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Evaluation of long term shaft resistance of the reused driven pile in clay
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Abstract.

Reusing the used pile has not yet been implemented due to the unpredictability of the bearing capacity evolution.

This paper presents an analytic approach to estimate the sides shear setup after the dissipation of pore pressure. Long-term
evolution of adjacent soil is simulated by viscoelastic-plastic constitutive model. Then, an innovative concept of quasi-
overconsolidation is proposed to estimate the strength changes of surrounding soil. Total stress method (o method) is employed
to evaluate the long term bearing capacity. Measured data of test piles in Louisiana and semi-logarithmic time function are cited
to validate the effectiveness of the presented method. Comparisons illustrate that the presented approach gives a reasonably
prediction of the side shear setup. Both the presented method and experiment show the shaft resistance increase by 30%-50%,

and this highlight the potential benefit of piles reutilization.
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1. Introduction

Construction industry was responsible for a large
proportion of worldwide resources and energy consumption
and emitted a lot of greenhouse gases (Chou and Yeh 2015).

In China, about 300 million meters of concrete pipe
piles were consumed in 2017. Raw materials of concrete
piles, such as aggregate, sand and steel, are unrenewable
resources. Besides, buildings constructed in early years,
such as coastal high-piled wharf and factories, are out of
date and unable to meet the demands of rapid economy
growth in China. Most of them need to be demolished and
rebuilt. Superstructure concrete of the demolished buildings
can be reused via recycled aggregate concrete
(Wijayasundara ef al. 2018, Xiao ef al. 2018a, b), but plenty
of piles are left in the strata (Ko ez al. 2018). At present, two
approaches to deal with the left piles are removal and
avoidance, but both of them will bring about enormous
material and energy waste. Moreover, avoidance will place
restrictions on the layout of new piles and remove will
disturb the site soil and weaken the shaft resistance of the
newly driven pile. Reusing of these used piles in situ to
bearing load together with newly driven piles is a
sustainable approach. But the wider application of used
piles is still restricted because of the difficulties in
evaluating their bearing capacity. Evaluating the bearing
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capacity of used pile is the premise of reuse and joint
bearing design of used and new piles.

Both laboratory and field tests show that soil exhibits
time-dependent behavior, and the result is that soil gains
additional strength with time. Therefore, the pile bearing
capacity increases after EOD (end of driving), which is
called “setup”. Used concrete driven piles of a glass factory
were tested before they were reused as foundations for new
residential buildings by the authors. Comparison between
the static load test of the used piles and newly driven piles
illustrates a marked increase of both the bearing capacity
and stiffness. Bullock et al. (2015a, b) conducted a test pile
program and measured the shaft resistance for up to 4.7
years and observed that bearing capacity increase by 30% -
50%. Thompson et al. (2009) reported an increase in side
shear between 1.8 and 3 times of the side shear at the end of
driving (EOD) in soft stratum along the Mississippi Gulf
Coast. Doherty and Gavin (2013) launched a series of field
tests about the time effect of driven pile in soft stratum
which was lasted for 10 years. The results show that the
bearing capacity increased by 30% during this period. Skov
and Denver (1988) put forward a logarithm relation
between elapse time and bearing capacity. Many other
researchers have developed similar empirical approaches
(Augustensen et al. 2005, Huang 1988, Yang and Liang,
2006, Chen and Zhang 2022). However, despite the
proposed empirical formulas, the explanation of the
underlying mechanism and the analytic approach are still
not available.

The setup mechanism is generally believed to be two
aspects (Augustensen et al. 2005): (i) Short-term effects.
Dissipation of pore pressure is the main reason, while aging
(change in strength and stiffness due to the change in soil
skeleton and stress regime with time) has also played a
certain role (Xu et al. 2020, Li and Chang 2022); (ii) Long-
term effects. Aging is the only reason in this stage (Chong
et al. 2019, Zou et al. 2019). Many researchers have studied

ISSN: 2005-307X (Print), 2092-6219 (Online)


mailto:yang@lih.rwth-aachen.de

172 Jifei Cui, Pingping Rao, Jian Wu and Zhenkun Yang

the mechanism of excess pore pressure dissipation
regarding short-term effects with the radial consolidation
theory, and the analytical methods have been established
(Basu et al. 1985, Kou et al. 2016, Kou et al. 2017, Li et al.
2017a, b, Cui et al. 2022). However, the aging effect
causing long-term setup are complicated and not yet fully
understood. Most of the current studies are based on
experimental observations or empirical formulas. The aging
effect has not been taken into account in theoretical
analysis. Axelsson (1998, 2002) put forward that the gain in
soil strength due to periods of creep volume change was the
plausible reason for aging mechanism controlling long term
setup for piles. Bullock et al. (2005b) found that pile got
additional shaft resistance after the completion of
dissipation of pore water pressure. Meanwhile, test results
also showed the effective horizontal stress remain
unchanged during this process, which means that the
effective friction angle increases and indicates an evolution
of the internal structures in adjacent soil. Bowman and Soga
(2003) qualitatively analyzed the mechanism of pile setup
based on restrained dilation theory and aging of surrounding
soil. Cui ef al. (2019) studied the evolution of the load
transfer characteristic, which is applied to evaluate the load
settlement characteristic of the old piles. Previous studies
show that the side shear setup has much to do with aging
effect, but there is no practical way of theoretical analysis.
So it would be constructive and meaningful to quantify the
aging effect on side shear setup of a driven pile.

This paper put forward a theoretical method to predict
the long-term sides shear setup of used driven piles in clay.
Quantifying the soil strength variation and applying it to
determine the shaft resistance are two key steps to analyze
the bearing capacity evolution of used piles. The evolution
of surrounding soil behavior under normal loading state
with time is simulated by the nonstationary flow surface
(NSFS) elasto-viscoplastic constitutive model. Total stress
method (o method) is adopted to determine the side
resistance based on the concept of quasi-overconsolidation.
Loading conditions, pile characteristics (diameter and
length), and soil properties (especially the creep properties)
effecting the time-dependent side resistance are reasonably
considered in the proposed approach. Results of the test
piles in Louisiana are cited here to validate the proposed
method. Side shear setup factors are also investigated.

2. Stress state variation of the surrounding soil

Evolution of soil behaviors is closely related to the
stress state during the elapsed time. For displacement piles,
stress change of surrounding soil mainly occurs in two
stages, pile penetration and loading. The adjacent soil is
pressed primarily outward in the process of pile installation,
as shown in Fig. 1 (Zhang et al. 2020, Chen and Mo 2022,
Li et al. 2021, Yang et al. 2021, Chen et al. 2021a, b, Mo
and Yu 2017, 2018, Zhou et al. 2018). Li et al. (2016) gave
the effective stresses, o', and the excess pore pressure, u,,
at the critical region after pile penetration based on the Ko-
consolidated anisotropic modified Cam-clay (K0-AMCC)
model as follows

Cylindrical cavity , . )
. .—— - Uk:—-v l+— Ty
expansion ——
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o, =Ko,

Spherical cavity
Soil expansion

Fig. 1 Cavity expansion model for pile driving in clay
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where o, 0,, o, are the principal stress components of
o', Ko is the earth pressure coefficient, pji.:p(')(OCR/Z)A
and quMp(')(OCR/Z)/1 are the mean effective stress and
the deviator stress in the surrounding plastic region, p(') is
the in situ initial mean stress, OCR is the overconsolidation
ratio, 4 is the plastic volumetric strain ratio, M is the stress
ratio. The plus sign is used when K,<I; otherwise, the
minus sign is used; ;7; is the relative stress ratio; and 7, is

the radius of the plastic region. f is determined by Eq. (3)

B =2AM?(2K, +1) ~91- K )1 /[32K, +1)] 3

The effective stress increase from ¢’ with time soon
after the pile penetration was completed due to
consolidation. Previous studies showed that pore water
pressure entirely dissipates in short time, which mainly
affects the short term side shear setup (Basu et al. 2014,
Bullock et al. 2005b, Li et al. 2017a). Therefore, a
hypothesis can be presented here that the pore pressure is
completely dissipated immediately after pile installation.

This means the consolidation process is not involved
here, while the effective stress increase induced by pore
pressure dissipation is considered. The bearing capacity
evolution within the short term was not accurately
illustrated in this paper. But for the long term time
dependent bearing capacity evolution, the method proposed
in this paper has



Evaluation of long term shaft resistance of the reused driven pile in clay 173

By,

T Jom

Fig. 2 Shaft resistance distribution

enough accuracy. The final effective stress, at'o , can be
determined as follow

o, =o' +4u, 4)

where ¢ is transfer parameter, &~(1+v)/3(1-v), v is
Poisson’s ratio.

The surrounding soil provides shaft resistance to resist
the working load. Field tests indicated that the shaft
resistance is first fully activated at the upper part of pile
under the working load (Kou et al. 2017, Potts and Martins
1982). Based on the measured shaft resistance distribution
of piles, the simplified bilinear patterns of the shaft
resistance are suggested, as shown in Fig. 2. The working
load P is borne by side friction resistance and the
equilibrium relationship between the working load P and
the shaft resistance can be expressed as follows

P =2xr, (% | Ty, +1,fon) 5)

where [, , [, are the lengths of the upper and lower parts
respectively; £, is the maximum shaft resistance.
Then f, = can be determined by

fon =P/ zr (1, +21,) (6)

Combined with Fig. 2, the shaft resistance can be given
as follows

fo _ Il me (Z < Il) (7)

me (Z > Il)
Due to the pile penetration and loading, the stress of soil

adjacent to pile changed significant (Fig. 3). The stress state
can be obtained as Eq. (8):

0o f, 0
o=o,+|f, 0 0 (8)
0 00

3. Evolution of the adjacent soil behaviors with time

Many researches aimed at predicting long-term behavior
of soils through empirical, rheological, and general stress-
strain-time theory (Augustesen et al. 2004, Liingaard et al.
2004, Yin et al. 2010, Karim and Gnanendram 2014).

Models based on general stress-strain-time theory can be
divided into three categories (Sekiguchi 1984, 1985): (1)
Models based on overstress theory (Perzyna, 163, 1966;
Sivasithamparam et al. 2015). (2) NSFS models. The NSFS
theory assumes the yield surface flows with time and
satisfies the consistency requirement (Qiao et al. 2016,
Sekiguchi 1997a, b, 1984). (3) Others (Borja and
Kavazanjian 1985, Zhou et al., 2005).

The NSFS theory is employed here to simulate the aging
behaviors of surrounding soil. According to the NSFS
theory, viscoplastic strains take place while the soil is
loading to the current yield surface. Then the yield surface
expands outward while the stress remains unchanged (Qiao
et al. 2016). The NSFS theory was distinguished from the
classical elastoplasticity theory with the definition of the
yield surface, which does not change with time in the
classical theory. Based on the NSFS theory, accumulation of
plastic volumetric strain will react on volumetric strain rate
and the relationship between volumetric strain rate o(¢) and
volumetric strain v(f) can be expressed as

o(t) =0, exp[w} 9)
(04

where ©, and a is model parameters, 4 is a scalar
function with regard to p and g can be determined as

G
1+

In(p/ p,)+D@/P—0ay/ Py) (10)

0
where p is the mean normal stress, g is the generalized
stress deviator, D is the parameter considering (negative)
dilatancy effect (Shibata 1963). 1 is the compression index.
The secondary compression index a was first applied
to describe the aging effect of soil by Sekiguchi and Ohta. It
can be determined by the coefficient of secondary
compression C, as

Cll
1+,

a=0.434

(11)

Mesri and Godlewski (1977) pointed out that the
secondary consolidation coefficient C, is correlated with
compression index C.. C,/C,=n is a constant. For most
inorganic clays, #=0.04+0.01; for highly plastic clay,
7n=0.05+0.01.

Compression index C, can be obtained by laboratory
test. Terzaghi and Peck (1968) suggest that C,. can also be
determined as follow when the laboratory test is lacking.

C, =0.009(w_ —10) (12)

where w; is the liquid limit.
0o is the reference volumetric strain rate and was
proposed by Sekiguchi (1977a, b). 9, can be determined

by
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Fig. 3 Stress state of the surrounding soil and the soil sample in simple shear test
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Fig. 4 Variation of volumetric creep rate with volumetric
strain

a (13)
t

C

Uy =

where 7,is the reference time.

D was first proposed by Shibata (1963). Shibata (1963)
pointed out that the volume change during a a,,-const.-test
is a proportional function of (o,-03)/c, and the
proportionality coefficient between them is defined as D.

The value of D is related to the soil moisture content to
a great extent. Shibata (1963) also gave the D value of three
soil samples with different moisture content by experiment.
The D value of Fukuoka clay with moisture content
between 71%-83% is 0.092. The D value of London clay
with moisture content between 27%-35% is 0.077. The D
value of Wead clay with moisture content between 18%-
23% is 0.045. Hence, the value of D can be determined by
the moisture content of the surrounding soil given in the test
report and the range of D given by Shibata (1963) when the
laboratory test is lacking.

Fig. 4 (Sekiguchi 1977a, b, 1984) shows the feature of
the volumetric creep rate with volumetric strain. The
volume strain accumulates gradually with time and the
volume strain rate decreases in response. The volumetric
strain can be obtained as the solution of following basic
differential equation

o(t) = ——In(p'/ pa)+aln[1+“—°texp(f'/a)} (14)
l+e, o
where
= A—K — ' — = ’
f = In(p’/ p,)+D(@/ P —a,/ py) (15)

0

where x is the swelling index.

The first part in Eq. (14) represents the immediate
elastic component of the volumetric strain. This means that
the shear-induced volumetric strain (dilatancy) is assumed
to be of a totally irreversible nature. The second part
represents the viscoplastic (i.e., delayed, irreversible)
component of volumetric strain and can be denoted as

L° (1) =aln{1+%exp(f_/a)} (16)
(04

The accumulation of volume strain with time leads to a
reduction of the void ratio (e), which means that the soil has
reached a more stable state. The relationship between
volume strain and the reduction of the void ratio can be
expressed as Eq. (17) according to the geometric equation.

oy AE(T)

VO=To (7

Fig. 5 indicates that the surrounding soil will becomes
more compact with time due to the aging effect. The
amount of compression from 4 to 4" in Fig. 5 can be
determined by Eq. (17). The amount of compression from A
to A" in Fig. 5 can also be reached by the path of normal
over consolidation. Firstly, the soil was loading along the
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Fig. 5 Visualization of age dependency of soil

compression line to point B. Then the soil was unloading
along the swelling line to point A'. These two different
paths indicate that the aging effect brings about a steadier
soil structure and a larger pre-consolidation pressure.

Clay that has just completed seepage consolidation is
called normal compacted clay. Clay that has experienced
aging (or delayed compaction) is called normally
consolidated aged clay. In order to distinguish the over
consolidation caused by unloading, the kind of
overconsolidation related to the aging found in soil adjacent
to the pile that has never experienced the usual cause of
overconsolidation is referred to as quasi-overconsolidation
(Q.0.C) or normal consolidation aged clay in this paper.
Quasi-overconsolidation ratio (QuOCR) can be determined

by

QUOCR(t) = pT?(t) = exp(ﬂ) (18)
P A-K

Then, the undrained shear strength s,(f) of the adjacent
soil can be determined based on the MCC model as follows

QUOCR(t)

> ) 19)

1
s,)==p'M
4 (0 =5 PM(
Egs. (14)-(19) explicate the mechanism of side shear
setup under a normal bearing state. Soil gains additional
strength with time due to periods of aging volume change.

4. Evolution of the adjacent soil behaviors with time

The methods for calculating shaft resistance can be
categorized as total stress (a) method, the effective stress ()
method, and other empirical methods. The total stress (o)
method is commonly used to determine the ultimate side
shear of driven pile. Therefore, the total stress (a) method is
adopted in this paper to calculated the shaft resistance of the
pile.

As shown in Fig. 3, the adjacent soil element has same
stress state as the specimen of the simple shear test
(Randolph and Wroth 1981). The maximum shear stress 7.

can then be taken as the ultimate side shear f , which can

be derived from the failure stress in a simple shear test as
follows

f,=7, =s,c0s¢’ (20)

where s, is the shear strength of simple shear test. ¢’ is
the effective internal friction angle.

Soil shows different shear properties in triaxial and
simple shear tests. The soil strength determined by Eq. (19)
is under triaxial state, which has to be converted to s,,.
Matsuoka et al. (1977) put forward an approach to obtain
s, from s, by a conversion coefficient. Then s, can be
determined by

p

34/3sin o,

s, = s, 21
" 2Mcosy f[2+sin? g, @l

where and can be determined by Eqgs. (22) and (23)
?r Wy y Eq

as follows

NAY
J9+3M

sing, = (22)

32
1 3 .
Vi :§COS ! —(mJ SIN @ cos 36 (23)
f

5. Verification and discussion
5.1 Field test

To verify the proposed analytical approach, the side
shear f, obtained by the analytical approach is compared
with the test results obtained by the Louisiana State
University (Murad et al. 2016) in this section. Twelve
prestressed concrete (PSC) piles were driven in five sites in
Louisiana. Comprehensive laboratory and field tests were
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Fig. 6 Comparisons between predicted, measured and semi-logarithmic time function values at the depth of 14.3 m of TP1

carried out at each site to obtain the detailed physical and
mechanical parameters of soil. The static load tests were
conducted at different times after end of driving (EOD) to
measure the evolution of the bearing capacity of the driven
piles and to quantify the sides shear setup. Vibrating wire
strain gages were instrumented on the test piles to obtain the
distribution of load transfer along the length of the piles.
The shear forces were calculated from the difference in
axial force between two adjacent strain gauges. Based on
investigation up to more than 200 days, the long-term side
shear setup was studied. Two test piles (TP-1 and TP-3) in
Bayou Lacassine Site are cited here to validate the
effectiveness of the presented method. The sides of the pile
were 760 mm in width. The total length of TP-1 and TP-3
were 22.86 m, and the test piles TP-1 and TP-3 were
installed 20.42 m below the ground surface. The unit side
shear for each soil layers of TP-1 and TP3 at each test time
after the end of driving (1, 13, 53, 127, 148, 208, 217 days
for TP-1 and 1, 15, 29, 93, 129, 175, 185 days for TP-3)
was presented in the report (Abu-Farsakh et al. 2016).

5.2 Semi-logarithmic time function

Skov and Denver (1988) proposed a semi-logarithmic
time function to simulate the capacity evolution with time
by the following form

Q=Q, {1"‘ A, log,, {tl}} (24)

where Q) is the capacity at £, when pore water pressure
has dissipated, and A, is the empirical coefficient.

However, O, involves both base resistance and side
resistance, while the theoretical method proposed in this
paper can only evaluate the evolution of the side resistance.
Therefore, the semi-logarithmic time function presented in
this section concerns the pile side resistance only. The semi-
logarithmic time function is modified as follows

Table 1 Properties of the surrounding soil

Soil property TP-1(14.3 m) TP-3(8.84 m)
Compression indice [4] 0.15 0.12
Swelling indice [x] 0.05 0.05
Moisture content[w] 24.65% 26%
Liquid limit [w;] 50 44
Secondary compression index [a] 0.0038 0.0033
Coefficient of (negative) dilatancy 0.065 0.07
gz]ference volumetric strain rate 2.67x10-6 2.27x10-6

[(min"h)]

, t
f.(t) =1, {1+ Aj, l0gy, {t_}} (25)
0

where Aio is side (segment) shear setup factor, f(?) is the

side resistance at elapsed time 7 after pile penetration, f, is

the side resistance at f, when pore water pressure has
dissipated.

5.3 Comparison with the analytical approach, the test
result and the semi-logarithmic time function

Comparisons of the test result and semi-logarithmic
time function with the presented analytical approach on unit
side shear are shown in Figs. 6 and 7. The test result in Figs.
6 and 7 are unit side shear of TP-1 at depths of 14.3 m and
TP-3 at depths of 8.84 m, respectively. The soil parameters
(shown in Table 1) are determined by the aforementioned
procedure and the laboratory and in-situ soil testing given in
the report (Abu-Farsakh et al. 2016).

Fig. 6 shows a good agreement of the predicted results
with the test values as well as the semi-logarithmic time
function. This confirms the validity of the method proposed
in this paper. It is worth noting in Fig. 6 that the sides shear
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Fig. 7 Comparisons between predicted, measured and semi-logarithmic time function values at the depth of 8.84 m of TP3

increases with a relatively higher rate during the first 50
days after pile penetration. Thereafter, the increasing
velocity decrease with time due to the accumulation of the
volumetric strain, o(¢). The unit shaft resistance at depths of
8.84 m of TP-3 is presented in Fig. 7, which also shows
reasonable accordance among the test results, the semi-
logarithmic time function and the presented analytical
method.

Fig. 6 and 7 also illustrate that the proposed analytical
results are higher than the measured values at early stage. It
is because of the hypothesis of the proposed approach that
the excess pore pressure induced by pile penetration has
been completely dissipated before aging of the soil. The
contribution of the consolidation has been considered
initially, although the process of the excess pore pressure
dissipation is beyond the scope of the approach in this paper.
So the proposed approach may overestimate the shaft
resistance at the initial stage. Nevertheless, the pore
pressure dissipates at a quicker rate than aging. Hence the
proposed approach can reasonably predict the long-term
time dependent shaft resistance after the complete
dissipation of pore water pressure.

The proposed approach confirms the bearing capacity
evolution of used driven piles. The results of the theoretical
approach and tests show consistent conclusions. The shaft
resistance increases by 30%-50% due to the aging effect.
This means that used piles can meet new building’s demand
of bearing capacity. The proposed method reveals the
potential of recycling of used piles in situ. The proposed
method can not only provide a reliable way to evaluate the
bearing capacity development of used piles, but can be used
to guide pile foundation design of future new buildings.

6. Factor analysis
Eqgs. (11) and (12) show that the viscoplastic component

of the volumetric strain is a variable that depends on the
secondary compression index a and coefficient of (negative)

dilatancy D. Therefore, it is reasonable to analyze the
effects of a and D. In this section, results for unit shaft
resistance with different a and D are presented.

Three different a values (0.0023, 0.0033, and 0.0043) and
three D values (0.06, 0.07, and 0.08) are applied to analyze
their influence. These different values change of the basis of
the example at a depth of 8.84 m of TP-3.

The computational results of f corresponding to
different o values are illustrated in Fig. 8. It can be
concluded from Fig. 8 that the unit shaft resistance has a
larger growth rate with a smaller a values in the early stage.
The unit shaft resistance corresponding to different o values
is basically consistent over time. Fig. 9 shows the void ratio
change and QuOCR with different o values. Fig. 9 indicates
that the downward trend of the change rate of e becomes
steeper with a lower a in the early stage, which results in an
increased variation rate of QuOCR with « in the stage. This
phenomenon can be explained as the restrictions of »(f) on
0(f), which was well expressed in Eq. (9) and Fig. 4.

The computational results of f corresponding to each
D value are shown in Fig. 10. Fig. 10(a) illustrates that the
value of D has slight effect on the sides shear setup when
the working load is zero. This is mainly because D reflects
the effect of dilatancy and there is no shear stress in the
surrounding soil when working load is zero. To study the
effect of D, a 500 kN working load is assumed to act on the
top of the pile. Fig. 10(b) indicates that a larger D value
reduces the growth of unit shaft resistance and this trend
becomes more obvious as time passing. The variations of
the void ratio and quasi-overconsolidation ratio with the
different D value are summarized in Fig. 11. The increase in
D results in a slighter void ratio decrease. Acting in
response, the increase in QuOCR is also limited. Eq. (14)
and Eq. (15) presented in this paper can well interpret the
impact of D on the void ratio change and QuOCR. Eq. (11)
indicated that the shear-induced volumetric strain
(dilatancy) is affected by D value, and dilatancy is increased
with the growth of D, which imposes restrictions on the
development of volume strain.
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7. Conclusions

This study presents an analytic approach to determine the
sides shear setup of reused driven piles in clay. The elasto-
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Fig. 9 Variation of QUOCR and e with different values of a

results calculated by the proposed approach are
presented method and
experimental data show the shaft resistance of the
test piles has been increased by 30%-50% due to

reasonable. Both the

viscoplastic constitutive model and quasi-overconsolidation the ageing effect.

theory are employed to describe the ageing mechanism and 2. The gain of soil strength is the main reason of the
strength change of the surrounding soil. The measured data
of the test piles in Louisiana and the semi-logarithmic time
function are cited to illustrate the effectiveness of the
proposed method. This method confirms the potential value
of the used pile and provides support for the design theory
of piles reusing. Some influence factors of the sides shear
setup are also analyzed according to the present method. 3. The secondary compression index and coefficient of
dilatancy have a pronounced effect on the long-term
side shear setup. The unit shaft resistance grows
faster with a lower secondary compression index in
the early stage. A higher value of D limits the
growth of the unit shaft resistance and the
restrictive effect becomes more obvious with time.

The following conclusions can be drawn:

The proposed analytic approach can predict the
long-term sides shear setup in clay. Comparisons
between the predictions, the test pile program
results and the semi-logarithmic time function show
satisfactory agreement which indicate that the

1.

long-term side shear setup of a driven pile in clay,
which shows that the used pile can be reused for the
foundation of a new building. The volumetric strain
is properly determined by the nonstationary flow
surface (NSFS) theory that reflects the restriction
on the volumetric strain rate.
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List of Notations
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Effective stresses components

In situ stress of surrounding soil
Earth pressure coefficient at rest
Mean stress at the critical region

Deviator stress at the critical region

Parameter to simplify the expressions

In-situ initial mean stress

Relative stress ratio

Over consolidation ratio

Plastic volumetric strain ratio
Stress ratio at critical state
Compression index

Swelling (or recompression) index
Final effective stress

Excess pore pressure

Effective stress transfer parameter
Effective Poisson’s ratio

Relative stress ratio at critical state

Initial stress ratio

Plastic region radius
Axial load acting on pile

Pile radius

g

o(?)

ST TR ST
< !

Length of the triangular and rectangleQ,

distribution of shaft resistance

Maximum shaft resistance along the pile

Shaft resistance along the pile

Rate of volumetric strain

A10

’
A10

Rate of initial volumetric strain
Secondary compression index
Volumetric strain

Elapsed time

Coefficient of dilatancy

Parameter to simplify the expressions
Mean effective stress

Generalized stress deviator
Secondary consolidation coefficient
Liquid limit

Reference time

Initial void ratio

Elastic component

Viscoplastic component

Variation of the void ratio
Quasi-over-consolidation ratio
Undrained shear strength

Ultimate side shear

Failure shear stress acting on the top of the
sample of simple shear test
Shear strength of simple shear test

Effective internal friction angle
Conversion parameter

Capacity when pore water pressure has
dissipated
Empirical coefficient

Side resistance when pore water pressure
has dissipated
Side (segment) shear setup factor





