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Abstract:  The increase in capacity of displacement piles with time after installation is typically known as soil/pile set-up. A
full-scale field test is carried out to observe the set-up effect for open-ended concrete pipe piles jacked into mixed soils. Both the
total capacity and the average unit shaft resistance increase approximately linearly with logarithmic time. The average increase
rate for unit shaft resistance is 44% per log cycle, while the average increase for total capacity is approximately 21%. A review on
case histories for long-term set-up indicates an average set-up rate of approximately 40%. Based on this, the mechanism of pile
set-up is discussed in detail and a three-phase model is suggested.
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1 Introduction

Soil/Pile set-up is defined as an increase in pile
capacity over time after installation. This phenome-
non was first reported by Wendel (1900), and has
been recognized as occurring in most parts of the
world. Set-up has been documented for virtually all
displacement pile types including pipe pile and solid
concrete pile. The consideration of set-up effect can
efficiently improve the estimation of pile capacity, so
that the length, diameter or the number of production
piles may be economically reduced. The rate and
magnitude of set-up is a function of a combination of
a number of factors (Samson and Authier, 1986).
Thus, the beneficial effect of capacity set-up is sel-
dom used to any great extent in piling projects due to
the high uncertainties of predicting the development
of set-up.
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To further investigate and demonstrate the
long-term set-up, three full-size concrete pipe piles
were jacked into mixed soils. Static load tests were
undertaken at two different points in time for each
pile, up to a maximum of 75 d after installation. The
tendency of an increase in pile capacity with time was
observed and compared with other case histories.
Based on the mechanisms of pile set-up, a three-phase
model is proposed. In addition, a thorough review of
previous studies, including a compiled database of
case histories and empirical formulas, is also under-
taken in this paper. This study is an attempt to im-
prove the understanding and application of the set-up
effect on displacement piles.

2 Basic mechanism of set-up

During the installation of a pile, soil is displaced
predominately radially along the shaft and vertically
and radially beneath the toe. A remolded zone with a
thickness of up to 100 to 150 mm is formed around
the shaft (Flaate, 1972), accompanied by high excess
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porewater pressure generated in this narrow band.
After installation, as the excess porewater pressure
dissipate, the effective stress of the affected soil in-
creases, and set-up occurs as a result of increased
shear strength and increased lateral stress against the
pile (Komurka et al., 2003). Accordingly, the set-up
predominately takes place along the pile shaft (Sam-
son and Authier, 1986; Bullock et al., 2005b), and
mainly on the lower part (Preim et al., 1989; Fellenius
et al., 1992). Little or no set-up is observed to take
place at the toe (Skov and Denver, 1988; Axelsson,
2000).

Based on Komurka et al. (2003), the soil/pile
set-up mechanisms can be divided into three phases:
(1) Phase 1: logarithmically nonlinear rate of excess
porewater pressure dissipation; (2) Phase 2: loga-
rithmically linear rate of excess porewater pressure
dissipation; (3) Phase 3: independent of effective
stress (ageing). The mechanism of set-up is shown in
Fig. 1, where ¢ is the time elapsed after initial driving,
and 7, is the time when Phase 2 begins; Qiitial 1S the
initial capacity, and Qrna is the final capacity corre-
sponding to time ¢.

Phase 1 Phase 3

ﬁnaI/QinitiaI
\
\

logt
Fig. 1 Schematic idealized set-up phases (Komurka et al.,
2003)

During the first phase set-up is nonlinear with
the logarithm of time. This phenomenon is possibly
attributed to the non-constant rate of excess porewater
dissipation, or other mechanisms that are complicated
and have not been well understood. The duration of
this nonlinear period, corresponding to the time pa-
rameter ¢, in predictive models (Skov and Denver,
1988), is a function of soil and pile properties. They
recommended numerical values for £ as 1 d in clay
whilst was 0.5 d in sand. Axelsson (1998) set ¢, equal

to 1 d for pre-stressed concrete piles installed in
non-cohesive soils. Long et al. (1999), however,
recommended using % equal to a time as short as
0.01 d. Moreover, a larger pile diameter will cause a
larger ¢y (Camp III and Parmar, 1999).

In the second phase, set-up rate corresponds to
the rate of excess porewater pressure dissipation.
During the logarithmically constant rate of dissipation,
the affected soil experiences an increase in effective
vertical and horizontal stress, consolidates and gains
shear strength according to the conventional con-
solidation theory (Komurka et al., 2003). The length
of this phase also depends on the soil and pile prop-
erties. In granular materials, complete porewater
pressure equalization is expected within a few hours
after installation. In cohesive soils, however, dissipa-
tion may continue for several weeks, several months,
or even years (Skov and Denver, 1988). The time to
dissipate excess porewater pressure is proportional to
the square of the horizontal pile dimension (Soder-
berg, 1961), and is closely related to the diameter
ratio (Randolph, 2003).

During the third phase, set-up rate is independent
of effective stress, which is known as soil ageing.
This effect is attributable to thixotropy, secondary
compression, particle interference or clay dispersion
(Long et al., 1999; Komurka et al., 2003). This effect
also increases the soil’s shear stiffness and dilatant
behavior (Axelsson, 1998; 2000).

For cohesive soils, the majority of set-up is re-
lated to the dissipation of excess porewater pressure
(i.e., Phase 1 and Phase 2). In addition, the reconso-
lidated soil in the remolded zone will gain higher
shear strength than undisturbed soil (Randolph et al.,
1979). This effect transfers the failure under axial
load to the surface of remolded zone and accordingly
increases the effective perimeter of pile shaft, and
thus improves the pile capacity. For granular soils,
however, set-up is predominately associated with
Phase 3 (i.e., ageing effect) due to relatively rapid
dissipation of excess porewater pressure. Moreover,
stress relaxation is also recognized as another main
cause of long-term set-up for granular soils (Chow et
al., 1998; Axelsson, 1998; 2002; Bullock et al.,
2005a; 2005b). Based on the observations of Axels-
son (1998), it can be understood that stress relaxation
effect acts throughout Phase 2 and Phase 3.
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3 Previous study

Pile set-up effect was first well-documented by
Tavenas and Audy (1972) in non-cohesive soils.
Subsequently, a number of other case histories of
set-up have also been reported by Moe et al. (1981),
Samson and Authier (1986), Hunt and Baker (1988),
Seidel et al. (1988), Skov and Denver (1988), Wong
(1988), Preim et al. (1989), Fellenius et al. (1989;
2000), Astedt et al. (1992), Eriksson (1992), York et
al. (1995), Thomann and Hryciw (1992), Chow et al.
(1998), Axelsson (1993; 1994; 1998; 2000; 2002),
Long et al. (1999), Komurka et al. (2003), Tan et al.
(2004), Bullock et al. (2005a; 2005b) and Zhang et al.
(2009). Some of these cases are compiled and shown
in Fig. 2. Here the reference capacity O, was meas-
ured between 0.5 and 4 d after installation, and the
maximum ageing time was up to 3310 d. It shows that
the long-term set-up is generally in the region of 15%
to 65% per log cycle, and the average value is ap-
proximately 40%. The most rapid set-up presented in
the database is up to 106% per log cycle, observed by
Tan et al. (2004) on 610 mm closed-ended pipe pile
driven in medium dense sand.

proposed by Skov and Denver (1988) has been com-
monly adopted for the prediction of the set-up.

4 Field tests
4.1 Site condition

The field test was carried out at a construction
site in Hangzhou, China. In-situ cone penetration tests
(CPTs) were conducted and soil samples were also
obtained from drilled holes to perform laboratory
tests. Fig. 3 shows the soil profiles and CPT traces at
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A number of empirical equations have also been 1.0 : , : :
. . 1 10 100 1000 10000
proposed to quantify the magnitude of set-up, most of 1t
. . . 0
which are summarised in Table 1. Amongst those ) o )
proposed formulas, the logarithmic relationship Fig. 2 Case histories of long-term pile set-up
Table 1 Empirical formulas for predicting pile capacities with time
Equation Soil type Reference
0., =(0.375S, + DOpop» 0] Fine grained soil Zhu (1988)
where S, is the sensitivity of soil, Q14 is the pile capacity at 14 d, and Qgop is the
capacity at the end of driving (EOD)
O, = Orop +0.236[1 4 1og 1(0,... — Oron)]> 2) Soft soil Huang (1988)
where O, is the capacity at time ¢, and Q,,,.x is the maximum capacity
Q‘ = 1'4QI:ODIO'1= upper boundy (3) Sand Svinkin et al.
1994
0, =1.0250,,,t"', lower bound (1994
0, =1.10,,,t*", upper bound, Sands, clays, Long et al.
008 @) mixed soils (1999)
0, =110 opt, lower bound
O, = Q,[Alog(t/t,)+1], ) Sand and clay ~ Skov and Denver
where Q, is the capacity at time #), 4 and ¢, are two empirical parameters (1988)
q, = 4,(0.3log? + 2.8), (6) Soft clay Zhang (2009)
where ¢, is the unit shaft resistance at time ¢, and ¢ is the unit shaft resistance at EOD
t/t Clay Bogard and
0,=0,[02+—"—|, @) Matlock (1990)

14¢/t,

where O, is the ultimate capacity with 100% set-up, and #s is the time corresponding

to 50% set-up
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the test site. From the ground surface down to a depth
of 50 m, the profile consists of a stratigraphic se-
quence of fill (0-3.2 m), clayey silt (CS, 3.2—16.8 m),
silty sand (SS, 16.8-30.1 m), silty clay (SC,
30.1-37.2 m), clayey silt (CS, 37.2-39.8 m) and silty
clay (SC, 39.8-50.0 m). The major properties of soil
layers are shown in Table 2. The ground water table
was at 3.4 m below the ground surface.

4.2 Test setup

The test piles were all open-ended prestressed con-
crete pipe piles (PHC piles) with an outer diameter

0

Depth (m)

: S 50
02 4 6 8 050100150200
Cone resistance Sleeve friction
(MPa) (kPa)

Fig. 3 Soils profiles and cone penetration test results
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of 600 mm and wall thickness of 100 mm. The piles
were jacked using a jacking rig with a capability of
9000 kN and were re-jacked 0.5 d after installation.
Three test piles, P1, P2 and P3, were jacked to the
depths of 32, 34 and 41 m, respectively. All the three
test piles were performed twice using a maintained
static load test carried out at a different time after
installation.

4.3 Test results

The load-movement curves from the static
loading tests on the piles P1, P2 and P3 are depicted in
Fig. 4. Evident difference can be found in the two
curves for the first and second tests, especially for
piles P2 and P3. The ultimate bearing capacities at
different time confirmed following the Chinese
Technical Code (JGJ106-2003) are summarized in
Fig. 5 and Table 3. The pile resistances observed at
the end of initial jacking and re-jacking procedure
were taken as the pile capacities at that time. These
are also plotted in Fig. 5. An evident increase in the
bearing capacity takes place over time, although pile
P1 shows a tendency to level off after approximately
20 d. This may be explained by the pile P1 being
significantly disrupted during the static loading, thus
decreasing the set-up process. During the eighth load
increment for pile P1 at the first test, 500 kN weights

Table 2 Soil properties

Soil Depth  Natural water ~ Specific Liquid Plastic Cohesion Friction Compression
(m) content (%) gravity index (%) index (%) (kPa) angle (°) modulus (MPa)
Clayey silt 3.2-16.8 29.8 2.71 1.145 9.2 10.0 29.5 3.6
Silty sand 16.8-30.1 24.4 2.69 1.359 8.1 59 39.1 11.5
Silty clay 30.1-37.2 26.9 2.72 0.340 13.6 43.7 19.6 9.0
Clayey silt ~ 37.2-39.8 29.1 2.71 1.069 8.8 10.9 29.8 6.1
Silty clay 39.8-50.0 26.2 2.72 0.350 13.5 45.9 20.6 10.5
Load (kN) Load (kN) Load (kN)
00 500 1000 1500 2000 2500 3000 0 0 600 1%00 18'00 2400 3900 3§OO 4%00 0 0 600 120018002400 300036004200
10} ® 1ot ® 10t ©
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5 08— The first load test £  |—=— The second load test % —*— The second load test
E 40+ —®— The second load test 3 20+ n 401
50 50 B 50
60¢- 6ol 60t

Fig. 4 Load-movement curves derived from the static loading tests
(a) P1; (b) P2; (c) P3
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were added on a reaction system for assuring suffi-
cient load reaction. Although the load-movement
curve is modified and the influence is minimized in
this test, the set-up process of the pile may have been
changed to some extent. The different increase rate
for the three curves could reasonably be due to the
different lengths for the test piles. This is because
set-up is mainly attributed to the increase in shaft
resistance. Hence, the ratio of the shaft resistance to
the base resistance plays an important role in set-up
development.

Based on Skov and Denver (1988)’s relationship
(Eq. (5) in Table 1), the normalized total pile capacity
versus the logarithm of time is plotted in Fig. 6. Here
the re-jacking resistance is used as the reference ca-
pacity (Qo), (i.e., {,=0.5). Although the scatter was
relatively large, the three curves all display a distinct
increase over time which is approximately linearly
with the logarithm of normalized time. Average A
factor according to Skov and Denver (1988)’s rela-
tionship is 0.19, 0.27 and 0.15 for P1, P2 and P3,
respectively. The recorded increase in total resistance
in this study is relatively small in comparison with
other observations shown in Fig. 2. The pile installa-
tion method is possibly responsible for this as jacking
installation generally creates soil disturbance much
less than percussive methods.

The increase in pile capacity, as discussed above,
is predominately derived from the increase in shaft
resistance. Hence, it is of interest to separate the pile
capacity into the shaft resistance (Qs) and the base
resistance ((Qp). For open-ended pipe pile the base
resistance is composed of the annular resistance (Qann)
and plug resistance (Q,), which can be estimated from
CPT cone tip resistance (g.) and the incremental fill
ratio (IFR) of soil plug. The ratio of unit annular re-
sistance, ¢, to g. has been found to be independent
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of the penetration depth and the IFR (e.g., Lehane and
Gavin, 2001; Doherty et al., 2010). Hence, a value of
0.8¢. is adopted here for unit annular resistance (gan,)
based on the field observations (Doherty et al., 2010),
and the unit plug resistance (gpng) can be evaluated
through the relationship:

Gg = (0.8—0.7IFR)g, > 0.14,. (8)

The observed developments of soil level inside
the pile reveal that all the three piles achieved the
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Fig. 5 Increase in total pile capacity with time
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Fig. 6 Relative increase in pile total capacity with log-time
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Table 3 Results of the jacking, re-jacking and load tests

Pl P2 P3

Test Rest Total Shaft Base s Total Shaft Base . Total Shaft Base
time (h) resistance resistance resistance time (h) resistance resistance resistance time (h) resistance resistance resistance
kN)  (kN)  (kN) kN)  (kN)  (kN) KN)  (kN)  (kN)
End of 0 1620 603 1017 0 1620 602 1018 0 2600 1357 1243
jacking

Re-jacking 0.5 1820 803 1017 05 1820 802 1018 0.5 2700 1457 1243
Ft‘:tt load 408 24g4 1467 1017 456 2592 1576 1018 432 3258 2015 1243
Second 1800 2484 1467 1017 1752 2592 1862 1018 1728 3620 2377 1243

load test
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fully plugged mode during the re-jacking procedure.
Furthermore, in most cases piles are found in a
plugged mode under static loading (Randolph et al.,
1991), thus it is reasonable to assume that the three
piles remain in the plugged condition during static
loading tests, although no measurement was under-
taken in the tests. Then the value of g, can be taken
to be equal to 0.8¢. corresponding to the fully plugged
(IFR=0) according to Eq. (8). This is close to the
value 0.83 obtained from the field measurements by
Axelsson (2000), indicating that the above analysis
has provided reasonable predictions.

Assuming the base resistance remained constant
after installation, the derived unit shaft resistance is
plotted against the time in Fig. 7. All of the data points
exhibit similar increase trend and appear to be an
approximately logarithmic distribution. The normal-
ized pile shaft resistance versus the logarithm of the
normalized time is plotted in Fig. 8, where g is the
average unit shaft resistance at time ¢, and g is the
initial average unit shaft resistance. The average
long-term set-up on the shaft resistance is 44% per log
cycle, which is approximately 108% larger than the
value for total resistance. All the above data have also
been presented in Table 3, including the total, shaft
and base resistance as well as the rest time for each
test.

30 "
251
©
L 20t
& \ o P1
| o P2
15 & P3
1048

0O 10 20 30 40 50 60 70 80
Time (d)
Fig. 7 Increase in average unit shaft resistance with time

5 Conclusions

A comprehensive study on the pile set-up effect
has been reported and the following conclusions
could be drawn.

1. The set-up on the total pile capacity is in the
range of 15% to 27% per log cycle, which is

Average line

1 10 100
tt,
Fig. 8 Relative increase in average unit shaft resistance

with log-time

approximately linear with the logarithm of normal-
ized time. The set-up of pile resistance is predomi-
nately from the increase of shaft resistance. The in-
crease in the average unit shaft resistance is also lin-
ear with respect to logarithmic time, but its increase
rate is approximately 108% larger than that for the
total resistance.

2. An idealized mechanism explaining the pile
capacity set-up mechanisms is presented. The com-
plete set-up process is divided into three phases which
are likely to overlap. For cohesive soils the majority
of set-up is related to the dissipation of excess pore
pressure. For granular soils, however, set-up is pre-
dominately associated with ageing effect.

3. A database of case histories for long-term
set-up was compiled, and the set-up rate per log cycle
is normally in the region of 15% to 65% with an av-
erage of approximately 40%. In addition, empirical
equations for estimating the set-up effect have been
summarised. The logarithmic relationship proposed by
Skov and Denver (1988) has been commonly adopted.
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