increased from 23 to 43 kPa between 1 and 667 days.
2. An increase in the horizontal stress at rest, σ hr′ , due to stress relaxation. This was
measured as 6.3 kPa between 1 and 667 days, see Table 9.2.
3. An increase in the horizontal stress at rest, σ hr′ , caused by the loading test. This
was measured as 5.3 kPa between 1 and 667 days see Table 9.2.
In summary, approximately 65% of the set-up was due to soil ageing. The remaining set-up
is attributed equally to stress relaxation and an increase in the horizontal stress at rest
caused by the testing itself (pre-loading). However, omitting the effect caused by the
testing, which would not normally be present, indicates that approximately 75% of the setup was caused by soil ageing, and 25 % by stress relaxation.
The calculations are, however, impaired with a few uncertainties. In particular, it is not
clear what the stress distribution between the corners and the centre of the pile look like
1

Cell D2 was not functioning; in which case values according to the trend were used.
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during loading. Moreover, it is also possible that the measured stresses during loading are
somewhat underestimated, due to the smaller surface roughness of the earth pressure cells
compared to the roughness of the concrete shaft. However, these discrepancies are believed
to have little effect on the general picture of the stress-paths at the pile shaft.
One day after EOD
30

Shear stress (kPa)
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0
-10
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Figure 9.10 The change in horizontal effective stress on the shaft during loading as a
function of the average shear stress for the test one day after EOD.
Four months after EOD
40

Shear stress (kPa)

30

20
D1
D2
D3

10

D4
D5
Average

0
-10

0

10

20

30

40

50

60

70

Increase in hor. eff. stress (kPa)

Figure 9.11 The change in horizontal effective stress on the shaft during loading as a
function of the average shear stress for the test four months after EOD.
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Figure 9.12 Average stress paths at the shaft.
9.2.2 Analysis using the cavity expansion theory
A calculation of the average increase in horizontal stress at failure was performed using the
cavity expansion theory (see Section 2.6) with an average shear modulus of 50 MPa
(estimated from the CPT, using a relationship by Baldi et al., 1989), with a pile radius of
0.12 m and an interface boundary displacement δh of 0.02mm to 0.04 mm. This range of
δh was chosen, because it corresponds well to the data from similar loading tests on
instrumented piles carried out by Ng et al. (1988). Furthermore, steel-soil interface
laboratory ageing tests on saturated dense sand by Chow (1998), show an increase in total
dilation from 0.03 mm to 0.06 mm which took place between 0 and 60 days. Finally, the
surface roughness of the earth pressure cells (Rmax = 0.033 mm) lie within this range. In the
calculations the shear modulus is assumed, for the purpose of simplicity, to be constant
over time. The results of the calculations give a ∆σ hf′ ranging from 17 kPa up to 34 kPa,
which corresponds very well with the measured values depicted in Figure 9.8 and 9.12.
One of the most interesting conclusions drawn from these results is that even very small
horizontal displacements, due to dilatancy, are able to generate considerably strong
increases in horizontal stress during loading. Moreover, any time-dependent changes in the
dilatant behaviour at the pile-soil interface leads to an increase in capacity. Consequently,
the cavity expansion theory can also be used to explain the mechanisms of set-up.
Although a very good correlation was obtained between the cavity expansion theory and
measured data, it is important to remember that estimating δh is difficult as it is strongly
time-dependent. It is also a function of the pile shaft surface roughness. Further, the
evaluation of the shear modulus from the CPT introduces uncertainty in the calculations.
This is because the shear modulus around the pile may diverge from the in-situ value, as a
result of the large soil disturbance caused by the pile driving. Although neglected in these
calculations, the shear modulus also increases with time.
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Conclusions from the second test series
The principal conclusions from the field study on Pile D are as follows:
Based on the aforementioned observations, the long-term set-up is attributed to two main
interrelated causes: stress relaxation and soil ageing. It is concluded that the effect of
increasing dilatant behaviour on the horizontal stress (due to soil ageing) over time clearly
was the predominant cause.
The pile showed a 60% increase in capacity (Davisson criterion) between a period of 1 day
and 22 months. The increase was approximately linear with the logarithm of time and
continued for several months without showing any tendency to level off.
The results imply that approximately 65% of the observed long-term set-up was caused by
increasing dilatant effects over time. The remaining set-up was caused by an increase in
horizontal stress at rest, in part due to long-term creep and in part due to pre-loading
(several loading occasions). The results confirm the conclusions drawn from the first test
series, i.e. time-dependent dilatant effects were, by far, the predominate cause behind the
observed set-up.
Only small horizontal stresses were observed to be acting on the shaft at rest. This shows
that pile driving in sand can generate strong arching effects around the shaft, even at
considerable depths.
Through back-calculation the average stress-paths for the shaft were depicted. The failure
took place on the Coulomb failure line at an estimated interface friction angle of
approximately 23 degrees.
The results show that the set-up is a phenomenon closely related to the shaft. At least in a
practical sense, no set-up was observed to occur at the toe. The results also indicate that
relatively large pile displacements are needed for complete eradication of the effect of setup.
The results show that constrained dilatancy plays a major role in the behaviour of friction
piles in sand, resulting in an extensive increase in horizontal effective stress during actual
loading.
The cavity expansion theory can be used as a theoretical framework for explaining the
behaviour of friction piles during loading. It also provides an explanation of the
mechanisms involved during set-up.
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10

Laboratory rod shear ageing tests

LABORATORY ROD SHEAR AGEING TESTS

10.1 Introduction
A laboratory ageing study was performed by Rasmus Müller in 1999-2000, and resulted in
a M.Sc. thesis. The study was initiated and performed under the supervision and guidance
of the author of the present study. In short, the study involved driving model piles (rods)
into a pressurized chamber filled with saturated medium dense sand. The piles were left to
age, and uplift tests were performed at different points in time during a period of maximum
three weeks.
The main aim with the study was to develop a laboratory test method for simulating pile
set-up, and to investigate the influence of depth (in-situ effective stress) on the set-up
process. In the first field test series it was observed that the increase in the normal stress on
the shaft at rest (due to stress relaxation) was strongly dependent on the in-situ vertical
effective stress (see Section 7.2.2). A brief description of the testing procedure, results and
conclusions is presented below. A full account is, however, given by Müller (2000).

10.2 Testing equipment and materials
10.2.1 Chamber device
Figure 10.1 illustrates the chamber device and the test layout. In brief, the testing
equipment consisted of a steel cylinder divided into three segments, as well as a bottom
steel plate and a steel lid. On the inside of the cylinder three neoprene airbags were placed.
These were connected to an air compressor applied with an air pressure regulator.
10.2.2 Rod characteristics
The rod was made of stainless steel with a length of 2.65 m and a diameter of 28 mm. The
rod tip was conical shaped with an angle of 120°. The rod was sandblasted, which,
according to measurements, produced a centre-line average surface roughness (Rcla) of
approximately 9-13 µm. Roughness tests were also performed after the test series. These
showed that the roughness had decreased close to the tip due to the driving. Within a
distance of 20 cm from the tip a Rcla of 5 µm was measured, and between 20-45 cm a Rcla
of 7 µm. For the remainder, no significant change in the roughness was noticed.
10.2.3 Soil conditions
The soil used in the tests was a relatively well-graded postglacial sand. The sand was fully
saturated using ordinary tap water. A petrografical study showed that the sand mainly
consisted of quarts (60 %) and feldspars (27%), and to a minor degree of biotit (6%),
hornblende (5%) and muscovit (2%). The mean particle size d50 was 0.65 mm and the
uniformity coefficient was 4.7. The amount of silt and clay was 3% by weight. Several
grading tests were performed, before, after and during the course of the test series. There
was practically no difference in the grading curves, and the silt and clay content remained
constant throughout the test series.
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Figure 10.1 The testing device and experimental layout.

10.3 Testing procedure
10.3.1 Sand preparation
The sand was compacted using a Modified Proctor-Compactor (according to ASTM
standard D-1577). However, an alteration was made in order to compact the sand more
evenly in the cylinder. A quarter-circle steel plate, with the same diameter as the cylinder,
was welded to the bottom of the compactor. The sand was compacted in an air-dry state in
layers of approximately 75 mm (after compaction). This resulted in an overall relative
density between 63-73% (see Table 10.1). After compaction the cylinder was slowly filled
with water. The airbag pressure was then applied and left for approximately 24 h before the
installation of the rod.
10.3.2 Rod installation
The rod was driven 970 mm into the sand by a 10.1kg weight. The weight was manually
lifted and dropped from a height of 0.2 m onto a steel plate attached to the rod, see Figure
10.1. The driving resistance is depicted in Figure 10.2. It is clearly observed that there is a
tendency for the resistance to increase with an increase in the confining pressure.
Furthermore, it can be seen that the slight difference in relative densities (Dr) had an
influence on the driving resistance. However, the relatively moderate increase in the
penetration resistance with depth indicates that a considerable amount of the resistance is
caused by the penetration of the toe.
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Figure 10.2 Driving log.
10.3.3 Uplift tests
The uplift tests were performed using a maintained load procedure. The load was applied
by weight increments of 0.5 to 8 kg, and transferred to the pile through a calibrated pulley
system. The weight was held during each step until no more creep movement was
observed. The movement of the rod was measured with a deflection transducer with a
resolution of 0.01mm. A series of three to five tests were performed on each rod at
different points in time, from a minimum of 0.5 hours up to a maximum of 23 days. In
order to examine the effect of stress history, a few of the tests were performed directly
after the completion of a preceding test. The uplift capacity was evaluated at a pile
movement of 5% of the rod diameter (s/D = 5%). This corresponds roughly to the plunging
load for the tests where a horizontal pressure was applied.

10.4 Results and analysis
Figure 10.3 and 10.4 shows some typical examples of the load-movement curves. As can
be seen the effect of set-up is apparent. Although, the effect of stress history (pre-loading)
on the uplift capacity was noticeable, especially between the first and the second tests, it is
clear that the main long-term gain in capacity is caused by set-up. This is clearly observed
in Figure 10.4 where only a minor difference in capacity was measured between the two
testing occasions, at 3-4 hours and at 7 days respectively.
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The results from the uplift tests6 are presented in Table 10.1, together with calculated
values of shaft resistance and the apparent interface friction angle. Note the very high
interface friction angles, ranging from 32° to 44°, which were obtained from the last
testing occasions at 7 and 23 days respectively. This is clearly larger than is to be expected
for a steel-soil interface friction angle (see Figure 2.13), or for that matter even for a peak
soil friction angle, indicating that high horizontal stresses are generated during loading as a
result of constrained dilation.
The uplift capacity versus time is depicted in Figure 10.5 for all the tests. The results show
that the increase in capacity is strongly dependent on the applied horizontal pressure,
clearly indicating that set-up is stress-level dependent. This is also illustrated in Figure
10.6, showing the increase in capacity between the first hours and 7 days (i.e. the set-up
rate) as a function of the applied horizontal pressure. The results clearly imply that the setup rate is a function of depth. The equation, presented in the figure, relating to the gain in
capacity to the applied pressure in square, was best fit to the measured data by the leastsquare method (the correlation coefficient, R2 = 0.77). A similar dependency was also
noted for Pile C in the first test series with regard to the increase in the horizontal stress at
rest, due to stress relaxation (see Equation 7.1).
Comments
The very high interface friction angles observed in the tests imply that constrained dilation
was a dominant factor behind the observed set-up. This is also supported by the fact that
very moderate pressures were used in the tests. Consequently, the increase in the normal
stress on the shaft at rest, due to stress relaxation, would be expected to be small compared
to the noticeable increase in capacity that took place over time.
Mooney (1998) concluded from a comprehensive study of the rod shear test that it is not a
very suitable method for determining the interface friction angle for rough surfaces, due to
the influence of constrained dilation. In order to determine the correct friction angle, it was
suggested that measurements of the normal stress at the interface have to be performed
during testing. However, as indicated in the present study, the method seems very suitable
for parameter studies on pile set-up.

6

The individual test series are denoted Fx:yy, where the x represents the order of the series and yy the applied
horizontal pressure in kPa.
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Table 10.1 Results from the uplift testing.
Test
series

Confining
pressure

Dr

Ident.

[kPa]

[%]

F0: 0

F1: 0

F4: 10

F7: 10

F5: 20

F6: 20

F8: 20

F2: 30

F3: 30

0

0

1

1

10

10

20

20

20

30

30

63

66

70

70

68

69

73

66

71

Time after
driving

Uplift
capacity, Qf

Shaft
resistance, fs

Apparent
interface
friction
angle, δ'

[N]

[kPa]

1 hour

234

2,7

-

20 hours

238

2,8

-

22 hours

215

2,5

-

7 days

229

2,7

-

7 days

284

3,3

-

1 hour

284

3,3

-

4 hours

243

2,8

-

6 hours

238

2,8

-

6 days

348

4,1

-

6 days

238

2,8

-

1 hour

495

5,8

30

1.5 hours

624

7,3

36

7 days

770

9,0

42

0.5 hour

381

4,5

24

1 hour

555

6,5

33

7 days

646

7,6

37

1 hour

715

8,4

23

2 hours

889

10,4

28

7 days

1045

12,3

32

0.5 hour

743

8,7

24

1.5 hours

1000

11,7

30

7 days

1192

14,0

35

0.5 hour

660

7,7

21

1 hour

715

8,4

23

7 days

935

11,0

29

23 days

1165

13,7

34

1 hour

1009

11,8

22

3 hours

1467

17,2

30

4 hours

1568

18,4

32

7 days

1907

22,4

37

7 days

1990

23,3

38

1 hour

1302

15,3

27

2 hours

1623

19,0

32

2.5 hours

1880

22,0

36

7 days

2499

29,3

44

1

An average horizontal stress of 2.4 kPa if the weight of the soil is considered and assuming K =0.5.
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Figure 10.3 Load-movement curves for F8: 20 kPa.
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Figure 10.4 Load-movement curves for F2: 30 kPa.
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Figure 10.5 Increase in uplift capacity versus time.
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Figure 10.6 Set-up rate versus applied horizontal pressure.
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10.5 Conclusions from the rod shear tests
The principal conclusions from the laboratory rod shear tests are as follows:
It was possible to simulate pile set-up in the laboratory using a rod shear chamber test
device. Although relatively moderate horizontal pressures were used, the effect of time on
the capacity was clearly distinguished.
The testing device proved to be very simple to handle and could easily be modified for
compression or torque tests. Moreover, it is believed that the device would be ideal for
parameter studies of pile set-up.
Very high interface friction angles, in excess of the expected peak soil friction angle, were
observed for many of the tests. This would indicate that a pronounced effect of constrained
dilation was present during loading.
The results showed that the increase in capacity over time was clearly influenced by the
applied horizontal pressure, indicating that set-up is dependent on pile penetration depth
(i.e. in-situ effective stresses).
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DISCUSSION AND CONCLUSIONS OF PART II

11.1 Introduction
The main aim with the research work was to investigate the foremost mechanisms behind
the phenomenon of long-term capacity increase (i.e. set-up) of driven piles in non-cohesive
soil. The main hypotheses, based on Schmertmann (1991) and Chow et al. (1996), is that
long-term set-up is predominately caused by two interrelated mechanisms:
1. Horizontal creep as a result of stress relaxation in the surrounding soil arch.
2. An increase in stiffness and dilatancy of the soil due to ageing7; in this case
mainly rearrangement of particles, leading to an interlocking between grains and
the surface roughness of the pile.
In this context an important objective was clarifying what effect these mechanisms play in
the set-up process and how they are interrelated. Furthermore, what the main factors are
that influence the degree of set-up.
Other causes that have been suggested in the literature as having an effect on set-up are
pore pressure dissipation (short-term increase in effective stress) and chemical effects, such
as cementation of particles at grain contacts and corrosion. However, these were revealed
in the literature review as not being likely to cause the large set-up effects often observed
in the field, though serious consideration of their possible effect was taken into account,
when planning the present investigation and examining the results.

11.2 Conclusions from part II
The main conclusions drawn from the two test series on instrumented piles and the
laboratory chamber tests are as follows:
1. The dynamic testing of Piles A-C showed that a relatively large pile movement
(several blows in which the ultimate resistance was reached) was needed to
destroy the set-up. It was noted that the long-term set-up rate was considerably
reduced when the piles were load tested several times. The piles showed an
average increase in capacity of 50 % with every log cycle of time between the first
and second restrike. Pile D, which was static load tested at several points in time,
showed only a 20 % increase in capacity per log cycle of time.
2. It was noted that pile driving in sand was able to generate strong arching effects
around the shaft, even at considerable depths. The arch deteriorated with time,
causing an increase in horizontal (normal) stress on the shaft, due to stress
relaxation (creep).

7

Schmertmann (1991) defined “pure” soil ageing as changes in the soil properties due only to the passage of
time. Hence, time-dependent stress changes are not included.
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3. The increase in horizontal stress due to stress relaxation continued for several
months and was approximately linear with the logarithm of time. However, a
slight tendency to level off with time was observed, especially at shallow depths,
indicating a stress level dependency.
4. The results from the instrumented piles show that the rate of increase in horizontal
stress at rest was clearly greater with depth. This is with regard to the piles (A and
C) driven in relatively undisturbed soil. However, for Pile D, which was installed
after the reaction piles, no clear trend was observed.
5. The results also show that the set-up is a phenomenon closely related to the shaft at least in a practical sense. Little or no set-up was observed occurring at the toe.
6. The results show that dilatancy can play a major role in the behaviour of friction
piles in sand, resulting in an extensive increase in horizontal effective stress
during actual loading. Furthermore, the results also show that this effect is
strongly time-dependent.
7. The observed long-term pile set-up was attributed to two main causes, stress
relaxation and soil ageing. The results from the first test series indicated that only
a minor part of the long-term set-up for Piles A-C was due to stress relaxation.
This caused a breakdown in the soil arch allowing the horizontal stress to increase
close to the pile. It is concluded that the predominant cause behind the observed
set-up was an effect of increasing dilatant behaviour over time, due to soil ageing.
The results from the second test series (pile D) confirm this, and clearly show that
dilatancy was the ruling mechanism behind the observed set-up.
8. Moreover, the results even indicated that the set-up, which took place during
short-term, was mainly due to stress relaxation and soil ageing. Consequently, the
dissipation of excess pore pressures only gave a relatively minor contribution to
the overall set-up.
9. It was shown that pile set-up can be simulated in the laboratory using a rod shear
chamber test device. The results showed very high apparent interface friction
angles, indicating that constrained dilation was a dominant feature during loading.
The results also showed that the initial horizontal effective stress had an extensive
influence on the degree of set-up, supporting the findings mentioned in Paragraph
3 above.
10. The cavity expansion approach (Equation 2.5) was able to provide a theoretical
framework for explaining the behaviour of the friction piles (in non-cohesive soil)
during loading. It also provided an explanation of the mechanisms involved
behind long-term set-up, in which the ruling parameters are:
• The pile radius, which also affects the overall soil disturbance (and induced
soil stresses) of the soil mass.
• The soil stiffness (shear modulus).
• The pile-soil dilatancy, δh, which is dependent on the surface roughness of
the shaft and the soil characteristics.
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11.3 Conceptual model of pile set-up
Based on the results the following conceptual model of the set-up phenomenon is proposed
(illustrated in Figure 11.1):
1. The penetration of the pile toe during driving pushes the soil to the side.
Furthermore, sideways whipping of the shaft and lateral stress waves gradually
create a soil arch with high tangential stresses and low normal stresses acting on
the shaft.
2. The arch deteriorates with time due to stress relaxation (creep), which leads to an
increase in horizontal (normal) stress on the pile shaft. This process can, for most
cases, be expected to continue for at least several months.
3. In conjunction with the creep process, the soil particles become increasingly
interlocked with the pile surface. The rearrangement of soil particles leads to an
increasing dilatant behaviour and stiffness over time.
4. During the subsequent loading of the pile, the effect of constrained dilatancy will
generate large horizontal stresses on the shaft. The cavity expansion theory can be
used for calculating the increases in horizontal stress, provided the dilation and
soil stiffness can be quantified.

Figure 11.1 Schematic illustration of stress relaxation and increasing constrained
dilatancy over time with regard to piling.
In the conceptual model the cavity expansion theory provides a theoretical framework (in
an elastic soil mass) for explaining the changes in normal stress during loading of the pile.
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The basic conditions for the conceptual model are:
•

The pile should be some type of driven (rammed) displacement pile (i.e. the soil
disturbance during driving has to be significant in order to create a soil arch and
the conditions for stress relaxation).

•

The soil behaves in a clearly dilatant manner (non-cohesive soil).

•

There is a pronounced interaction between soil and pile surface (i.e. the pile has
to have a sufficient surface roughness, and further, the size and the surface
characteristics of the grains have to enable interaction).

According to the Coulomb failure criterion, the shaft capacity is directly proportional to the
horizontal (normal) stress acting on the shaft. Hence, set-up could also be defined as the
difference in the maximum horizontal effective stress at failure between two points in time.
In order to distinguish the components of set-up, the following definitions are proposed:
1. The total set-up (short-term and long-term), which is caused by the dissipation of
excess pore pressures (∆ur), stress relaxation (∆σ’h,rel) and soil ageing (∆σ’h,age), is
defined as the difference in horizontal effective stress at failure between the time
t0 and t1 as follows:
∆σ h′ , set = ∆u r + ∆σ h′ ,rel + ∆σ h′ , age = σ hf′ ,1 − σ hf′ ,0

(11.1)

2. Herein, the part of the short-term set-up that is caused by the dissipation of excess
pore pressures acting on the shaft between the time t 0 and t 1 is expressed as:
∆u r = u r 0 − u r1

(11.2)

3. Further, the stress relaxation (creep) part of the set-up is defined as the increase in
horizontal effective stress at rest, and excluding pore pressures changes, as
follows:
′ ,1 − σ hr
′ , 0 ) − ∆u r
∆σ h′ , rel = (σ hr

(11.3)

or:
∆σ h′ , rel = σ hr ,1 − σ hr ,0

when ∆u r ≥ 0

(11.4)

4. Finally, the soil ageing part of the set-up is defined as the difference in ∆σ hf′
′ ) mainly due to dilatant effects during loading:
(= σ ′hf − σ hr
∆σ h′ , age = ∆σ hf′ ,1 − ∆σ hf′ ,0
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11.4 Discussion
11.4.1 Factors influencing the set-up behaviour
The cavity expansion theory suggests that the soil parameters affecting the horizontal stress
during loading are the stiffness and dilation of the soil during shear. Hence, a timedependent increase in these parameters would unmistakably lead to set-up. Moreover, this
effect will decrease with increasing pile diameter. However, the great difficulty lies in
predicting the set-up behaviour at any specific site as is suggested by the following list of
eight major factors involved in the set-up process:
1. The relative density and stiffness of soil. These properties obviously have a major
influence on the horizontal stresses that are generated during loading as an effect of
constrained dilatancy. Hence, an increase in the soil stiffness, due to soil ageing, will
generate higher horizontal stresses during loading. The effect has been extensively
reviewed by Sobolewsky (1995).
2. The grain size distribution. Åstedt et al. (1994) observed from various piling projects
that the long-term set-up was clearly higher in silty soils than in sandy soils. This is
possibly due to the fact that silty soils, as well as well-graded soils, have a greater
potential for interacting with the surface roughness of the pile.
3.

The grain strength. The strength of the sand particles will influence the degree of grain
crushing, and consequently the level of constrained dilatancy that can be generated.
Obviously, this has little effect on soils containing hard minerals and for the relatively
small stresses generated at the pile surface. The effect of grain crushing and fracturing
increases with particle size, due to greater contact pressure.

4. The grain structure and shape. This influences the degree of interlocking between soil
particles and between soil particles and the surface roughness of the pile, and
consequently on the degree of dilation. For instance, angular shaped particles will of
course interact better than rounded particles. Furthermore, the surface roughness of
both the pile and soil particles obviously also play an important role in this mechanism.
Tomlinson (1996) measured very large increases in shaft capacity of piles driven into
micaceous sand (flaky particles).
5. The moisture content of the soil. Sobolewsky (1995) showed from shear tests that
increasing moisture content considerably decreases the dilatant component of shear
strength. A consequence of this would be a higher degree of constrained dilation of
piles in unsaturated soil. This is supported by very large set-up effects observed by
Svinkin et al. (1994) for three piling projects in unsaturated soil. A part of this higher
set-up rate could possibly be due to the fact that higher effective stresses are present in
soil above the groundwater table and thus lead to a faster breakdown of the surrounding
soil arch (see point 7 here below).
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6. The concentration of salt, silica and other impurities in the pore water after pile
driving. This was shown by Joshi (1995) and others to affect the increase in soil
strength. Dissolution and precipitation of salts and silica at particle inter-spaces may
also lead to increasing dilatancy with time.
7.

The in-situ stress level in the soil. The results from the first test series for Pile C,
driven into almost undisturbed normally consolidated soil, showed that the degree of
stress relaxation strongly increased with depth. The laboratory rod shear ageing tests
confirmed that the degree of set-up increases with increasing in-situ lateral stress.
However, for Pile D in the second test series, the stress relaxation was considerably
smaller and instead showed a tendency to decrease with depth. This pile was driven
into soil previously disturbed by the driving of the reaction piles.

8. The installation procedure, together with the shape and stiffness of the pile. This has an
influence on the stresses introduced into the soil, and consequently on the degree of
arching and stress relaxation. Additionally, it is reasonable to believe that set-up due to
soil ageing, continues for at least as long as stress relaxation occurs. Schmertmann
(1991) even suggested that stress relaxation is necessary, as it provides the energy for
the ageing mechanisms. Another important aspect is the driving of neighbouring piles.
This could have a significant effect on the degree of set-up in-as-much as it may cause
a sudden breakdown of the soil arch.
11.4.2 Comparison with previous case histories
In the literature review a database was compiled where the reference capacity was
measured after the dissipation of excess pore pressures (see Figure 2.3 in Chapter 2). In
Figure 11.2 this database has been updated with the results from the present study (i.e.
dynamic and static loading tests on Piles A-D) and now consists of an additional 16
loading tests performed on four piles at different points in time. In general, the results from
Piles A-C in the present study coincide well with what could be considered as average setup. Pile D, however showed a set-up of only approximately 20 % per log cycle of time
(30 % if the shaft only is considered), which clearly is under average.
In light of the eight main ruling factors presented above and in relation to previous cases,
the relative small set-up for Pile D could possibly be understood. Firstly, Pile D had a total
embedment of only 12 m compared to many of the other cases, which had more than 20 m.
Since the embedment depth has an influence on set-up, and the shaft capacity was only
60% of the total capacity according to the first loading test, the relative set-up would be
expected to be small. Secondly, the pile was driven into a soil mass disturbed by the
driving of the reaction piles. This would probably have considerably altered the stress state
(only small stress relaxation effects were measured). Piles A-C, on the other hand, showed
a set-up that more or less would be expected in relation to the other case histories, a clear
majority of which were also driven concrete piles that had a large portion of the capacity
on the shaft.
As previously indicated by the list of influencing factors and their complex
interrelationship, it seems reasonable to believe that no more than a qualitative estimate of
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the degree of set-up could ever be expected to be achieved using only conventional site
investigation methods. Hence, this would imply that experimental field measurement and
even full-scale pile testing is necessary if the set-up is to be accurately determined.
3
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Figure 11.2 Updated database of case histories of long-term pile set-up.
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Introduction

INTRODUCTION TO PART III
As mentioned in the literature review (Section 3.4) very few in-situ methods exist for
predicting pile set-up at a specific site. Part III of the thesis describes three methods for
evaluating or estimating the set-up at a site. Two of the methods are based on performing
dynamic testing or torque testing on driven rods, for instance, as part of the site
investigation. The third method uses the penetration per blow of piles (or rods) that have
been left to age in order to evaluate the relative set-up.
The first method is based on performing dynamic loading tests on driven rods in order to
assess the long-term set-up of driven piles. The main idea is to determine the relative
increase in total capacity of the rods at different point in time after installation. The method
is primarily used in non-cohesive soil, where the excess pore pressures normally dissipate
within a few hours. The main part of the work is based on an evaluation of the method in a
comprehensive field test, involving twenty-one rods driven to a depth of 19 m in a loose to
medium dense glacial sand. The results were compared with the results from the pile load
testing performed at the same test area (Area A, presented in Part II, see Chapters 6-7).
The second method is based on performing torque tests on driven rods at different points in
time after installation. Both the maximum and residual torque are evaluated. The main idea
is that the relative increase in maximum torque provides an estimate of the expected pile
set-up. The method was evaluated in a series of field tests involving 10 instrumented rods
driven into sand. The torque versus rotation were measured at different points in time, up
to nearly eight months from the end of driving, by means of strain gages and a
displacement transducer respectively. In addition, the maximum torque was also measured
using a simple digital torque wrench. The results were compared with the observed set-up
of the axial loaded (dynamic and static) piles and rods, installed at the same site.
The third method is based on determining the relative set-up of either piles or rods by
simply measuring the set per blow at different points in time after installation. For this
purpose two approaches are suggested: either an empirical correlation or a back-calculation
by WEAP analysis. The approaches were assessed from data obtained in the field testing,
involving both concrete piles and solid steel rods at area A. The method is believed to be
very useful for an early estimation of the pile set-up at a site and for production control
purposes.

129

III - Methods

13

General testing procedure

ROD TESTS - GENERAL TESTING PROCEDURE

13.1 General description
Figure 13.1 shows a schematic section of the soil profile and the type of rod that was used
in both the dynamic testing and the torque testing, together with the type of pile with which
the results were compared. In particular, the figure shows a pile and a rod instrumented for
dynamic testing (with a PDA analyzer). The torque testing was performed on rods driven
to 7.8 and 11.7 meters.
In Part II the following information can be obtained:
•

A literature review of driven rod tests (Chapter 3).

•

A description of the test site and the soil investigation (Chapter 4).

•

A plan of the two test areas, A and B (Chapter 4).

•

A chronology of events at the site (Chapter 4).

•

The penetration resistance of Piles A-D during installation (Chapter 6 and 8).

•

The results from the dynamic and static testing performed on Piles A-D (Chapter
7 and 9).

Figure 13.1 The soil profile, together with a section of the type of pile and rod used
in the tests.
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13.2 Rod installation
13.2.1 The equipment
The rods were installed with the Swedish standard equipment used for performing dynamic
penetration tests (dynamic probing). Figure 13.2 shows the driving equipment used. In this
test the penetration resistance is registered in blows per 0.20 m (N20 ). The weight of the
hammer is 63.5 kg and the drop height is 0.50 m (Epot = 63.5⋅g⋅0.5 = 311 Nm). The rod is a
32 mm diameter solid steel rod, normally equipped with an enlarged 45 mm diameter cone
shaped toe to minimize the shaft friction. However, to resemble the behaviour of normal
pile driving, the dynamic probing in this study was performed with a coned shaped toe of
the same diameter as the rod. Furthermore, to keep the rods straight they were rotated, in
this case every metre in Area A and every 0.20 m in Area B (the standard procedure is
every 0.20 m).
13.2.2 Installation procedure
The driving log for the dynamic probing in Area A is shown in Figure 13.3. In total 21
rods, denoted H1–H21, were driven to a depth of 19.1 m. As can be seen, the penetration
resistance was fairly constant with depth.
In total 10 instrumented rods (denoted HT1-HT10) were driven in Area B for torque
testing purposes. At first the rods were driven to a depth of 7.8 m, after which a 53-day
test-period started where the rods were torque tested at different points in time, using only
a ordinary digital torque wrench. Afterwards, the rods were redriven to their final depth of
11.7 m where the torque tests on the instrumented rods took place over a period of 231
days. Figure 13.4 shows both the torque and N20 that were measured during installation.
The sharp increases in both torque and penetration resistances seen at a depth of 7.8 m
were due to the 53-day set-up period.
During a preliminary test series period, eight additional rods (HM1-HM8) were driven to a
depth of 12.8 m in Area B. Torque testing was performed on four of the rods (HM5-HM8)
using the digital torque wrench, and the other four rods (HM1-HM4) were dynamic tested,
all within a 83-day period.
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Figure 13.2 The driving equipment: the Swedish method (type Borros).
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Figure 13.3 Driving log from the dynamic probing in Area A (mean and standard
deviation).
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Figure 13.4 Average values of torque and N 20 during installation.

13.3 Pile installation
Three 235 mm square concrete piles (A-C) were installed in Area A after completion of the
dynamic testing on the rods. Furthermore, an additional concrete pile (D) was installed in
Area B. All the piles were installed under easy driving with a 4 tonne hydraulic hammer
and a drop height of 20 cm. A more detailed description of the pile installation procedure is
presented in Chapter 7 for Piles A-C and Chapter 9 for Pile D.

13.4 Dynamic testing and CAPWAP analyses
Dynamic testing with stress-wave measurements was performed on the three piles (A-C)
and the 21 rods (H1-H21) in Area A at different time intervals from the end of driving, up
to a maximum of 216 days for Pile B and 69 days for rods H13-H15. The tests were
performed using a Pile Driving Analyzer (PDA), together with two strain gages and two
accelerometers attached to the pile top, see Figure 13.5. The drop height for the piles was
increased with every test to take the set-up effect into account and mobilize the maximum
resistance. The net penetration (set) for each blow was also measured. The accuracy was
estimated to be approximately 0.5 mm.
To determine the static capacity and its approximate distribution along the shaft and on the
toe, CAPWAP analysis (stress-wave signal matching) of the measured signals was
performed for seven of the rods (H2, H5, H6, H13, H15, H19 and H20) and all the piles.
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Garland Likins (in a personal communication in 1995) 8 suggested that the Smith shaft
damping parameter Js for the rods should be chosen 20-80 % higher than for the rest of the
shaft at a depth of 7.5-13.8 m. This corresponds to the silty sand layer. The main reason for
this being that a bad match quality was obtained after using the same soil model along the
entire shaft, and further that the shaft distribution became unreasonable, with very low or
no resistance on the lower elements. In addition, the radiation damping model was used as
this resulted in a better match quality. Further, the residual stress analysis option was tried
but it did not improve the match quality. Principally, the same analysis procedure as
outlined in Section 6.7 was used for the rods.
The static capacity was also calculated for all the tests using the Case Method (RMAX).
For this, Case damping factors of Jc=0.7 for the piles and Jc= 0.3 for the rods were chosen.
These damping factors produced capacities that best corresponded with the CAPWAP
results.
Dynamic testing and capacity evaluation, according to the RMAX method, was also
performed on four of the rods (HM1 – HM4) in the preliminary test series in Area B.
However, due to electronic problems with the equipment during the dynamic testing of
HM1-HM4, not all planned measurements were obtained.

Figure 13.5 Strain gages and accelerometers bolted to the rod.

8

Garland Likins performed an analysis on one of the rods.
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13.5 Torque testing
13.5.1 Torque tests using a digital torque wrench
The torque tests for the rods at a depth of 7.8 m were manually performed with an ordinary
digital torque wrench (Stahlwille, model 7050 R/20), see Figure 13.6. The device has a
measuring range of 20-200 Nm and an accuracy of 1%. The torque was manually applied
at a relatively constant speed for approximately 10 seconds per turn. This rate was chosen
as it proved difficult maintaining a constant speed at a slower turning rate. Four or five
turns were applied during each testing sequence and both the maximum and the residual
torque were registered.

Figure 13.6 A conventional digital torque wrench.

Figure13.6 Equipment used in the instrumented rod torque tests.
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13.5.2 Torque tests on instrumented rods
The torque tests on the rods driven to a depth of 11.7 m were performed on a detachable
rod segment, instrumented for torque measurements. The segment was mounted on the top
of the driven rods. Figure 13.6 illustrates the equipment used in the tests. The
instrumentation consisted of foil type strain gauges glued onto opposite sides of the rod, at
an inclination of 45 degrees from the rod axis, and wired to form a full Wheatstone bridge.
The instrumentation and calibration were carried out by PDI Inc. Since the torque was
applied using a digital torque wrench for many of the tests, it was also possible to check
the calibration of both these systems by simply comparing torque values. Both systems
showed comparable results throughout the whole measuring period. It was, however, noted
that by applying the torque one-sided with the digital wrench, the measured torque
(obtained by the strain-gauges) was, to a minor degree, influenced by bending. This was to
a large extent avoided when the torque was applied from two sides, as was shown at the
last testing sequence after 231 days.
Both torque and displacement were automatically monitored by the Automatic Load Test
Program™. The displacement transducer was placed on a plate fixed to the ground and
positioned, so that when the torque was applied the transducer cable was wrapped around
the rod, thus measuring the circumferential displacement. The turning rate for these tests
was approximately the same as for those tested with the digital wrench. Figure 13.7 shows
how the torque testing on the instrumented rod was performed.

Figure 13.7 Torque testing on the instrumented rod.
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Dynamic testing on rods

DYNAMIC TESTING ON RODS – RESULTS AND
ANALYSIS

14.1 Introduction
As was revealed in the literature review in Chapter 3, the method of dynamic testing on
driven rods has mainly been used for pile drivability studies and determination of pile
capacity. Part of the research work consisted in investigating the possibility of using
dynamic testing on driven rods for estimating pile set-up. Åstedt and Holm (1995)
presented a correlation study of the set-up of piles and rods obtained at regular construction
sites. Although the scatter was relatively large for most of the sites, they concluded that it
was possible to quantify pile set-up from testing on driven rods. An objective of the present
work was to undertake a correlation study under “research conditions” and use a large
number of rods in order to obtain statistically reliable results.

14.2 Results
14.2.1 Bearing capacity
The rod capacities are summarized in Figure 14.1. As can be observed there is a clear
tendency for the capacity to increase over time. However, what is interesting to note is the
increasing scatter with time. Part of the scatter could probably be explained by the fact that
a few of the rods were disturbed by the installation of nearby rods. It is estimated that this
possibly affected the capacity within a radius of approximately two meters. In the figure
the rods that may have been affected by the installation of a nearby rod, within a distance
of two meters, are shown in black.
In Table 14.1 the results from the dynamic load testing are presented. CAPWAP analysis
was only carried out on a few of the rods. A damping factor of J c=0.3 was chosen for the
Case method capacity estimates. The permanent set (penetration) per blow is presented,
together with the delivered energy calculated from both the measured particle velocity and
force, i.e: E = ∫ F (t )v(t ) ⋅ dt .
Figure 14.2 shows the average shaft resistance distribution, evaluated from the CAPWAP
analyses, both one day and one month after driving for three of the piles. It is interesting to
note that the main part of the increase in shaft capacity set-up takes place at a depth of 8-14
metres, which corresponds very well to the silty sand layer. Similar types of distribution
were also obtained for the other CAPWAP analyses not shown here. For the rods, the static
toe capacity evaluated from the CAPWAP analyses, was shown on average to be 4.3 kN
(5.3 MPa) and roughly constant over time. However, the scatter was large.
Comments
The CAPWAP results for Piles A-C showed approximately the same shape in the shaft
capacity distribution curve as for the rods, and likewise, the main part of the set-up took
place in the silty sand layer.
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The toe capacities, according to the CAPWAP results, corresponds very well with the CPT
results, which showed a qc of 5-7 MPa at the same depth. They also correspond very well
with the unit toe capacity of the piles, which 6.1 MPa on average).
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Figure 14.1 The rod capacities (Case Method) versus time.
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Figure 14.2 The shaft resistance distribution after one day and after one month.
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Table 14.1 Rod capacities and set per blow.
Rod #
H1

H2

H3

H4

H5

H6

Days after
driving 1
1
2
5
11
EOD (40)
1
2
5
11
EOD (2)
1
4
11
EOD (4)
1
4
11
EOD (2)
1
4
11
30

Case Method CAPWAP
[kN]
[kN]
21
25
28
15
15.9
23
24.3
28
30.6
31
32.7
36
39.8
13
19
23
28
16
28
35
42
14
24
30.1
34
36.2
45
42.9
47
49.5

Set per blow
[mm]
5
5
5
4
10
6
5
5
3
6 (1st)
5
3.5
10
5
4
3
12
6
3
2
1.5

Transferred
energy [Nm]
250
250
260
260
250
250
260
260
260
250
260
250
250
250
260
230
260
250
260
250
240

1
4
11
30
124
124
EOD (4)
1
10
EOD (15)
1
10
EOD (9)
1
10
16

15
25
42
48
76
81
14
31
45
14
22
29
16
17
21
20

21.8
27.5
37.5 2
44.7
-

8
4
3
2.5
0.5
1
11
4
1.5
9
6
4
16
7
5
8

250
280
260
240
270
230
260
230
240
260
280
260
260
270

H10

EOD (1)
10
16

14
29
22

-

13
4
6

270
260
260

H11

EOD (7)
10
16
EOD
10

13
37
40
26

-

9
3
3
5

260
260
270
260

H7

H8

H9

H12

Comments

2nd blow

3rd blow

2nd blow

2nd blow
2nd blow
2nd blow

After pile driving
2nd blow

2nd blow
2nd blow

No measurements
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Table 14.1 continued. Rod capacities and set per blow.
Rod #.
H13

H14

Days after
driving (min)
EOD (5)
1
31
56
69

Case Method CAPWAP
[kN]
[kN]
13
20
18.7
22
24.4
32
28.3
41
-

Set per blow
[mm]
16
10.5
6.5
6
4.5

Transferred
energy [Nm]
260
240
240
250
230

EOD (7)
1
31
56
69
EOD (4)
1
31
56
69
EOD (13)
31
56
EOD (6)
31
54
EOD (7)
31
54

15
21
29
35
42
16
19
33
41
43
13
36
42
11
22
29
17
39
47

21.3
31.6
40.5
-

10
5.5
5.5
3
3.5
9.5
8
4
4
3
13
4
3
14
6
4
9.5
3.5
3.5

260
260
260
250
(220)
260
260
250
250
(220)
260
250
250
250
250
280
250
250
280

H19

EOD (5)
1
14

12
13
16

17.3
19.7

13.5
11
7.5

(240)
250
(230)

H20

EOD (4)
1
14
102
EOD (4)
1
13

14
15
15
72
12
14
18

16.4
18.0
-

12
10
8.5
0.5
15
11.5
7

250
270
(230)
260
270
250

H15

H16

H17

H18

H21

Comments

After pile driving

1

A value in parenthesis is the time in minutes after end of driving (EOD).

2

Performed by Garland Likins (Goble, Rausche, Likins & Associates Inc).

14.2.2 Dynamic soil parameters
In Table 14.2 the Smith damping factors and quakes are presented for different time
periods after driving. From the CAPWAP results it was observed that there was a tendency
for the shaft damping factor (Smith) to increase over time. The average shaft damping
factor increased from 0.51 s/m for the 1-2 day values up to 0.81 for the 11-56 day values.
Moreover, the shaft quake was approximately constant over time. These results are roughly
in line with previous studies on piles, see Section 7.1.3. For the toe, on the other hand, no
general trends could be deduced due to the large scatter in the data.
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Table 14.2 CAPWAP evaluated parameter.
Shaft
Rod #

Time
[days]

H2

H5

H6

H13

H15

H19
H20

Capacity Damping, Smith
(average)
[kN]
[s/m]

Toe
Quake

Capacity

Damping, Smith

Quake

[mm]

[kN]

[s/m]

[mm]

EOD

11.6

0.48

1.6

4.3

1.13

9.4

1

18.8

0.61

0. 9

5.4

0.94

2.4

2

25.1

0.43

1.3

5.4

1.00

1.2

5

28.3

0.67

2.3

4.4

1.26

4.4

11

36.5

0.49

1.0

3.2

1.50

1.0

1

20.8

0.67

1.0

9.3

0.43

3.7

4

30.2

0.75

2.5

6.0

1.06

2.8

11

40.4

1.10

1.2

2.5

1.17

2.4

30

42.7

1.18

1.3

6.7

0.09

1.2

1

21.8

0.33

1.0

2.3

0.72

1.0

4

24.5

0.35

1.1

3.0

1.56

2.0

11

34.3

0.82

0.7

3.1

0.42

3.6

30

38.1

1.16

0.8

6.7

0.10

2.8

1

16.2

0.97

1.0

2.5

0.06

5.7

31

19.0

0.89

1.9

5.2

1.19

5.4

56

23.5

1.01

2.4

4.6

1.00

1.6

1

17.9

0.46

1.2

3.4

0.20

1.6

31

29.1

0.79

1.0

2.5

0.26

4.0

56

35.5

0.73

1.5

5.1

0.13

1.5

1

14.3

0.31

1.0

3.0

0.60

5.3

14

15.7

0.31

1.0

4.0

0.83

1.1

1

14.0

0.30

1.0

2.4

0.99

2.5

14

15.3

0.47

1.2

2.7

0.73

2.4

0.66

1.3

4.25

0.78

3.0

Average Values:

14.3 Comparison between piles and rods
14.3.1 Comparison of set-up
The test results showed an increase in capacity for both the piles (A-C, see Chapter 7) and
the rods over the whole measuring period. In Figure 14.3 this increase is presented as a
factor (Q/Q0) versus the logarithm of time (t/t 0). Here, Q0 is the capacity at the time t 0,
which for these tests was one day, and Q is the capacity corresponding to the time t. The
increase in capacity was approximately linear with the logarithm of time for both the piles
and rods. The rod and pile capacity (total) increased approximately 40% (A=0.4) on
average per log cycle. Overall, the scatter for the rods was large. The relationship (Eq. 2.1)
by Denver and Skov (1988) is presented in the figure for A=0.2 and A=0.6.
However, when considering the set-up between the first and second restrike only, as shown
in Figure 14.4, the scatter clearly becomes smaller, with an A=0.3, thus indicating that the
rod capacity was affected by the loading history. The set-up for the undisturbed rods was
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somewhat smaller than for the piles, whereas a few of the disturbed rods showed a greater
set-up than the piles. The fact that the Piles A-C show a slightly higher set-up effect than
the rods is in agreement with the results from field tests in silty and sandy soils by both
Eriksson (1992) and Åstedt and Holm (1995).
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Figure 14.3 The increase in the capacity of the piles and rods (denoted H).
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Figure14.4 Increase in the capacity between first and second restrike only.
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The toe capacities of both the piles and the rods were more or less constant over time.
Consequently, this implies that the set-up primarily took place along the shaft. For instance
the average shaft capacity of the rods, between one and 30 days, increased from
approximately 15 kN (8 kPa) to 25 kN (13 kPa), which is 67% (A=0.45). Whereas, the
capacity of the piles increased from approximately 550 kN (31 kPa) to 1100 kN (62 kPa),
which is 100% (A= 0.70) during the same period of time. A more detailed description of
the results from the dynamic tests on the piles is presented in Part II. Table 14.3 gives a
summary of the A-factor obtained for the various tests. The rod results should in the main
be compared to Piles A-C since the embedment lengths are the same.
Table 14.3

Summary of the factor A values for the piles and rods in the various tests.
Type of test

Rods

Piles

A

All values, shaft capacity only

0.45 (average)

All values

0.4 (average)

First and second restrike values only

0.3 (average)

Piles A-C, shaft capacity only (depth 19 m)

0.5-0.9

Piles A-C (depth 19 m)

0.3-0.5

Piles A-C, first and second restrike (depth 19 m)
Production pile test (four piles, depth 29-34 m)
Pile D (one pile, depth 12.8 m)

0.5 (average)
0.3-0.4
0.2

14.3.2 Scaling factors for the shaft
Presented in Table 14.4 is the average unit shaft resistance for the concrete piles and rods,
together with the correlation (scaling) factor between piles and rods. The scaling factor
shows an increase over time, from 3.4 at EOD to 4.8 after 30 days. The increase in unit
shaft resistance per log cycle of time can be expressed as (similar to Eq. 2.2):
If =

∆f s
log t 2 t1

(14.1)

For the rod If, rod was 3.4 kPa and for the pile I f, pile was 21 kPa.
Comments
Overall the correlation factors obtained in the present study, and in the studies by Eriksson
(1992) and Åstedt and Holm (1995) showed a very wide range of values. For instance, a
range of approximately 1-5 was observed at the end of driving (EOD), and approximate1y
5-8 for the first restrike at 1-3 days after EOD. Moreover, Figure 14.1 implies that a large
scatter in the data must be expected even at a single site with homogeneous geological
conditions, particularly at restrike. This very large range of values is, of course,
unacceptable for capacity and drivability predictions.
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Table 14.4 Unit shaft resistance (average) for the piles and rods, and the scaling factor.
fs,pile
[kPa]

fs,rod
[kPa]

ψ

EOD

17

5

3.4

1 day

31

8

3.9

13

4.8

Time after installation

30 days

62

1

1

Interpolated.

14.3.3 Scaling factors for the toe
As concluded in Part II and in this chapter, no set-up, at least in a practical sense, took
place at the toe for either piles or rods. It was noted that the average unit toe capacity,
evaluated from CAPWAP, was slightly less for the piles (Piles A-C) than for the rods.
Furthermore, the average unit toe capacity of the rods was almost the same as the CPT
static cone resistance. The following approximate relationship was observed for the first
time loading:
qt,pile ≈ 0.8⋅qt,rod ≈ 0.8⋅qc

(14.2)

Comments
A direct correlation between the end bearing capacity of piles and the static cone resistance
is often used in various design methods, see Section 3.3.2. According to the relationship
(Eq. 3.5) between qt,pile / q c and pile diameter by Jardine and Chow (1996) a quotient of 0.6
is obtained for a 235 mm square pile (as used in this study), and for the rod, which has
roughly the same toe diameter as the CPT (45 mm and 36 mm respectively), a quotient of
0.95 is obtained.

14.4 Recommendations and concluding remarks
The results showed good correlation between piles and rods with regard to set-up, thus
indicating that dynamic testing on driven rods can be used for predicting pile set-up.
However, as the results also indicate, relatively large scatter in the capacity values has to
be expected for the rods. Furthermore, it seems reasonable to believe that the correlation
between pile and rods will vary according to soil conditions and pile type. Therefore, until
further studies have been undertaken, it is recommended that the results only be used as an
estimate of the set-up potential at a site.
An explanation for the large scatter in the capacity values could be deflection and bending
of the rods during installation. For instance, it was observed that there was a tendency for
an increasing set-up rate due to pre-loading.
Altogether, it is highly questionable if dynamic testing on penetration rods can be used to
determine pile drivability and pile capacity with acceptable accuracy, due to the large
scatter that has been observed for the dynamic parameters. Furthermore, because of the
large range that can mainly be expected in the shaft scaling factors. This is possibly due to
difference in the soil-shaft surface interaction between the steel rods and the concrete piles
for different soils.
146

III - Methods

Dynamic testing on rods

14.5 Conclusions from the dynamic testing on driven rods
The principal conclusions drawn from the field study are as follows:
1. The results confirm previous correlation studies and suggest that it is possible to
assess the set-up of driven piles from dynamic testing on driven rods.
Approximately the same relative set-up was observed between the piles (A-C) and
the rods. The rods showed on average a 40 % and the piles a 30-50% increase in
capacity per log cycle of time. However, if considering the results from the first
and second restrike only, a 30% increase for the rods and 50% for the piles was
observed per log cycle of time.
2. The method demonstrated the possibility of it being a valuable tool for estimating
the set-up behaviour of driven piles. However, as this and previous studies show,
a large scatter in the capacity must be expected.
3. The CAPWAP analyses indicated that the main set-up for the rods took place
along the shaft in the silty sand layer. This is the same as was observed for the
piles. There was also a tendency for the shaft damping to increase over time and
the shaft quake to remain constant over time. Although the scatter was large, no
gain in toe capacity or change in the dynamic toe parameters was observed over
time.
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Torque testing on rods

TORQUE TESTING ON RODS – RESULTS AND ANALYSIS

15.1 Introduction
Based on the conclusions drawn in part II, concerning both the principal mechanisms of
set-up and the fact that the phenomenon is closely related to the shaft, it was conceived that
torque testing on driven rods could be a valuable method for estimating the pile set-up at a
site. This is because it was felt that using dynamic testing on rods would, in many cases, be
too complicated and time-consuming if the main purpose is investigating the set-up at a
site. A preliminary set-up study was therefore performed, involving a total of eight driven
rods, four were dynamic tested and four were torque tested using a conventional digital
torque wrench. The torque testing method showed great promise being very easy to
perform and the results clearly suggested that it could be used for estimating pile set-up.
Under the supervision and guidance of the present author a more comprehensive field
study was undertaken by Anders Westin in 1998-1999 and resulted in an M.Sc. thesis. In
the study the testing was performed on instrumented rods making it possible to monitor the
torque versus the rotational movement. More results than those given below are presented
in Westin (1999).

15.2 Results
15.2.1 The preliminary pre-study
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Figure 15.1 Torque as function of time for four rods at Vårby (preliminary study).
A preliminary study was performed at the Vårby site (Area B) involving four rods driven
to a depth of 12.8 m. The objective was to examine the possibility of using torque testing
for assessing pile set-up. Driven rods were left to age and rotated at different points in
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time. The torque was measured with a simple digital torque wrench, see Figure 13.6. The
torque was applied in a steady manner with a rotational speed of 5-10 seconds for a 180°
rotation. The increase in peak torque over time is shown in Figure 15.1. The results
corresponded reasonably well with the set-up obtained from the loading tests on both piles
and rods at Area A, indicating that torque tests could be used to evaluate pile set-up.
15.2.2 The main study
Figure 15.2 shows four typical examples of torque-displacement curves measured after one
hour, one day, 30 days and 193 days (231 days after installation)9 since the preceding
torque test. As can be seen, the increase in maximum torque over time is apparent.
However, the increase in residual torque is considerably smaller, indicating that the effect
of set-up is almost completely destroyed as a result of the disturbance caused by the
rotation. This can also be observed in Figures 15.3 and 15.4 by comparing the set-up rate
for the maximum and residual torque.
Figure 15.3 shows the torque versus time measured with the digital wrench for the rods at a
7.8 m depth. The maximum torque Tmax showed an average increase of approximately
30 % (A= 0.3) per log cycle of time after 1 day, whilst the residual torque Tres was close to
constant over time.
The torque for instrumented rods at a 11.7 m depth, depicted in Figure 15.4, revealed a
gradual increase in maximum torque from approximately 30-60% per log cycle between
1 day and 231 days, showing the higher set-up rate at the end of the test period. Here, the
increase in residual torque was also relatively small. An interesting observation regarding
the maximum torque is the tendency for the scatter in the results to increase over time. The
same effect was also noted for the dynamic tested piles (see Chapter 14).
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Figure 15.2 Typical torque test results for different ageing times. Rod HT6 (d=11.7 m).
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Figure 15.3 Maximum and residual torque versus time, (d = 7.8 m).
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Figure 15.4 Maximum and residual torque versus time, (d = 11.7 m).

15.3 Comparison with dynamic tests on rods and piles
15.3.1 Set-up
In Table 15.1, the evaluated set-up factors, A, according to Skov & Denver (1988), are
summarized for all the tests performed at Areas A and B. As can be seen, there was good
correlation between the torque tested rods and the dynamic tested rods, thus clearly
indicating that torque tests can replace the more complicated dynamic load tests for shaft
friction and set-up assessment. Overall, there was also a good correlation between set-up of
the torque tested rods and the piles (tested either dynamically or statically). For instance,
the static load tested pile showed a 30 % increase in shaft capacity per log cycle of time.
Correspondingly, the torque tested rods at d = 7.8 m showed a 30 % increase and the rods
at d = 12.8 m showed a 30-60% increase, the smaller rate between 1 and 6 days.
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Comments
As mentioned previously, the rods at d = 11.7 m showed an increasing set-up rate over
time. This is the opposite to the normal set-up behaviour of piles. The general experience,
as well as the results for the piles in this study, is that the set-up rate decreases due to the
disturbance caused by load testing, either dynamic or static. At present, there is no obvious
explanation either for the higher set-up rates for the rods that have undergone several tests,
or for the scatter previously mentioned, having a tendency to increase over time. It could,
however, possibly be due to the fact that the disturbance caused by the testing somehow
makes the ageing process recommence at a higher rate.
Table 15.1 Summary of A-values (average values for the rods and individual for the piles)
for the different tests.
Tests

A-values
Shaft capacity

Total capacity

Driven piles (3), d = 19.8 m, dynamic tested

0.5-0.9 (0.8-0.9 1)

0.30-0.5 (0.5 1)

Driven rods (21), d = 19.8 m, dynamic tested

0.45 (0.35 1)

0.4 (0.3 1)

0.3

0.2

-

0.8

Driven rods (4), d = 12.8 m, torque tested

0.3

0.3

Driven rods (10), d = 11.7 m torque tested

0.3-0.6

0.3-0.6

Driven rods (10), d = 7.8 m, torque tested

0.3

0.3

Area A:

Area B:
Driven pile (1), d = 12.8 m, static tested
Driven rods (4), d = 12.8 m, dynamic tested

1

Set-up between first and second restrike only

15.3.2 Unit shaft resistance
Table 15.2 gives the unit shaft resistance fs for Pile D (for the whole embedment length d=
12.8 m, and s/D 10%) and for the torque tested rods (d= 11.7 m) at different points in time.
As can be seen, the scaling factor decreases with time, which means that the set-up rate is
higher for rods than the pile. The opposite was observed for the dynamic tested rods.
However, the loading in both compression and torque rendered approximately the same
magnitude values of fs.
Table 15.3 gives the set-up rate I f (Eq. 14.1) after one day, in terms of fs (i.e. the increase in
fs per log cycle of time). For the rods at 11.7 m depth the set-up rate increased over time
from 1.5 (between 1-7 days) to 3.7 kPa (between 30-193 days). As a comparison, Pile D
showed an average set-up rate from 2.2 (between 1-8 days) to 3.8 kPa (between 141-667
days).
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Table 15.2 Unit shaft resistance (average) for pile D and rods, and the scaling factor.
fs,pile
[kPa]

fs,rod
[kPa]

ψ

1 hour

-

3.7

-

1 day

15

3.8

3.9

6.0

3.2

1

2.6

Time after installation

30 days

19

141 days

1

22

8.5

1

Interpolated result

Table 15.3 The average set-up rate of the rods in terms of unit shaft resitance.
Set-up rate, If [kPa]

Depth

Peak

Residual

7.8 m

1.3

0.1

11.7 m

1.5 – 3.7

0.5

15.4 Influence of elastic torsional deformation
An important question that arises when performing torque tests on long slender rods is the
extent to which elastic torsional deformation and the development of progressive failure
will influence the maximum measured torque and the predicted set-up. Figure 15.9
illustrates two cases of torque resistance versus depth that is often used to approximate the
shaft resistance for piles installed in a homogeneous soil mass. General experience from
pile loading tests suggests that the shaft resistance distribution normally increases with
depth but at a decreasing rate (e.g. Kraft, 1991). In such a case, a triangular resistance
distribution (linearly increasing with depth), would provide the upper bound for the elastic
torsional deformation. As a comparison, the elastic torsional deformation for a rectangular
resistance distribution (constant with depth) is also given below.

Figure 15.5 Case A: constant torque resistance (unit shaft friction) with depth, Case B:
linearly increasing torque resistance with depth.
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Case A: The angle of torsional deformation as a function of depth, for a rectangular torque
resistance distribution is given by:
φ A ( z) =

T⋅z
G⋅J


z 
1 −

 2L 

(15.2)

for z = L:
φ A ( L) =

1 T ⋅L
2 G⋅J

(15.3)

where
φ is the angle of self-rotation [rad]
T is the applied torque
z is the depth below ground
L is the total depth of embedment
G is the shear modulus (79 GPa for steel)
J = πr4/2 for a solid rod with the radius r

Case B: The angle of torsional deformation as a function of depth, for a triangular torque
resistance distribution is given by:
φ B ( z) =

T⋅z
G⋅J


z2 
1
−

2
 3L 

(15.4)

for z = L:
φ B ( L) =

2 T ⋅L
3 G⋅J

(15.5)

Figure 15.6 shows the rotation angle as a function of normalized depth (z/L) for Case A
and Case B. As can be seen, the rotation angle levels off with depth. This implies that the
maximum measured torque for very long rods, where the elastic deformation would be
considerable is, if anything, a measure of the set-up on the bottom half of the rod. At the
top half of the rod the torque will have passed its peak value. However a relatively large
displacement is needed before the torque is degraded to any significant extent. As can be
seen in Figure 15.2, roughly a half-turn (i.e. 50 mm) is required for the torque to drop
halfway to the residual value. Equation 15.5 gives, for example, a maximum elastic
rotation of approximately one millimetre for a torque of 200 Nm (which was
approximately the average torque at 193 days).
The consequence of torsional deformation and the development of progressive failure are
that the total set-up of the rod will be underestimated. However, as the results indicate, this
will only have a small effect for normal rod lengths (i.e. 20-30 m).
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Figure 15.6 Angle of rotation as a function of depth.
Depicted in Figure 15.7 are the evaluated average displacements at maximum torque for
the different testing occasions (and the corresponding line of trend), together with the line
of displacement due to elastic rotation according to Equation 15.5. It is interesting to note
that the measured displacements at failure increase faster than the lines representing the
displacement due to elastic rotation. The distance between the two lines, which is an
estimate of the required circumferential displacement required to reach failure, increases
from approximately 0.5 to 2.5 mm between the period of one hour and 193 days after
EOD.
Comments
The noticeable increase in the displacement to reach failure, shown in Figure 15.7, could
possibly be explained by increasing interaction between the soil particles due to soil
ageing. This causes the shearing to change from a smooth to a rough interface type
behaviour, i.e. from particle slipping at the interface to the development of a distinct shear
zone in the sand. As shown by Uesugi et al. (1998) this leads to an increase in the
displacement to reach failure.
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Displacement at failure
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Figure 15.7 Measured (average) and calculated (Case A and B) displacement at
maximum torque, d = 11.7 m.

15.5 A hypothesis relating the maximum and residual torque to the
different set-up mechanisms
The long-term set-up can be divided into two main causes: stress relaxation (creep) and
soil ageing. Normally, the effect of stress relaxation will with time lead to a gradual
increase in the radial stress acting on the shaft at rest. Hence, it is reasonable to suggest
that an increase in the residual torque over time is directly related to an increase in the
radial stress at rest, and thus is an estimate of the degree of stress relaxation. As a
consequence, an increase in the difference in maximum and residual torque over time
would therefore be due to soil ageing. This hypothesis is also presented below.
The total set-up (on the shaft) is given by the increase in maximum torque between two
points in time:
∆Ttot = Tmax, 2 − Tmax,1

(15.6)

The increase in residual torque is believed to provide an estimate of the degree of stress
relaxation and is given by:
∆Trelax = ∆Tres = Tres ,2 − Tres ,1

(15.7)

Finally, the increase in torque that is caused by soil ageing can therefore be written as:
∆Taging = ∆Ttot − ∆Tres
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15.6 Recommendations and conclusions
The method showed the possibility of it being a highly valuable tool for estimating pile setup, as it is very easy to perform. The main advantage with the torque method for pile setup assessment is that it is easily applied to conventional dynamic penetration testing during
the site investigation. The rods are simply left in the ground to age, and the torque testing
is then performed at different points in time. Moreover, the testing is very easily carried
out with, for instance, an ordinary digital torque wrench.
However, it is recommended that the method is primarily used for estimating the set-up
potential at a site and not for direct pile set-up correlations. The main reason being that a
large scatter in measured torque has to be anticipated. Furthermore, based on the many
factors influencing set-up (discussed in Part II) different set-up factors have to be expected
according to pile type and soil conditions.
The principal conclusions of the field study are as follows:
1. The results showed there was relatively good correlation between the set-up rate
evaluated from the torque tests and the loading test on Pile D, and also compared to the
dynamic tested rods and piles in Area A. The torque tested rods driven to a depth of
d = 7.8 m showed a 30 % increase in peak torque per log cycle of time and the rods at
d = 11.7 m showed a 30-60% increase. Correspondingly, the Pile (d = 12.8 m) showed
a 30 % increase in shaft capacity per log cycle of time.
2. An interesting observation was that increase in peak torque over time was considerably
higher than the increase in residual torque. Moreover, relative large displacements,
approximately 2-4 full turns (i.e. 200-400 mm), were needed to eradicate the set-up and
reach residual value.
3. It is hypothesized that the increase in residual torque is directly related to an increase in
radial stress at rest due to stress relaxation. Furthermore, the increase over time in
maximum torque minus residual torque would, as a consequence, provide an estimate
of the set-up due to soil ageing.
4. Depending on the rod length and the applied torque, the elastic torsional deformation of
the rod has some influence on the maximum measured torque due to progressive
failure. However, the effect of elastic torsional deformation for normal lengths (i.e. 2030 m) will only have a negligible effect on the evaluated set-up.
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Set-up from penetration per blow

EVALUATION OF SET-UP FROM PENETRATION PER
BLOW

16.1 Introduction
In the preceding chapters two methods were presented where either dynamic testing or
torque testing is used on driven rods for assessing pile set-up. However, a simple method is
proposed where the set (net penetration) per blow, measured at different points in time, is
used to determine the relative set-up. The method was evaluated using the set
measurements obtained in the field tests at the Vårby site (in Area A) on both the concrete
piles and the steel rods. This method was mainly developed to provide a cost-effective and
useful early estimation of the pile set-up at a site and for production control purposes.

16.2 Proposed method
16.2.1 Principal concept
The main idea was to see if the set per blow could be used to estimate pile set-up. In
particular, it is the relative increase in bearing capacity that is the main item of interest, not
the absolute capacity. Hence, the aim was to see if a general relationship exists between the
decrease in set, due to pile set-up, and the related increase in capacity.
16.2.2 The empirical approach
It was noted from the set measurements for the dynamic tested rods, shown in Figure 16.1,
that the measured capacity (Q) as a function of set per blow (S), can be approximated by
the following type of relationship:
Q = a ⋅ S −b

(16.1)

where a and b are constants.
It has further been noted that calculated results from various dynamic formulas and WEAP
analysis can also be approximated with very good accuracy by this equation, and
furthermore, in a number of piling projects where piles were observed to have exhibited
set-up.
The empirical approach, derived from Equation 16.1, is based on the following simple
equation, which relates the relative decrease in set per blow (S2/S1) to a corresponding
relative increase in bearing capacity (Q2/Q1):
Q2  S 2 
= 
Q1  S1 

−b

(16.2)

To establish the constant, b, in the equation the set per blow and capacity have to be
determined at two points in time. Further, in order to estimate the set-up at a third point in
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time only the set is required. Alternatively, b could be chosen from well-established
correlations for similar combinations of pile-hammer-soil conditions.
Advisedly, the method should be limited to data from piles where ultimate resistance has
been fully mobilized. A set per blow greater than 3 mm (Goble et al., 1997) is often an
indication that the ultimate resistance has been reached. However, using data from pile
testing with small sets will, in any case, produce conservative results, or in other words low
b-values.
The equation could also be applied when the maximum transferred energy (Emax) varies
between blows. In this case the set per blow is normalized with respect to the transferred
energy by simply dividing S by Emax, i.e:
Q2  S 2 E max,2 

=
Q1  S1 E max,1 

−b

(16.3)

For various pile types and soil models, results from WEAP analyses show that for a certain
capacity, the ratio, S Emax , is almost constant when the set is large (i.e. when the ultimate
resistance is clearly mobilized).
16.2.3 The WEAP approach
In the second approach, wave-equation analysis (WEAP) is used to back-calculate the
capacity from penetration data. The soil model is either based on dynamic testing and
CAPWAP-analysis, or on experience from similar piling conditions. The approach makes
it possible to take into account both different transferred energies and time-dependent
changes in the dynamic soil parameters.
Several studies by Svinkin (1997) and others indicate that the most significant long-term
change in the soil parameters is an increase in shaft damping over time. In Part II it was
also shown that set-up in non-cohesive soils is closely related to the shaft. It was suggested
that the set-up can, for practical purposes, be assumed to take place entirely along the shaft.
In Table 7.3, in Section 7.1.3, there are some typical trends summarized regarding timedependent changes in the dynamic soil parameters. These are based on a review of the
relatively limited number of published cases which are available on the subject (Hunt &
Baker, 1988, Svinkin 1997, Castelli & Hussein, 1998), as well as results from the dynamic
testing on piles and rods in this study.
The following procedure is suggested for estimating the set-up from penetration data:
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1. A soil model related to the first testing occasion is created.
2. A WEAP analysis is performed, and the capacity, Q1, corresponding to the
measured set, S1, is evaluated.
3. Appropriate changes in the soil model are made to take into account the effect of
set-up (e.g. redistribution of shaft/toe capacity and increased damping).
4. A second WEAP analysis is performed. The set, S2, and the corresponding
capacity, Q2, is then evaluated for another point in time.
5. Finally, Q2 / Q1, gives the relative increase in capacity.

16.3 Measurements of set blow
16.3.1 Rods
100

Capacity (kN)

80

60

y = 7 1 x -0,64
R2 = 0,88

40

20

0
0

5

10

15

20

Set per blow (mm)

Figure 16.1 Bearing capacity as a function of set per blow for the rods during EOD and
restrike.
Figure 16.1 shows that there is a non-linear relationship between the rod capacity (Case
method) and the permanent set per blow during driving and restrike for the dynamic tested
rods in Area A.
The maximum energy (Emax) transferred to the rods was measured and varied between
approximately 230-280 Nm. This corresponds to a hammer efficiency of 74-90%.
Although this may be considered to be relatively high values, it should be noted that the
driving equipment was new. The transferred energy and set per blow are presented in
Table 15.1, Section 15.2.
Note also that the capacity values used in Figure 16.1 are for a constant Case damping
factor. This produced, on average, the same capacity as the CAPWAP evaluated capacity
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for the 11-56 day values. Whereas for the 1-2 day values the capacity is underestimated by
13 % on average, thus indicating that an increase in damping takes place over time. It is
also probable that the capacity values for H5 and H20 are somewhat underestimated, due
to the fact that the ultimate resistance was not fully mobilized. This is indicated by the very
small permanent set of 0.5-1 mm per blow.
16.3.2 Piles
Table 16.1 provides the bearing capacity, evaluated by CAPWAP, and the set per blow for
Piles A–C measured during the dynamic testing. Furthermore, the normalized set, S Emax ,
has been calculated. The general testing procedure and a more detailed description of the
test results are presented in Chapter 7-8.
Table 16.1 Results from dynamic pile testing on Pile A-C in test Area A.
Time after
installation

Capacity,
CAPWAP

Set per blow

Emax

Normalized set

[kN]

[mm]

[kNm]

[mm/kNm]

EOD

560

~7

8.7

0.80

1 Hour

703

6

10.5

0.57

PILE

1 Day

890

1

7

15.6

0.45

A

6 Days

1247

4

17.4

0.23

37 Days

1354

4

23.1

0.17

143 Days

1441

3.5

19.9

0.18

EOD

529

7

9.0

0.78

40 Minutes

678

5

7.3

0.68

PILE

1 Day

1006

5

16.1

0.31

B

6 Days

1402

4

16.8

0.24

37 Days

1677

--

18.9

--

143 Days

1710

3

20.3

0.15

216 Days

1774

4

20.8

0.19

PILE

1 Day

744

6.5

16.7

0.39

C

72 Days

1441

6

23.8

0.25

S / Emax

1

12nd blow.

16.4 Appraisal of the empirical approach
Figure 16.1 shows the bearing capacity versus set per blow for the rods. Furthermore,
Equation 16.1 is best-fit to the data using regression analysis (least-square method). As can
be seen, good correlation (R2 = 0.88) is obtained for a wide range of penetration values
(between 1 – 16 mm). However, it is questionable if the three highest capacities were fully
mobilized. If they are omitted, b will increase from 0.64 to 0.71. Note that this relationship
is based on constant energy (drop height) transferred to the rod and that the change in set is
due to the effect of set-up.
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Depicted in Figure 16.2 is the bearing capacity (Case and CAPWAP) versus the
normalized set per blow for the piles. The evaluated capacity, the transferred energy and
the set per blow are also presented in Table 3. In Figure 16.2, Equation 16.1 is best-fit to
the data using regression analysis (least-square method). As can be seen, very good
correlation (R2 = 0.93 and 0.95) was obtained for the relatively large range of capacities
and energies. Further, the CAPWAP regression curve is not as steep as the Case regression
curve, providing an indication that an increase in soil damping took place over time.
It is interesting to note that the constant, b, which determines the curvature of the
relationship, is approximately the same for the piles and rods, 0.68 (CAPWAP) and 0.71
respectively.

2000
CAPWAP

1800

Case

1600

Capacity (kN)

1400
1200
CAPWAP:
y = 481x-0,68
R 2 = 0,93

1000
800
600

Case:
y = 400x-0,80
R 2 = 0,95

400
200
0
0

0,2

0,4

0,6

0,8

1

Set/EMX

Figure 16.2. Bearing capacity as a function of normalized set, S/Emax [mm/kNm],
for the piles.

16.5 Appraisal of the WEAP based approach
As with the empirical approach, the WEAP based approach was also compared with the
results from the dynamic testing on the piles and the rods. Table 16.2 shows the dynamic
soil parameters that were used in the WEAP analyses for the piles and the rods. These are
the values that are used in general (“average values”) and recommended according to the
WEAP manual by Goble et al. (1998). In the WEAP analyses the toe capacity was
assumed to be constant, as indicated by the CAPWAP analyses, while the shaft capacity
was assigned as a variable (and increased over time). An analysis was also performed in
order to examine the effect of increasing shaft damping (Js) over time. In this case the
damping was gradually increased, from 0.10 s/m for the capacities at EOD, up to 0.30 s/m
for the capacities after a two-week set-up period.
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Table 16.2 Soil model used in the WEAP analyses

*

Soil parameters

Shaft

Toe

Smith damping

0.16 s/m, and 0.10-0.30 s/m

0.5 s/m

Quake

2.5 mm

D* / 120, (However, > 1 mm)

Capacity

Variable

Constant (Rod: 4 kN, Pile: 335 kN)

For square piles:

D = 2b /

π

The results from the WEAP analysis are presented in Figure 16.3, together with the
measured data for the rods. As can be seen, very good correlation is obtained between
measured and calculated capacity for the whole range of data. However, the best
correlation was achieved in the case with increasing Js over time, as can also be seen by
comparison with the regression results in Figure 16.3.
120

WEAP, increasing
Js with time

100

WEAP, Js=0.16 s/m
(constant)

Capacity (kN)

80

60

-0,86

y = 103x
2
R = 0,97

40

20

-0,73

y = 78x
2
R = 0,96

0
0

5

10

15

20

Set per blow (mm)

Figure 16.3 Results from WEAP analyses and dynamic loading test for the rods.
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Table 16.3 Results from WEAP analyses for different drop heights.
Normalized set, S / Emax [mm/kNm]
Capacity

h = 0.2 m

h = 0.3 m

h = 0.4 m

h = 0.5 m

h = 0.6 m

h = 0.7 m

500 kN

1.33

1.29

1.22

1.19

1.17

1.15

600 kN

1.08

1.10

1.07

1.04

1.01

0.99

700 kN

0.86

0.94

0.94

0.92

0.90

0.88

800 kN

0.64

0.78

0.82

0.82

0.81

0.79

900 kN

(0.45)

0.64

0.71

0.72

0.72

0.72

1000 kN

(0.30)

0.52

0.61

0.64

0.65

0.65

1100 kN

(0.17)

(0.39)

0.5

0.55

0.57

0.58

1300 kN

-

(0.19)

(0.32)

0.40

0.44

0.46

1500 kN

-

(0.05)

(0.17)

(0.26)

0.31

0.36

1700 kN

-

-

(0.05)

(0.14)

0.21

0.25

The results from the WEAP analyses for the piles are presented in Table 16.3 as S/Emax for
the different drop heights. In the analyses, Emax was varied between approximately
6.5-23 kNm for drop heights between 0.2-0.7 m. The values where the set per blow was
less than approximately four millimetres - for which it could be assumed that the ultimate
resistance had not been completely mobilized - are displayed in parentheses. Presented in
bold are the values that should be compared with the measured values, as the transferred
energies are similar. The results show that the normalized set is approximately constant for
a fixed capacity, under the condition that the capacity is fully mobilized. Moreover, the
results also clearly support the normalization, S/Emax, made in Equation 16.3.
The results from the WEAP analyses are presented in Figure 16.4, together with the
measured values. Further, a regression analysis was performed on the WEAP results using
Equation 16.1, i.e. the empirical approach. As can be seen, the regression curve gives a
very good fit (R2 = 0.96) to the WEAP data. Although the WEAP analyses could not match
the measured data very well, it can be seen that the relative change in capacity as a
function of set, i.e. the curvature, is fittingly matched, which is the main interest here. This
is also revealed by the constant b, determined by regression analysis, being almost of the
same value, 0.68 and 0.72 for the measured data and the WEAP data respectively.

165

Set-up from blow-settlement data

III - Methods

2500
WEAP

Capacity (kN)

2000

1500

WEAP:
y = 668x-0,72
R2 = 0,96

1000

500

0
0

0,5

1

1,5

Set/EMX

Figure 16.4. Results from WEAP analyses and dynamic loading test for the piles.

16.6 Comparison between the two approaches
In the previous sections the empirical approach and the WEAP-based approach were
compared against measured field data. Since both approaches showed very good
correlation with measured data, it could be instructive to compare the approaches with one
another. In Figures 16.3 and 16.4 it is shown that Equation 16.1 is best-fit to the WEAP
analyses with very good correlation.
A sensitivity analysis was performed to see if this good correlation can also be achieved
for a wide spectrum of soil models. In this case 14 WEAP analyses were performed for the
same pile and hammer as above. The drop height was 0.5 m, the pile length was 20 m, and
the shaft distribution chosen as constant with depth.
The results from the sensitivity study are presented in Table 16.4 in terms of the correlation
factor, R2, and the constant b that produced the best curve-fit using Equation 16.1. The
constant a, however, is not presented since it is does not provide any information of value.
The range for the set per blow that was used in the regression analyses was roughly
between 5 -25 millimetres. It should be noted that the constant b was, to some degree,
influenced by the range that was chosen.
The most interesting result from these analyses is that the variation in the constant b is
relatively small, ranging from 0.73 to 0.87, where low values are linked to small damping
factors, and correspondingly high values are linked to high damping factors. On the other
hand, the toe quake was shown to have very little influence on b. Some of the results are
also illustrated in Figure 16.5.
The influence of pile length was also examined. It was found that by shortening the pile
length, b increased. For example, for a pile length of 5 m, the ST2 model (see Table 16.4)
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produced a b of 0.84 instead 0.79, for the same range of set. Furthermore, the correlation
was also improved, resulting in R2 = 0.99.
A similar sensitivity study was also performed for the rods. These results are presented in
Table 16.5. For a wide variety of soil models, the results produced values of b ranging
from 0.81 to 0.89 for a range of set per blow of roughly 2-20 mm. It was also noted that a
decrease in the shaft quake to 1 mm produced overall slightly higher values of b. Higher
values of b was also noted for an increase in rod impedance. The correlation factor was as
good as 0.99 for all the regression curves.
Table 16.4 Results from the sensitivity study for the piles; the empirical approach applied
on WEAP-analyses.
Shaft
capacity

Quake (mm)

Damping (s/m)

b

R2

Set

Ident.

(mm)

(%)

Shaft

Toe

Shaft

Toe

0

-

d/120

-

0.25

0.77

0.97

5.2-25

T1

0

-

d/120

-

0.5

0.86

0.98

5.5-25

T2

0

-

2d/120

-

0.25

0.74

0.98

5.3-24

T3

0

-

2d/120

-

0.5

0.85

0.98

5.6-24

T4

50

2.5

d/120

0.16

0.25

0.77

0.97

5.7-26

ST1

50

2.5

d/120

0.16

0.5

0.79

0.97

5.6-23

ST2

50

2.5

d/120

0.65

0.25

0.82

0.97

5.6-23

ST3

50

2.5

d/120

0.65

0.5

0.83

0.97

5.4-24

ST4

50

2.5

2d/120

0.16

0.25

0.75

0.97

5.3-26

ST5

50

2.5

2d/120

0.16

0.5

0.81

0.98

5.3-26

ST6

50

2.5

2d/120

0.65

0.25

0.81

0.98

5.8-23

ST7

50

2.5

2d/120

0.65

0.5

0.84

0.98

5.6-24

ST8

100

2.5

-

0.16

-

0.73

0.96

5.7-23

S1

100

2.5

-

0.65

-

0.87

0.97

5.6-24

S2
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Figure 16.5 Some results from the sensitivity study on the piles.
Table 16.5 Results from the sensitivity study for the rods; the empirical approach applied
on WEAP-analyses.
Shaft
capacity

Quake (mm)

Damping (s/m)

b

R2

Set

Ident.

(mm)

(%)

Shaft

Toe

Shaft

Toe

0

-

1

-

0.25

0.87

0.99

2.1-20.4

T1

0

-

1

-

0.5

0.89

0.99

1.8-18.4

T2

0

-

2

-

0.25

0.84

0.99

2.0-19.6

T3

0

-

2

-

0.5

0.84

0.99

1.7-20.3

T4

50

2.5

1

0.16

0.25

0.82

0.99

1.8-20.8

ST1

50

2.5

1

0.16

0.5

0.81

0.99

1.8-18.3

ST2

50

2.5

1

0.65

0.25

0.82

0.99

1.9-19.5

ST3

50

2.5

1

0.65

0.5

0.86

0.99

2.0-19.4

ST4

50

2.5

2

0.16

0.25

0.82

0.99

2.1-20.4

ST5

50

2.5

2

0.16

0.5

0.84

0.99

2.1-20.3

ST6

50

2.5

2

0.65

0.25

0.82

0.99

2.2-18.9

ST7

50

2.5

2

0.65

0.5

0.82

0.99

2.0-19.6

ST8

100

2.5

-

0.16

-

0.83

0.99

2.1-19.4

S1

100

2.5

-

0.65

-

0.82

0.99

1.8-18.9

S2

16.7 Discussion of factors influencing the constant b
As was revealed when applying the empirical equation to both measured data and WEAP
results, the constant b showed a tendency to vary within a relatively narrow range of
values, approximately 0.6-0.9. Before this can be applied in practice, it has to be examined
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under a variety of different conditions. Nevertheless, it would be of great benefit to be able
to obtain a rough estimate of the relative set-up at a site by just striking the piles at
different points in time. According to Equation 16.2, a halving of the set, for instance,
would indicate a relative increase in capacity of 68 % for b = 0.75. If b was instead 0.6, the
increase in capacity would be 52%, the difference only being 16 % in the estimated set-up.
This example demonstrates that the variability in the relative set-up as a function of set is
small, if b lies within the mentioned range.
If we consider the following dynamic formula (the Energy Approach) derived from the
energy equation by Paikowsky & Chernauskas (1992), and where Emax and Dmax are
measured quantities:
Qd =

Emax
S + ( Dmax − S ) 2

(16.4)

It can be seen that if Dmax ≈ S, i.e. the total quake (pile and soil) is very small in relation to
the set, the following expression is derived:
Qd = E max ⋅ S −1

(16.5)

In fact the expression is a conventional dynamic formula in its simplest form, thus
disregarding the energy losses (initially presented by Sanders in 1851). It is also very
similar to Equation 16.1. Nevertheless, it implies that the maximum value which b can
acquire is 1.0. Hence, high values of b should be expected for small soil quakes and large
penetrations per blow, as well as for short piles with high stiffness (impedance). This was
also shown in the WEAP sensitivity study. However, a value less than 0.9, but probably in
most cases less than 0.8, is more realistic, as near to perfect conditions (an ideal plastic soil
and an infinitely rigid pile) are not very likely to be encountered in the field. Changes in
soil damping over time will also have an influence on b, inasmuch as an increase in soil
damping over time will produce a smaller value, than if the damping was constant.
It is also possible to reason that for a normal hammer to pile impedance ratio and for nonextreme soil conditions, a value of b greater than about 0.6 is assumed reasonable. Again,
under the circumstances that the ultimate capacity is mobilized.
At the moment, however, site specific determination of the constant b by dynamic testing
and set measurements is highly recommended, at least until further calibration of the
constant b has been performed for a variety of field cases.
The author would, however, like to emphasize that the two approaches presented herein are
by no means intended to replace pile testing for determining the set-up. Their main purpose
is to provide an estimate of the set-up in, for instance, an early testing stage, or during
production control.
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16.8 Conclusions
Two approaches of using the penetration per blow at different points in time to assess the
relative set-up were proposed. These approaches was evaluated using the results from the
dynamic testing (capacity and set) on the piles and rods at Area A. The following was
concluded:
1. Both approaches, the empirical and the one based on WEAP, showed that it is
possible to evaluate the relative increase in bearing capacity with very good
accuracy from penetration per blow measured at different points in time.
However, the approaches should be limited to piles where the resistance has been
clearly mobilized.
2. The particular advantage with the empirical approach is its simplicity, making it
ideal for production control purposes. Furthermore, it was noted that the constant,
b, can be expected to range between a relatively narrow span, approximately
0.6-0.9, which increases the value of the approach even more.
3. The WEAP based approach is, however, suggested for more detailed evaluations
of the relative set-up, as it is possible to take into account time-dependent changes
in soil parameters.
4. Sensitivity studies showed that there was very good correlation between the
empirical equation and the WEAP analyses using a variety of different soil
models. An interesting observation was that the choice of dynamic soil parameters
had little influence on the b-value.
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DISCUSSION AND MAIN CONCLUSIONS OF PART III

17.1 Conclusions
The two methods, involving dynamic testing respectively torque testing on driven rods for
assessing pile set-up, were evaluated in two full-scale field tests. The measured set-up of
the rods was compared with the set-up of four driven concrete piles (Piles A-D) driven at
the same site. From the evaluation the following main conclusions were drawn:
1. Both dynamic testing and torque testing demonstrated the possibility of being
valuable tools for assessing the set-up behaviour of driven piles. Especially torque
testing proved to be very easy to perform and can be directly applied to
conventional dynamic penetration testing.
2. Approximately the same relative set-up was observed between the dynamic tested
piles (Piles A-C) and rods (H1-H21) if all the results are considered. The rods
showed on average a 40 % and the piles a 30-50% increase in total capacity per
log cycle of time. However, if considering the results from the first and second
restrike only, a 30% increase for the rods and 50% for the piles was observed per
log cycle of time.
3. However, as this and previous studies show, a large scatter in the unit rod shaft
resistance should be expected. Further, a very large range in the shaft scaling
factors indicates the limited use of driven rods for determining pile capacity.
There was also a tendency for the overall set-up rate to increase as a result of preloading.
4. The CAPWAP analysis indicated that the main set-up for the rods took place
along the shaft in the silty sand layer. This is the same as was observed for the
piles. There was also a tendency for the shaft damping to increase over time, and
the shaft quake to remain constant over time. Although the scatter was large, no
time-dependence was observed with regard to the toe capacity and the dynamic
toe parameters.
5. The results showed that there was also relatively good correlation between the setup rate evaluated from the torque tests and the loading tests on both rods and
piles. For instance, the static load tested pile (Pile D, d = 12.8 m) showed a 30 %
increase in shaft capacity per log cycle of time. The torque tested rods at
d = 7.8 m showed a 30 % increase and the rods at d = 11.7 m showed a 30-60%
increase.
6. Depending on the rod length and the applied torque, the elastic torsional
deformation of the rod has some influence on the maximum measured torque due
to progressive failure. However, the effect of elastic torsional deformation for
normal lengths (i.e. 20-30 m) will only have a negligible effect on the evaluated
set-up.
In the third method it was suggested that the penetration per blow, measured at different
points in time, could be used to assess the relative set-up. The method was evaluated using
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the results from the dynamic testing (capacity and set) on the piles and rods at Area A.
Two approaches were suggested: an empirical one and one based on wave-equation
analysis (WEAP). The following was concluded:
1. The empirical approach relates the relative decrease in set per blow (S2/S1) to a
corresponding relative increase in bearing capacity (Q2/Q1), see Equation 16.2.
The expression can also be used when the transferred energy varies between
blows by normalizing the set with respect to the transferred energy, see
Equation 16.3.
2. Both approaches, the empirical and the one based on WEAP, showed that it is
possible to evaluate the relative increase in bearing capacity with very good
accuracy from the penetration per blow, measured at different points in time.
However, the method should be limited to piles where the ultimate resistance has
been clearly mobilized.
3. The particular advantage with the empirical approach is its simplicity, making it
ideal for production control purposes. The WEAP based approach is, however,
suggested for more detailed evaluations of the relative set-up, as it is possible to
take into account time-dependent changes in soil parameters.
4. A sensitivity study showed that there was a very good agreement between the
WEAP analyses, using a variety of different soil models, and the empirical
equation.

17.2 Discussion
To be able to make full use of the results from set-up tests on driven rods it is important to
understand the basic mechanisms behind set-up. Although the results from this study
showed that good correlation could be achieved between piles and rods, the influence
which the following two main parameters (shaft surface roughness and pile diameter) have
on set-up suggests that the correlation factor will probably vary according to soil and pile
type:
1. The difference in shaft surface roughness between rod and pile will influence the
degree of the interaction between soil particles and the shaft, and consequently the
amount of dilation. This implies that a pile with a rough surface would have
greater potential for large set-up than a pile with a smooth surface.
2. The difference in pile and rod diameter has an influence on the stresses induced
into the soil during driving, and consequently on the degree of arching and stress
relaxation. The size has an influence on the degree of soil arching and the overall
soil disturbance, and therefore also on the nature of the stress relaxation.
The cylindrical cavity expansion theory (Equation 2.5) can be used to explain the influence
these parameters have on the degree of set-up. The equation implies that an increase in
horizontal stress during loading due to dilation is inversely proportional to the size (radius).
This means that a change in dilatancy and stiffness through soil ageing has a greater
influence on a rod than on a pile, provided the surface roughness is equal.
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Table 17.1 Hypothesis of how the basic mechanisms may influence the degree of set-up for
piles and rods.
Size (Radius)

Surface roughness

EXPECTED DEGREE OF SET-UP

Steel rods

Concrete piles

An increase in dilatancy and
stiffness (soil ageing) has a
greater effect on a small rod

Large soil disturbance during
installation - high soil induced stress
and stress relaxation

Weak interlocking between soil
particles and rod

Strong interlocking between soil
particles and pile, leading to large
dilation effects during loading

MEDIUM

HIGH

In Table 17.1 some conclusions, based on the cavity expansion theory, are presented as to
how the main pile and rod parameters may affect the degree of set-up. A smaller degree of
set-up is expected for the rods than for the piles. This trend has also been observed in the
present and previous studies. The two main pile and rod parameters, the size (radius) and
the surface roughness can explain the difference in set-up between piles and rods. Other
important factors that may influence the degree of long-term set-up of piles and rods are
briefly discussed in Part II, Chapter 11.
Published case histories of set-up in non-cohesive soil show that the amount of set-up can
vary considerably between sites. As a result, the set-up factor A, according to Denver and
Skov (1988), see Equation 2.1, should be considered to be site specific. Moreover, it was
observed that there was a tendency for the rods to have a higher set-up rate, opposed to the
piles, as a result of pre-loading. Therefore, it is suggested that the methods should
primarily be used for assessing the set-up potential at a site, and not for direct set-up
correlations. For, instance, if the rods show large set-up, it could be a flag for favourable
soil conditions with regard to set-up, or more specifically soil ageing.
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SUMMARY
Background and main objective
The long-term increase in bearing capacity (i.e. set-up) of driven piles in non-cohesive soil
is often large. Published case histories suggest that the capacity is, on average, roughly
doubled over a period of 1 day to 100 days. Although numerous reports have been
published in recent years on this subject, the basic mechanisms behind the phenomenon are
still not fully understood. Based on Schmertmann (1991) and Chow et al. (1998), we can
divide long-term set-up into two main interrelated causes: stress relaxation (horizontal
creep) and soil ageing (mainly caused by rearrangements and interlocking of soil particles).
It is not clear, however, which one of these mechanisms is predominant under dissimilar
conditions or how the different pile and soil parameters affect the degree of set-up.
One of the main objectives with the study was to clarify the principal mechanisms behind
long-term set-up of driven piles in non-cohesive soils. Another primary objective was to
examine the possibility of using driven rods to predict pile set-up. The main work is based
on extensive full-scale field tests involving both dynamic testing and torque testing on
driven rods at different points in time, as well as dynamic and static testing on driven
concrete piles instrumented with earth pressure cells.

Investigations into the mechanisms of set-up
Testing procedure
Two field test series were performed involving four instrumented concrete piles (Piles
A-D) that were driven in loose to medium dense saturated sand. The piles were 235 mm
square and driven to a depth of 19 m and 13 m respectively.
In the first field test series the static pile capacity was determined by dynamic testing at
different points in time up to a maximum of 213 days after the installation. Two piles
(Piles A and C) were instrumented with earth pressure cells on the shaft at various depths,
in order to measure the increase in horizontal stress on the shaft over time due to stress
relaxation, and compare it with the set-up evaluated from dynamic testing. The idea was to
determine to what extent the increase in shaft resistance was caused by stress relaxation
(lateral creep), and examine its behaviour over time.
In the second field test series another instrumented pile (Pile D) was installed. This pile
was also instrumented with earth pressure cells on the shaft and, in addition, three
piezometers on the shaft and one earth pressure cell on the toe. The pile was static load
tested at five different points in time between a period of 1 to 667 days after installation.
This gave an opportunity to measure the increase in horizontal stress during loading and
examine how the response changes as a result of soil ageing.
Finally, a laboratory ageing study was performed on model piles (D =28 mm), driven into
a pressurized chamber filled with saturated sand, and uplift tested at different points in
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time. In order to study the influence of depth on set-up, the horizontal pressure in the
chamber was varied between the tests.

Main results and conclusions
The dynamic testing and static testing of the piles revealed a distinct increase in the
capacity over time and further that this increase was approximately linear with the
logarithm of time. Piles A-C showed a 50 % increase in capacity with every log cycle of
time between the first and second restrike. However, it was noted that the repeated load
testing caused a reduction in the capacity and a decrease in the overall set-up rate. In other
words, the loading history of the piles had a significant effect on the degree of set-up. The
static loading tests on the considerably shorter Pile D, which was driven in soil disturbed
by the reaction piles, revealed only a 20 % increase in capacity per log cycle of time.
From the results it was concluded that pile driving in sand can generate strong arching
effects around the shaft, even at considerable depth. The arch deteriorates with time due to
stress relaxation (creep), which leads to an increase in horizontal stress on the pile shaft.
Depicted in Figure 1 is the measured horizontal (normal) stress at rest on the shaft of
Pile C. As can be seen, the increase in horizontal stress continues for several months and is
approximately linear with the logarithm of time. Furthermore, the degree of stress
relaxation was observed to increase strongly with depth.
35,00
30,00
25,00

σ 'hr (kPa)

Cell C6

20,00

Cell C5
Cell C4

15,00

Cell C3
Cell C2
Cell C1

10,00
5,00
0,00
1

10

100

Time (days)

Figure 1

Measurements of stress relaxation (C1 is the deepest located cell)

The results from all the instrumented piles (i.e. Piles A, C and D) showed that constrained
dilatancy can play a major role in the behaviour of friction piles in sand, resulting in an
extensive increase in horizontal effective stress on the shaft during actual loading. This
effect is clearly observed in Figure 2, which shows the change in horizontal effective stress
measured by one of the earth pressure cells on Pile D. Furthermore, the results also showed
that this effect clearly increases over time.
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The observed long-term set-up of the piles was attributed to two main causes, stress
relaxation and soil ageing. It is concluded that the effect of increasing dilatant behaviour
(due to soil ageing) over time was by far the predominate cause. Moreover, the results even
indicate that the dissipation of excess pore pressures only contributed in a minor degree to
the overall set-up. The results clearly indicated that set-up is a phenomenon closely related
to the shaft - at least in a practical sense. Little or no set-up was observed to occur at the
toe.
It was shown that the cavity expansion theory can provide a theoretical framework for
explaining the effect of constrained dilation of friction piles during loading. Here the
increase in radial stress on the shaft is directly proportional to the stiffness of the soil
(shear modulus) and the soil-shaft interface dilation, and further is inversely proportional
to the pile radius. Other factors having an important influence on the degree of set-up were
discussed, such as the soil characteristics (i.e. particle size, shape and strength), the
moisture content, the chemical composition of the pore water, the in-situ stress level and
the pile geometry and installation procedure.
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Increase in σ′h during loading versus pile head displacement, shaft cell D3.
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Conceptual model of pile set-up
Based on the results the following conceptual model of the set-up phenomenon is proposed
(illustrated in Figure 3):
1. The penetration of the pile toe during driving pushes the soil to the side.
Furthermore, sideways whipping of the shaft and lateral stress waves gradually
create a soil arch with high tangential stresses and low normal stresses acting on
the shaft.
2. The arch deteriorates with time due to stress relaxation (creep), which leads to an
increase in horizontal (normal) stress on the pile shaft. This process can, for most
cases, be expected to continue for at least several months.
3. In conjunction with the creep process, the soil particles become increasingly
interlocked with the pile surface. The rearrangement of soil particles leads to an
increasing dilatant behaviour and stiffness over time.
4. During the subsequent loading of the pile, the effect of constrained dilatancy will
generate large horizontal stresses on the shaft. The cavity expansion theory can be
used for calculating the increases in horizontal stress, provided the dilation and
soil stiffness can be quantified.

Figure 3

Schematic illustration of stress relaxation and increasing constrained
dilatancy over time with regard to piling.

In the conceptual model the cavity expansion theory provides a theoretical framework (in
an elastic soil mass) for explaining the changes in normal stress during loading of the pile.
The basic conditions for the conceptual model are:
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•

The pile should be some type of driven (rammed) displacement pile (i.e. the soil
disturbance during driving has to be significant in order to create a soil arch and
the conditions for stress relaxation).

•

The soil behaves in a clearly dilatant manner (non-cohesive soil).
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•

There is a pronounced interaction between soil and pile surface (i.e. the pile has
to have a sufficient surface roughness, and further, the size and the surface
characteristics of the grains have to enable interaction).

According to the Coulomb failure criterion, the shaft capacity is directly proportional to the
horizontal (normal) stress acting on the shaft. Hence, set-up could be defined as the
difference in the horizontal effective stress at failure between two points in time.
In order to distinguish the components of set-up, the following definitions are proposed:
1. The total set-up (short-term and long-term), which is caused by the dissipation of
excess pore pressures (∆ur), stress relaxation (∆σ’h,rel) and soil ageing (∆σ’h,age), is
defined as the difference in horizontal effective stress at failure between the time
t0 and t1 as follows:
∆σ h′ , set = ∆u r + ∆σ h′ ,rel + ∆σ h′ , age = σ hf′ ,1 − σ hf′ ,0

(1)

2. Herein, the part of the short-term set-up that is caused by the dissipation of excess
pore pressures acting on the shaft between the time t 0 and t 1 is expressed as:
∆u r = u r 0 − u r1

(2)

3. Further, the stress relaxation (creep) part of the set-up is defined as the increase in
horizontal effective stress at rest, and excluding pore pressures changes, as
follows:
∆σ h′ , rel = (σ ′hr,1 − σ ′hr, 0 ) − ∆u r

(3)

or:
∆σ h′ , rel = σ hr ,1 − σ hr ,0

when ∆u r ≥ 0

(4)

4. Finally, the soil ageing part of the set-up is defined as the difference in ∆σ hf′
′ ) mainly due to dilatant effects during loading:
(= σ ′hf − σ hr
∆σ h′ , age = ∆σ hf′ ,1 − ∆σ hf′ ,0

(5)

Methods for assessing pile set-up
Testing procedure
Part of the thesis is an evaluation of three methods for predicting or assessing the set-up at
a site. Two of the methods are based on performing either dynamic testing or torque testing
on driven rods. The third method uses the penetration per blow of either piles or rods that
have been left to age.
In the first method dynamic loading tests are used on dynamic penetration rods to assess
the long-term set-up of driven piles. The main part of the work consisted of an evaluation
of the method in a comprehensive field test, involving twenty-one rods driven to a depth of
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19 m in a loose to medium dense glacial sand. The results were compared with the results
from the pile load testing performed on Piles A-C.
The second method, was proposed as an alternative to dynamic testing and uses torque
testing on driven rods for assessing pile set-up. The evaluation of the method is based on a
field test involving ten instrumented rods installed at the same site as the pile and rods,
previously mentioned. The torque versus rotation was measured by strain gages and a
displacement transducer at different points in time, up to nearly eight months from the end
of driving. In addition, the maximum torque was also measured using a simple digital
torque wrench. The results were compared with the observed set-up of the axial loaded
(dynamic and static) piles and rods at the same site, but primarily these were compared
with Pile D that was driven to the same depth.
The third method is based on the evaluation of the relative set-up at a specific site, by
simply measuring the set per blow of either piles or rods at different points in time after
installation. For this purpose, two approaches were suggested: either an empirical
correlation or a back-calculation by wave equation analysis (WEAP). The accuracy of the
approaches was evaluated by using the measurements of set per blow and capacity from
both concrete piles and steel rods, obtained at different points in time in the first field test
series.

Main results and conclusions
Both dynamic testing and torque testing demonstrated the possibility of being valuable
tools for assessing the set-up behaviour of driven piles. Especially torque testing proved to
be very easy to perform and can be directly applied to conventional dynamic penetration
testing.
Approximately the same relative set-up was observed between the dynamic tested piles
(A-C) and rods. The rods showed on average a 40 % and the piles a 30-50% increase in
capacity per log cycle of time. However, considering the first and second restrike only, the
rods showed on average a 30% (i.e. A = 0.3) and the piles a 50% (A = 0.5) increase in total
capacity per log cycle of time, see Figure 4.
The CAPWAP analyses indicated that the main set-up for the rods took place along the
shaft in the silty sand layer. This is the same as was observed for the piles. There was also
a tendency for the shaft damping to increase over time. However, the shaft quake remained
constant over time. Although the scatter was large, no change in toe capacity or in the
dynamic parameters (damping and quake) was observed over time.
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The increase in the capacity of the piles and rods (denoted H).

Figure 5 shows some typical torque-movement curves measured on rods at different points
in time. As can be seen, the increase in peak torque is noticeable compared to the residual
value. The results showed there was also relatively good correlation between the set-up
rate evaluated from the torque tested rods and the static and dynamic loading test on piles
and rods. For instance, the torque tested rods showed a 30-60% average increase in peak
torque per log cycle of time whereas Pile D, which was driven to the same depth, showed a
30% increase in shaft capacity per log cycle of time. It was also concluded that elastic
torsional deformation of the rods and the development of progressive failure only have a
negligible effect on the evaluated set-up for normal lengths (i.e. 20-30 m).
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Typical torque test results at different times. Rod HT6 (d=11.7 m).

The study of the third method showed that it is possible to evaluate the relative increase in
bearing capacity with very good accuracy from the penetration per blow measured at
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different points in time using either the empirical approach or the one based on WEAPanalyses.
The empirical approach is based on the following simple equation, which relates the
relative decrease in set per blow (S2/S1) to a corresponding relative increase in bearing
capacity (Q2/Q1):
Q2  S 2 
= 
Q1  S1 

−b

(6)

The expression can also be used when the transferred energy varies between blows by
normalizing the set with respect to the energy. To establish the constant b in the equation,
the set per blow and capacity have to be determined at two points in time. Alternatively, b
could be chosen from well-established correlations for similar pile-hammer-soil conditions.
An alternative approach was also suggested. In this approach WEAP-analysis is used to
back-calculate the relative increase in capacity from pile penetration data. This procedure
is recommended for more detailed evaluations, as it is possible to account for timedependent changes in the dynamic soil parameters.
Furthermore, it was noted that the correlation between the approaches was excellent,
provided that the ultimate resistance is clearly mobilized. It was also noted that the
constant b, both with regard to the measured data and to sensitivity studies using WEAPanalyses, varied between 0.6-0.9.

184

IV – Suggestion for further work

SUGGESTIONS FOR FURTHER WORK
The phenomenon of set-up has been highlighted in the recent decade and several papers
have been published regarding both pile set-up and soil ageing. A majority of these are in
the form of case histories, and only a few provide a thorough investigation into the set-up
process. However, what these papers do reveal is that set-up is a major feature of driven
piles in non-cohesive soil, and further, that the knowledge is still relatively limited in
relation to the great effect it has on the pile capacity. Overall, it is suggested that the need
for further studies can be divided into three major areas:
1. A deeper understanding is needed not only of the underlying process of pile set-up
in particular, but also with regard to soil ageing in general. For instance, it is not
clear what effect the chemical composition of the pore water (after pile driving)
has on the set-up process.
2. Constrained dilatancy appears to have a major effect on driven piles in noncohesive soil during loading. However, the understanding of this mechanism and
its significance for pile behaviour is still very limited. In this context the ruling
parameters and their effects under different conditions need to be further
examined.
3. Both laboratory and field investigation methods would need to be reviewed and
possibly modified with regard to both set-up and soil ageing investigations.
More specifically, and in view of the work undertaken in the present study, the following
areas are suggested for further studies:
•

A deeper study of the factors that influence stress relaxation. Many papers have
discussed and provided data on the zone of compaction around driven piles, but
very few have examined the stresses induced into the soil by pile installation.

•

To provide the basis for a better understanding of the effect of constrained
dilation under different conditions, additional measurements of the effect through
instrumentation (pressure cells) of both model piles and full-scale piles is
suggested. A factor that needs clarification is the effect of shape, both with regard
to constrained dilation and to the set-up phenomenon as a whole (for instance, a
circular shape as opposed to a square shape).

•

A comprehensive laboratory ageing parameter study of the factors influencing
set-up is suggested. Eight major factors were identified as important for the setup characteristics. However, their real effects and interrelationships are unclear.

•

Although the torque testing method was found to be a valuable tool, further
correlation studies with different soil and pile types are needed. The tendency for
the rods to have a higher overall set-up rate as a result of pre-loading needs also
to be investigated. Furthermore, the hypothesis that the increase in residual
resistance is closely linked to the degree of stress relaxation should be verified.
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•

The method of using set per blow to evaluate pile set-up was shown to agree well
with the data of pile and rods in this study. However, further field results are
needed to check the accuracy and limitations of the method. In particular, to
examine the range of the constant b in the empirical expression under different
field conditions, and to investigate the effect of set-up on the dynamic soil
parameters (damping and quake) used in wave equation analysis.

•

Most of the research-orientated studies concerning pile set-up are concentrated
on single piles. The knowledge of what effect piles driven in groups (i.e. affected
by neighbouring piles) have on set-up is very limited and would need to be
examined.

•

Further areas suggested for studies are the effects of vibrations, seismic loading
and creep movement on aged piles, or in short, the level of disturbance that is
necessary to break down the effect of set-up.
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