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Abstract: The total ultimate resistance (or bearing capacity) of driven piles considering setup effects
is composed of initial ultimate resistance and setup resistance, and the setup effects of driven piles
are mainly reflected by the setup resistance. In literature, a logarithmic empirical formula is generally
used to quantify the setup effects of driven piles. This paper proposes an increase factor (Msetup) to
modify the resistance factor and factor of safety calculation formula in accordance with the load and
resistance factor design (LFRD) principle; here, the increase factor is defined as the ratio of the setup
resistance (Rsetup) to the initial ultimate resistance (Rp) of driven piles. Meanwhile, the correlation
between Ry and Rsetup is fully considered in the resistance factor and factor of safety calculation.
Finally, the influence of four key parameters (ratio of dead load to live load p = Qp/Q, target
reliability index B, Msetup, correlation coefficient between Ry and Rsetup, PRo,Rsetup) ON the resistance
factor and factor of safety are analyzed. Parametric research shows that p has basically no effect on
the resistance factor, which can be taken as a constant in further research, and p has a significant
influence on the factor of safety. The value of Msetup has almost no effect on the resistance factor and
factor of safety. However, Bt and pro rsetup have a significant influence on the resistance factor and
factor of safety, so the value selection of Bt and pro rsetup are crucial for reliability-based design of
driven piles. Through this study, it is concluded that considering setup effects in reliability-based
design of driven piles will greatly improve the prediction for design capacity.

Keywords: driven piles; reliability-based design; setup effects; load and resistance factor design
(LRFD); resistance factor; factor of safety

1. Introduction

During the process of pile installation, the excess pore pressure generated dissipates
over time, and the effective stress in the soil will increase, which is the main reason for
the increase in the total ultimate resistance of driven piles after installation with time [1,2].
This phenomenon is usually called the pile setup. In recent years, the setup effect of piles
has been paid more attention. In fact, the total ultimate resistance is composed of initial
ultimate resistance and setup resistance, and the setup resistance is the main factor to
increase the total ultimate resistance [3-5]. Therefore, determination of setup resistance is
important in the reliability-based design of driven piles. Haque et al. [6] report the field
results of test piles driven in two different sites in Louisiana to evaluate the setup effect of
piles. In order to better understand the effect of soil layering on the setup of piles, Ng and
Ksaibati conducted four medium-scale experiments in the laboratory and concluded that
the pile setup trend follows the mode of pore water pressure dissipation in cohesive soil [7].
Haque and Abu-Farsakh [8] analyzed twelve prestressed concrete test piles in different
bridge construction projects in Louisiana and established an analysis model to estimate the
setup effect of piles.
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Many studies are available in the literature to evaluate the capacity of piles on the basis
of static and dynamic load tests. Afsharhasani et al. [9] suggested installing the hydraulic
jack as close to the caliche layers as possible. Doan et al. [10] proposed a new CPT method,
which can be expected to lead to more reliable estimates of pile capacity. Farhangi et al. [11]
presented a method in which the risk of soil liquefaction is reduced by using jet-grouted
micropiles in sand. Qubain et al. [12] put forward the importance of understanding the
unique aspects of the site geology. Baca and Rybak [13] presented three different pipe pile
test methods, which provided the possibility to evaluate the pile base and shaft bearing
capacities. However, it is not convenient to evaluate the setup effect of piles.

With the accumulation of experience and understanding of the pile setup phenomenon,
some researchers [14-16] recommended that the pile setup phenomenon should be incor-
porated into the total ultimate resistance by the load and resistance factor design (LRFD)
method. LRFD is a more advanced design method than the existing allowable stress
design (ASD) [17], and many countries and regions, such as the United States, Canada,
China mainland, Japan, Korea, Singapore, Europe, and Hong Kong, have replaced ASD
with LRFD.

Against this background, many researchers calculated the resistance factor and factor
of safety for driven piles considering the setup effects based on the LRFD method. Komurka
etal. [18] used the factor of safety to estimate setup effects in the driven pile resistance. Yang
and Liang [19] proposed to incorporate the setup resistance into LRFD of driven piles based
on the first-order reliability method (FORM). A framework for calculating the resistance
factor of LRFD for driven piles in clay was proposed, which can fully consider all necessary
reliability-related parameters [20]. Ng and Sritharan [21] presented a method to incorporate
the economic advantages of a pile setup into LRFD recommendations to further improve
the efficiency of bridge foundations. Bian et al. [22] used reliability theory and the LRFD
principle to establish an iterative algorithm of estimation of separate resistance factors.
According to the LRFD methodology, the development of the analysis model is introduced
to estimate the soil setup after the end of driving (EOD), and then the resistance factor of
the pile setup is determined [16]. Bian et al. [23] put forward a methodology to separately
calculate the resistance factors for ultimate base and shaft resistance for reliability-based
design of driven piles considering setup effects based on the LRFD principle.

This paper modifies the resistance factor and factor of the safety formula of driven
piles by incorporating setup effects into the LRFD principle. In the modified formula, the
increase factor Msetup = Rsetup /Ro, defined as the ratio of setup resistance to initial ultimate
resistance, is used to express the increasing degree of the ultimate resistance with time.
The influence of parameters (ratio of dead load to live load p = Qp/Qy, target reliability
index Bt, Msetup = Rsetup/Ro, correlation coefficient between Ry and Rsetup, PRo,Rsetup) ON
the resistance factor and factor of safety are analyzed.

2. Basic Estimation Methods of Pile Setup

Due to the pile setup, the total ultimate resistance of driven piles includes two parts,
initial ultimate resistance and setup resistance, which can be expressed as the follow-
ing equation:

R=Rp+ Rsetup (1)

where R is the total ultimate resistance at time ¢ after driving, Ry is the initial ultimate
resistance at initial time ¢y, and Rsetup is the setup resistance at time ¢ after driving.

The significant importance to accurately assess setup resistance for the reliability-
based design of driven piles is indicated by Equation (1). Therefore, many researchers
have paid attention to this issue and proposed empirical relationships for quantifying
the setup effects of driven piles. An empirical formula for the setup was presented by
Skov and Denver [24] based on a logarithmic augment in pile bearing capacity with
time. Long et al. [25] proposed a formula predicting the rate at which the pile capacity
augmented with the increase in time. The formula presented by Svinkin et al. [26] was
used to predict the setup based on load test data on five concrete piles. An alternative
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method of using a hyperbolic function to predict the setup was developed by Bogard and
Matlock [27]. Among the existing formulas, the logarithmic empirical relationship by Skov
and Denver [24] has been commonly used for the prediction of the pile setup, that is:

t
Rsetup = RpA 10g % (2)

where t is the elapsed time from the end of initial pile driving; fg is the reference time after
which the resistance increases become linear on this plot; A is a factor that is a function of
soil type and is the rate of pile resistance (R/Ry) increase per log cycle of time (t/t).

3. Estimation of the Resistance Factor of Driven Piles
3.1. General LRFD Principle of Driven Piles

In order to conduct reliability-based design of driven piles, the limit state equation
should be established first. If the total ultimate resistance of driven piles (R) and the load
effect (Q) are considered, the limit state equation can be expressed as:

g§=R-Q=0 ()

Because the LFRD method can well explain the uncertainty in geotechnical engineer-
ing, this method is often used for the reliability-based design of driven piles. The basic
formula for the limit state design by AASHTO is [28]:

¢Rn > 11)_7iQ;i 4)

where ¢ is the resistance factor; R, is the nominal resistance; # is the load modifier to
account for effects of ductility, redundancy, and operational importance; Q; is the load
effect and +; is the load factor. The value of 7 generally is obtained as 1.

The load effect Q, herein, only includes the combination of the dead load Qp and the
live load Q;, and the LRFD criterion can be expressed as:

$Ry > vopQp + 70L.0QL 5)

Therefore, the resistance factor ¢ can be estimated as [28]:

14 COV3p, + COVgy,
1+COV%

AR(YQDP + 70L) X \/

¢= ©)

(Aqp +Aqr) X EXp{ﬁT\/ In| (1+COV§) (1+COVE, +COVR, )| }

where Ag, Agp, and Aq, are the bias factors for resistance, dead load, and live load,
respectively; COVg, COVgp, and COV(y, are the coefficients of variation (COVs) for
resistance, dead load, and live load, respectively. The following relevant statistics for Qp
and Qy, are accepted for further study: Aqgp = 1.080, Aqr, = 1.150, ogp = 0.140, oqr, = 0.207,
COVgp = 0.130, and COVqy, = 0.180 [28]. Meanwhile, the distributions of Qp and Qy are
assumed to be lognormal.

The corresponding factor of safety (FOS) in allowable stress design (ASD) can be

calculated as follows:
_ Yopp+ 0L

FOS
¢(1+p)

@)
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Substituting Equation (6) for (7), the computed formulas for the factor of safety for
driven piles are as follows:

(AqQpp +AqL) X exp{ﬁT\/In [ (1 + COV%{) (1 +COV3p + COV%QL)] }

1+ COVZ, + COV2
)\R(l + p) X QD 5 QL
1+ COV%

FOS =

®)

3.2. Considering Setup Effects in the LRFD Principle of Driven Piles

In order to make the reliability-based design of driven piles conform to the LRFD
framework, the principle of strength limit state function corresponding to setup effects is
expanded as:

g:RO+Rsetup_QD_QL:0 (9)

As the ultimate resistance of driven piles increases over time after pile driving, the
setup effects further affect the resistance of driven piles. Incorporating the setup effect in
the LRFD principle of driven piles is remarkable progress. For this, the LRFD standard can
be re-expressed as:

¢(Ro + Rsetup) > 7opQp + 10 QL (10)

The ratio of the setup resistance to the initial ultimate resistance of the driven piles is
called the increase factor of the ultimate resistance of driven piles and denoted as Msetup
by Equation (11).

Rsetup

Msetup = RO (11)
Based on Equations (2) and (11), the increase factor Msetyp is re-expressed by:
t
Msetup = Alog % (12)

It can be seen from Equation (12) that Msetyp is mainly determined by parameters A
and log(t/tp). The research in Yang and Liang [19] indicated the approximate range of A
from 0.1 to 1 for driven piles in clay. Meanwhile, Yang and Liang [29] also defined the
approximate range of A from 0.1 to 0.9 for driven piles in sand. Comparing the results
about parameter A from Yang and Liang [19,29], it is reasonable to accept the values of A
from 0.1 to 1 in this study. Furthermore, time t after EOD for most cases occurs between
1 day and 100 days, for which log(t/to) with ty = 1 is between 0 and 2. Therefore, compiling
the analysis about parameters A and log(t/ty), the increase factor Msetyp is determined in
the range of 0 to 2 for this study.

Then, Equations (13) and (14) are obtained based on Equation (11) and the LRFD
principle [28]:

ARRn = ARoRg + ARsetupRsetup = (AR0 + ARsetup Msetup ) Ro (13)

and
/\RRn = /\R (RO + Rsetup) = )\R(l + Msetup)RO (14)

SO
ARo + /\Rsetup Msetup

1+ Msetup

AR = (15)
where ARy is the bias factors for pile resistance at initial time #,.

Substituting Equation (15) into (6), the computed formulas for the resistance factor of
driven piles considering setup effects is as follows:
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ARO + ARsetup Mset 1+ COVZ, + COV?2
1 ;\Ztup =P X (vqpp + 1aL) X - —
(P + setup 1+ COVRO + COVRsetup ( 1 6)
(Agpp + AgL) X exp{ Br \/ In[(1+ COVRg + COVRserp ) (1+ COVAp + COVE )| }

In Equation (16), the formation mechanisms of initial ultimate resistance and setup
resistance indicate that the development of the total ultimate resistance of driven piles
is the result of the synergistic effect of initial ultimate resistance and setup resistance.
Therefore, with the interaction between the initial ultimate resistance and setup resistance
of driven piles, the inevitable correlation that exists between Ry and Rsetup should be
seriously considered in reliability-based design. The expressions of the resistance factor of
driven piles, considering the correlation between Ry and Rsetup, is:

ARo + )\RsetupMsetup y (’)/QDP n ’)’QL) « 1+ COVéD + COVZQL

1+ Msetup 1+ COVRg + 20R0 Rsetup COVRICOVRsetup + COVReotup -
P 17
(1 + COVg + 200 Rsetup COVRICOVRsetup + COV3 )

Rsetup
x (1+ COVp + COVRy )

()\QDP + )\QL) x expg Br |In

where pro rsetup 18 the correlation coefficient between Ry and Rsetup. When the distributions
of Ry and Rsetup are assumed to be lognormal, the following relevant statistics for Ry and
Rsetup are accepted for further study: Agp = 1.158, ARsetup=1.023, 0ro = 0.393, ORsetup = 0.593,
COVpp = 0.339, and COVRsetup = 0.580, by referring to these literatures [29,30]. Mean-
while, when the distributions of Rsetup are assumed to be normal, the following relevant
statistics for Rsetup are accepted for further study: Arsetup = 1.141, ORsetup = 0.543 and
COVRsetup = 0.475 [19].

Substituting Equation (15) into (8), the computed formulas for the factor of safety of
driven piles considering setup effects is as follows:

(Aopp + AoL) % exp{ Br \/ In [ (1 +COV, + Covﬁsetup) x (1 +COVR, + Cong)} }

ARo + )\RsetupMsetup % (14 p) x \l 1+ COVZQD + COV%QL

1+ Msetup 1+ COVRy + COViRsetup

FOS =

(18)

Therefore, the expressions of the factor of safety of driven piles, considering the
correlation between Ry and Rsetup, is:

1 + COV%QO + ZPRO,Rset’upCOVROCOVRSGtup + COV%{S:&tup)

(AqQpp +AqL) X expq fr | In (
x (1+COVEp +COVEy )
FOS = - - (19)
Aro + /\RsetupMsetup x (14 p) x $ 1+ COVQD + COVQL

1+ Msetup 1+ COVgg + 20R0,RsetupCOVROICOVRsetup + COVﬁsemp

4. Parametric Analysis
4.1. Effect of p on the Resistance Factor and the Factor of Safety

This section intends to study the effect of p on the resistance factor and the factor of
safety for driven piles. Bt is designed as 2.33 (corresponding failure probability is 0.01),
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and the increase factor Msetup is accepted as a value of 1, which is the mean value of the
recommended range between 0 and 2. According to Hansell et al. [31] point out that for the
relationship of the ratio of p = Qp/Qy, and the bridge span length, the values in the range
of 0.5 to 4 for p = Qp/ QL are used. It should be noted that the correlation between Ry and
Rsetup is not considered in this section. Based on these proposed values of key parameters,
the resistance factor and factor of safety can be calculated using Equations (17) and (19).
The variations of the calculated resistance factor and factor of safety with p = Qp/Qy, for
driven piles in clay and sand are shown in Figure 1.
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Figure 1. Resistance factor and factor of safety with p for driven piles in clay and sand.

¢ slightly decreases as p increases from 0.5 to 4 in the distribution curve of ¢ versus p.
In particular, the resistance factor decreases obviously when p is between 0.5 and 2, but the
resistance factor tends to be constant when p is between 2 and 4. Meanwhile, Figure 1 also
can verify driven piles considering setup effects have greater uncertainties in sand, because
the resistance factor of driven piles in clay is larger than the resistance factor of driven piles
in sand for the same value of p, the average difference is about 22%. Particularly, for p = 2.0,
the recommended resistance factor of driven piles in clay and sand are estimated as 0.26
and 0.20, respectively.

The value of FOS decreases obviously as p increases from 0 to 4 in the distribution
curve of FOS versus p, but the decreasing rate decreases gradually, and the value of FOS
approaches a constant when p tends to infinity. Meanwhile, when p increases from 0 to
4, the value of FOS nearly decreases from 7.98 to 1.6 in clay, with a decrement of about
79.9%; when p increases from 0 to 4, the value of FOS nearly decreases from 9.47 to 1.89 in
sand, with a decrement of about 80%. Therefore, the value of p is one of the most important
factors for the factor of safety.

By comparing the two figures in Figure 1, it can be concluded that the resistance factor
and factor of safety for driven piles in sand and clay both decrease with the increase in p,
but varying p is not largely sensitive to the resistance factor for reliability-based design of
driven piles, which is consistent with other research in this field [32,33]. On the contrary,
the factor of safety for driven piles in clay and sand decreases greatly with p.

4.2. Effect of B on the Resistance Factor and the Factor of Safety

B is one of the most important factors for reliability-based design of driven piles. The
six allowable values of Bt are 1.5,2.0, 2.5, 3.0, 3.5, and 4.0, respectively, and it is indisputably
accepted to study the effect of B1 on the resistance factor and the factor of safety for driven
piles. Meanwhile, some parameters are determined as follows, Msetyp = 1.0, p = 3.69 [34,35].
It should be noted that the correlation between Ry and Rsetyp is not considered in this
section. Using the above parameters, the resistance factor and the factor of safety are
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calculated by Equations (17) and (19), and the relationships between the resistance factor
and the factor of safety against B are shown in Figure 2.
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Figure 2. Resistance factor and factor of safety with Bt for driven piles in clay and sand.

In the distribution curve of ¢ versus fr, it is obvious that the ¢ of driven piles in clay
and sand both decrease with the increase in B1. The ¢ of driven piles decreases tardily with
Bt increasing from 1.5 and 2.5, and by contrast, decreases rapidly with increasing Bt from
2 to 4. These phenomena illustrate that ¢ of driven piles in clay and sand are sensitive to
Bt. When B increases from 1.5 to 4.0, ¢ nearly decreases from 0.52 to 0.12 in clay, with a
decrement of about 77%; when St increases from 1.5 to 4, ¢ nearly decreases from 0.43 to
0.09 in sand, with a decrement of about 79%.

In the distribution curve of FOS versus r, it is obvious that the value of the FOS of
driven piles in clay and sand both increase with the increase in B, and the FOS of driven
piles decreases rapidly with increasing Bt from 2.5 to 4. These phenomena indicate that
the higher the target reliability of driven piles is, the safer the structure is.

By comparing the two figures in Figure 2, it can be concluded that B7 has a significant
effect on the resistance factor and factor of safety. Therefore, the value of Bt is one of the
most important factors for the reliability-based design of driven piles.

4.3. Effect of Msetup on the Resistance Factor and the Factor of Safety

Msetup is one of the important factors for analyzing the influence of the resistance
factor and the factor of safety. Therefore, in order to study the influence of Msetuyp on the
resistance factor and factor of safety for driven piles in clay and sand, the values of key
parameters are determined, such as St = 2.33 and p = 3.69. It should be noted that the
correlation between Ry and Rsetyp is not considered in this section. Meanwhile, based on
the previous discussion of Msetup, there are sufficient reasons to make Msetup equal to 0.5,
1.0,1.5,2.0,2.5,3.0,3.5 and 4.0, respectively. The varying regularity of the resistance factor
and factor of safety for the driven piles in clay and sand with Msetyp are shown in Figure 3.

In the distribution curve of ¢ versus Msetyp, it can be obviously seen that the ¢ of driven
piles in sand decreases slowly with the increase in Msetup- In the clay, the resistance factor
of the driven piles remains basically unchanged with the increase in Msetup. Meanwhile, it
can be seen from Equations (11) and (12) that the value of Msetup is larger and the value
of Rsetup is larger. The value of Msetup is determined by the type of soil, so it is concluded
that the size of Msetyp is adjusted by selecting different soil, and then the size of Rsetup
is controlled.
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Figure 3. Resistance factor and factor of safety with Mgetyp for driven piles in clay and sand.

In the distribution curve of FOS versus Msetup, it can be obviously seen that the value
of FOS of driven piles in sand and clay both increase slowly with the increase in Msetup-
It can be further seen that the calculated factor of safety of driven piles in sand is larger
than those in clay, and the difference between them is about 20% for a given Msetup. This
phenomenon shows that the type of soil has a great influence on the factor of safety for
driven piles, which should be emphasized in practical application.

By comparing the two figures in Figure 3, it can be concluded that the resistance factor
of driven piles in sand and clay decreases with the increase in Msetup, while the factor of
safety for driven piles in clay and sand increases with the increase in Mgetyp. Particularly,
no matter how Msetup changes, the resistance factor and the factor of safety remain basically
unchanged. Therefore, the final resistance factor of driven piles in clay and sand are 0.25
and 0.19, respectively, and the final factor of safety of driven piles in clay and sand are 1.70
and 2.20, respectively.

4.4. Effect of pro,Rsetup 01 Resistance Factor and Factor of Safety

In order to illustrate the effect of the correlation coefficient between Ry and Rsetup,
PRORsetup ON Tresistance factor and factor of safety for driven piles in sand and clay,
Equations (16) and (18) are used to calculate the resistance factor and factor of safety.
Meanwhile, in order to further analyze the influence of pro rsetup On the resistance factor
and the factor of safety, some parameters are determined, for example Bt = 2.33, Msetup = 1.0,
p = 3.69. The variations of the calculated resistance factor and factor of safety with pro,rsetup
for driven piles in clay and sand are shown in Figure 4.

0.8 4
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§ 0.6 2 3 )
2 0.5 2 A
b 3
804 5 2
£03 s
502 § 1
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Figure 4. Resistance factor and factor of safety with pro rsetup for driven piles in clay and sand.
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It can be seen that the resistance factor of driven piles in clay and sand both decrease
with increasing pro rsetup, but the decreasing rate of resistance factor with PRO,Rsetup between
—1.0 and 0 is obviously greater than that with proRrsetup between 0 and 1.0 in clay and
sand. This indicates that the negative correlation between Ry and Rsetup has a significant
influence on the resistance factor of driven piles, while the positive correlation between
Rp and Rsetyp has a slight influence on the resistance factor of driven piles. It is obvious
from Figure 4 that the resistance factor of driven piles in clay and the resistance factor
of driven piles in sandy are quite different, and the difference is about 20% under the
same correlation coefficient between Ry and Rsetyp levels. Therefore, the value selection of
PRO,Rsetup 1S crucial in geotechnical engineering.

In the distribution curve of FOS versus pro rsetup, the value of FOS increases obviously
when pRo Rsetup increases from —1 to 1. The increasing rate of driven piles in sand increases
gradually, but the decreasing rate of driven piles in clay decreases gradually. This indicates
that the positive correlation between Ry and Rsetyp has a significant influence on the safety
of driven piles, while the negative correlation between Ry and Rsetup has a little influence
on the safety of driven piles.

5. Conclusions

There are the following conclusions to be obtained.

(1) p=Qp/QL has basically no effect on the resistance factor of driven piles in clay and
sand, so p can be regarded as a constant. Meanwhile, the resistance factor of driven
piles in clay is greater than the resistance factor of driven piles in sand under the
same ratio of dead load to live load level. It shows that the uncertainty of driven
piles considering setup effects in sand is greater than the uncertainty of driven piles
considering setup effects in clay.

(2) Through the analysis of parametric Bt it is found that the smaller the resistance of
the driven piles is, the higher the factor of safety for the driven piles, and the more
reliable the driven piles are.

(3) Through the analysis of parametric Msetyp, it is found that the soil type has a great
influence on the reliability-based design of driven piles. Meanwhile, whichever value
of Msetup is selected, the resistance factor of driven piles considering setup effects
in sand and clay are basically 0.25 and 0.32, respectively, and the factor of safety
for driven piles considering setup effects in clay and sand are basically 1.7 and 2.2,
respectively.

(4) The analysis of the influence of pro Rsetup ON the resistance factor and factor of safety
for driven piles indicates that the negative correlation between Ry and Rsetup has a
significant influence on the resistance factor of driven piles, while the positive corre-
lation between Ry and Rsetup has a slight influence on the resistance factor of driven
piles. However, the factor of safety is just the opposite. Therefore, the correlation
between Ry and Rsetup should be paid attention to in engineering applications.

This paper proposes a methodology to calculate the resistance factor and factor of
safety for driven piles considering the setup effects. Through parametric analysis, it is
concluded that the total ultimate resistance is significantly improved when driven piles
consider the setup effects. The length of the pile or the number of piles could be reduced,
and an economic design of driven piles could be achieved.
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