Determination of base and
shaft resistance factors

for reliability-based
design of piles
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This paper aims to propose a procedure for calculating separately the resistance factors for
ultimate base and shaft resistances for the reliability-based design of piles. The proposed
procedure can clearly explain the different sources of uncertainties of the bearing capacity,
including those from ultimate base and shaft resistances. The study evaluates the convergence
of the proposed procedure, and the effects of relevant parameters on resistance factors.
Finally, two examples are used for comparison and application of the presented method for
determining ultimate base and shaft resistance factors. Convergence analysis proves that the
final resistance factors can be rapidly obtained, and maintain good stability using the iteration
algorithm included in the proposed procedure. A parametric study indicates that the ratio of
dead load to live load and initial values of the ultimate shaft (or base) resistance factor, have a
limited effect on the final convergence values of ultimate shaft (and base) resistance factors.
However, the target reliability index has significant influence on the ultimate shaft and base
resistance factors. The validation example shows that the ultimate shaft and base resistance
factors, as calculated in this paper, are conservative compared to the results by Kim et al (2011),
due to the consideration of more uncertainties. The recommended ultimate shaft and base
resistance factors for the reliability-based design of piles can be obtained conveniently using
the proposed procedure in the application example.

NOTATION YL

The following symbols are used in this paper:

load factor for live load

0 limit value of calculation accuracy
b ratio of Ry, to (L + Ly) Ap bias factor for Lp
COVg .\ coefficient of variation for R, A bias factor for L
ult, ’

COV, . coefficient of variation for R ¢ Auteb bias factor for R
COV,  coefficient of variation for Ly, Adlts bias factor for R ¢
COVLL coefficient of variation for L; p ratio of Ly to ;.

limit state function Puleb resistance factor for R, |,

load Pults resistance factor for R, ¢
Ly dead load <p(l?1)t,s initial value of ¢,,),
L live load
P failure probability INTRODUCTION
Ry, ultimate resistance of pile Load and resistance factor design (LRFD)

is conceptually a more advanced design
Ryieb ultimate base resistance of pile method than the existing working stress
Rys ultimate shaft resistance of pile design (WSD). The key improvements
‘ of LRFD over the traditional WSD are

§ ratio of Ryys to (Lp+Ly) the ability to provide a more consistent
B reliability index level of reliability and the possibility

. ¢ reliability ind of accounting for load and resistance
P arget reliabliily tndex uncertainties separately (Foye et al 2006).
YD load factor for dead load Successful implementation of LRFD
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in geotechnical engineering contributes to an economical and
safe design.

Many researchers and practitioners are now recognising the
great advantages of LRFD in practice, and more and more relevant
research is being incorporated into LRFD for driven piles based on
reliability analysis (Zhang et a/ 2001; Paikowsky 2004; AASHTO
2007). Many countries and regions, such as the United States,
Canada, South Africa, China mainland, Japan, Korea, Singapore,
Europe and Hong Kong, are replacing or have already replaced
WSD with LRFD for structural design. However, LRFD in geotech-
nical engineering has not been fully developed yet (Kim et al 2011).

Against this background, a rational framework for LRFD
development should be established for the replacement of resis-
tance factors calculated based on factors of safety with those
calculated based on reliability analysis. The LRFD framework is
conducive to maintaining the same levels of load factors for all
loads under different conditions. A number of studies have looked
at calculating and calibrating resistance factors for geotechnical
engineering. Zheng et al (2012) presented a Bayesian optimisation
approach to determine the resistance factor of piles, and recom-
mended values for the resistance factors of driven piles. Bian et al
(2015) incorporated the serviceability limit state requirements
into LRED for the ultimate limit states of piles to determine the
resistance factors for reliability-based design of piles. Phoon and
Kulhawy (2002), and Phoon et al (2003) proposed a multiple
resistance factor design concept for foundations and studied the
uplift resistance factors for uplift side resistance, uplift tip resis-
tance and dead weight of foundation against uplift force. Honjo
et al (2002) established a procedure for the calculation of partial
factors for dead load, seismic load, base resistance and shaft
resistance of axially-loaded cast-in situ piles. Kim et a/ (2011)
contributed to the development of LRFD for axially-loaded driven
piles in sands, the evident feature of which is that the resistance
factors for base and shaft resistances were calculated separately
to account for their different uncertainty levels. Basu and Salgado
(2012) developed resistance factors for drilled shafts for a design
method based on soil parameters.

However, methods to determine the ultimate base and shaft
resistance factors are not well developed. This paper will present
a novel method to calculate the ultimate base and shaft resistance
factors for the reliability-based design of piles. First, an iterative
algorithm to estimate the ultimate base and shaft resistance factors
will be presented using the reliability theory and LRFD criteria.
Second, the convergence of the proposed procedure will be ana-
lysed. Third, the effects of relevant parameters — ratio of dead load
to live load, initial value of base (or shaft) resistance factor, and
target reliability index — on resistance factors will be evaluated.
Finally, the validation and practical application of the presented
method will be shown with two examples to illustrate the feasibility
and availability of the presented method.

LOAD AND RESISTANCE FACTOR DESIGN

Design criterion

Considering an axially-loaded driven pile, the ultimate pile
resistance (or bearing capacity) R, is generally expressed as the
summation of ultimate base resistance (or end resistance) R . |,
and ultimate shaft resistance (or shaft friction) R (Poulos &

Davis 1980):

ult,s
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Ry = Ryjep + Rules ey

The key advantage of the LRFD approach is that significant uncer-
tainties (e.g. load and material resistance) can be incorporated
quantitatively into the design process. If only dead load Ly, and live
load L; are considered, the LRFD design formula for an axially-
loaded driven pile can be written as (AASHTO 2007):

¢ult,bRult,b + (pult,sRult,s 2 YDLD + yLLL (2)

where ¢, and ¢, ; are the resistance factors for R ), , and R j; ¢
respectively; and y and y; are the specified load factors for dead

and live loads respectively.

Resistance factors

Suppose resistance R, and load L follow lognormal distribution
and they are statistically independent (Ang & Tang 2007; Wang &
Kulhawy 2008; Dithinde et a/ 2011). It should be pointed out here
that the probability distribution for load L is certainly suitable

to dead load L, and live load L; , namely lognormal distribution.
The limit state function (g) in accordance with LRFD framework
is established:

¢=1In(R,) - In(L) &)

The reliability index f3, which is used to estimate the reliability of
piles and reflect the safety status of piles, can be calculated using
the following formula (Federal Highway Administration 2001;
Bian et al 2016):

ln[Ault,bRult,b + )Lult,sRult,s /1 + COV]%D + COVIZ,L ]

_ ApLp + A Ly 1+ COVI%UILb + COVI%uIt’5 w
Vin[(1 + COV3 +COV} )1 +COVZ +COV7)]
where Ault,b’ Ault,s' Ap and A; are the bias factors for Rult,b’ Rult,s’ Lp

and L; respectively; and COVRult v COVRult K COVLD and COVLL
Lp,and L
respectively. Here the bias factor includes the net effect of various

are the coefficients of variation (COVS) for'Rult’b, Rult,s’
sources of errors, such as inherent soil variability, measurement
error, and transformation uncertainty.

LRFD is the limit state design (mainly including ultimate limit
state and serviceability limit state for piles), and only the ultimate
limit state requirements are focused on in this paper. As the criti-
cal state of the design formula (Equation 2) is necessary for the
study, replacing the inequality sign in Equation 2 with an equality

sign gives:
PuitbRuleb + PutesRules = Yplp + rily ®)
Then R}, and R ), ; can be expressed respectively as:
Lo+ yi Ly — R
Rult,b _ Ypip t VLAL (pult,s ult,s ®)
Pultb
Lo+ y Ly — R
Ryps = Yolp + Yih — PuibXultb 7
(pult,s

Substituting R 1, and Ry, ., expressed respectively by Equations
6 and 7, into Equation 4, and replacing S in Equation 4 with target
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reliability index (B7), gives the following expressions for ¢,
YDP T VL

and ¢, ¢
Ault b|: 1 - ¢)ult,s‘g:|
{ﬁ /n[ (L+COVE +COV}_
exp
App +Ap R a+ cov% LCoV2
/ 1+COV}  +COVg
YpP + VL

Ault,s[— - ¢ult,bb:|
p+1

(1+COVg . +COV
xpi By 1In) ult)
x (1+COVZ_ +COV}

/

Lp
e S =
Ly,

Pulth =

)

— Mlt,sS

p+l 1+COVZ +COVZ,

Pults =

App + AL

ult,s):|}
)

- Ault,bb

ptl 1+COVZ_ +COVZ,

1+ CO\/12eultb + COVI%ults

©)

Ryt b
LD + LL

Rult,s

in Equations 8 and 9 p = and b =

Lp+ 1L

Equations 8 and 9 indicate that ¢ .}, and ¢, ; are functions

of many parameters, such as p, S, s, b and so on. Among these
parameters p, B, s and b are key factors influencing ¢ .1, and ¢,
due to great uncertainties for them. Here 31 is a certain level of
reliability, for which piles designed using the LRFD method will
guarantee. In other words, the reliability index of a pile designed
using LRFD is greater than or equal to the target reliability index.

Probabilistic parameters

Based on the foregoing discussion, there are two sets of information
required to estimate resistance factors: load and resistance informa-
tion (including load factor, bias factor, COV). A review of literature
(AASHTO 2007) suggests that the following probabilistic parameters
can be used for Ly and L;: A = 1.08, COVLD =0.13,1 = 115,
COVLL =018, yp = 1.25and y; = 1.75. p = Lp/L; is structure-
specific and changes with span length (Hansell ez a/ 1971; Withiam
et al 2001). Hansell et al (1971) also proposed an empirical formula,
Lp/L; = (1 +1)(0.0132/), to relate L,/L; with span length, where Iis
the dynamic load factor (taken as 0.33 for LRFD loads), and / is the
span length in feet. p = Lp/L; spreads over from 0.576 to 5.184 when [

varies from 10 m to 90 m, and p = 3.0 is a frequently used value.

Formula p; = ®(-) expresses the relationship between failure
probability (p;) and S (see Table 1). The acceptable 5 is in essence
the maximum acceptable failure probability. For example, deter-
mining acceptable S = 3.0 means the acceptable maximum failure
probability is 0.001.

Barker et al (1991) reduced the target reliability index for
driven piles to a value between 2.0 and 2.5, especially for a
group system effect. Paikowsky (2004) suggested an initial target
reliability index between 2.0 and 2.5 for a pile group, and 3.0 for a
single pile. Paikowsky (2004) also recommended target reliability
indices of 2.33 (corresponding to 1% probability of failure) and
3.00 (corresponding to 0.1% probability of failure) for representing
redundant and non-redundant pile groups, respectively. As
suggested by Barker et al (1991) and Paikowsky (2004), five
levels (2.0, 2.5, 3.0, 3.5 and 4.0) of target reliability index will
be considered in this study and the corresponding resistance
factors calculated.

Probabilistic parameters for R ,, Rult,b and R from litera-

ult,s
ture are summarised in Table 2. Equations 8 and 9 demonstrate
that b (= Ry p/(Lp + L1)) and s (=

parameters for evaluation of resistance factors. However, both

Rys/(Lp + Lp)) are two key

b and s are difficult to determine, because R,y and Ry, ¢
depend largely on site conditions and pile types. For example,

Ry p of friction piles is generally very small and may be ignored
ult,s? ult,s ¥ Rult’
ingin b~ 0ands ~ R ;/(Lp + L;). Moreover, for a safe design
s~ Ry /(Lp + Ly) 2 1.0. For end-bearing piles R ;;
small, and may be ignored with respect to R ;,, which means that

with respect to R, ., which means that R result-

is generally very

Rypep = Ry resulting in s ~ 0 and b = R, /(Lp, + Lp). Moreover, for a
safe design b =~ R ;,/(Lp+L;) > 1.0. For end-bearing friction piles and
friction end-bearing piles, b and s are complex and need further study.

PROCEDURE TO CALCULATE RESISTANCE FACTORS

Procedure flow chart

Equations 8 and 9 indicate that ¢, ,, and ¢,  mainly depend on
P, B s, b and other parameters. Especially, Puleh computed using
Equation 8 will be submitted into Equation 9 to compute ¢, ., and
this ¢, s will be resubmitted into Equation 8 to compute ¢, |,
again. This computation process is in fact an iteration process,
which contributes to build a procedure for resistance factors cal-

culation, as shown in Figure 1 (Bian et a/ 2016). In Figure 1, 9 is

ult s
Table 1 Relationship between reliability index and failure probability
“ 1.0 1.5 2.0 2.5 2.33 3.0 4.0 5.0
0.16 0.07 0.023 0.006 0.01 0.001 0.00003 0.0000003

Table 2 Summary of bias factors, COVs and distribution types of resistances

1.158
Rult
2.0 (mean)
Ruitb 1.023
Ruits 1.088

Journal of the South African Institution of Civil Engineering  Volume 60 Number2 June 2018

0.339 Lognormal Paikowsky (2004)
0.194 Normal Michiyo et al (1993)
0.201 Lognormal

Jardine et al (2005)
0.287 Not stated
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the initial value of ¢ . where 6 is the limit

value of calculation accuracy.

With reference to Figure 1, the proposed
approach to determine resistance factors
Pt and ¢,  for reliability-based design
of piles is outlined in the following steps:

B Step 1 Input statistical parameters of
load and resistance. Bias factors, COVs
and load factors Ly and L; can be
determined referring to the previous lit-
erature. Bias factors and COVs of R, ,
and Rult,s
test database of piles.

are estimated using the load

B Step 2 Input combination parameters
p=LplLy, s =Ry /Lp+Lly) and b =
Ry p/(Lp+Ly). For p, the commonly
used values (such as 0.5, 1.0, 2.0, 3.0, 4.0
and 5.0) from the previously mentioned
literature are welcome, while s and &
need to be evaluated depending on site
conditions and pile types.

B Step 3 Input B and precision limit
value 6. For S the commonly used
values (such as 2.0, 2.5, 3.0, 3.5 and 4.0)
will be accepted for further study. 6 is
set as 0.0001.

B Step 4 Determine initial value ¢’u1t s lor
q)(ul)t,b ). Six values, namely 0, 0.2, 0.4,
0.6, 0.8 and 1.0, will be suggested to
study the influence of ¢ult s (or ¢ult b
on the final results.

B Step 5 Calculate ¢, , and ¢y, . Submit
©)
¢

ult,s
and denote as ¢$.111)t,b' Submit <pgl)t,b into

into Equation 8 to compute ¢, },,

Equation 9 to compute ¢, ;, and denote
as ¢(ull)t,s' Repeat this process to obtain
2 2
(p(ul)t,b and ¢(ul>t,s~
B Step 6 Examine convergence.
1) 1) 2) (2
If¢ult b (pult s (p(ult b and ¢ ft s
satlsfy |¢u1tb - u1tb| < 6, and

|¢ ult,s — u t s
taken as the final resistance factors

. . o O @
‘Pultb and ¢, - 1f¢u1t b ol g ¢ultb and
q)( do not satlsfy |(pu1tb - ¢’u1tb| <6

ult,s
and |¢> | < 6, repeat Step 5.

| <6 ‘Pultb and ‘Pult s are

ult,s — ult s

Convergence analysis of
calculation procedure

The validity and application conditions

of the procedure are investigated in depth
in this section. All related computation
tasks will be completed using MS Excel.
Convergence of the proposed procedure
to calculate resistance factors was made
using the following parameters: p = 3.0,
¢ < = 0.5, B = 3.0 and 6 = 0.0001.
Parameter s was set as 0.5, 1.0, 2.0 and 3.0.
For each value of s, b was set as 0, 0.5, 1.0,
2.0, 3.0 and integer > 4.0, respectively. Here
statistics of Ly and L; (namely A, = 1.08,

56

Input bias factors, COVs and load factors of Ly and L.

A

Input bias factors and COVs of R,y and Ry, ¢
N
lp Ru Ruitb
Input ratios of p = —, s = T and b = ——
L Lp+L Lp+1L

A

Input target reliability index 7 and

limit value of calculation accuracy 6

Assum

©)
S ¢ ult,s

~

Calculate ¢ﬂ|)tlb using Equation 8

~

Calculate q)(U]RLS using Equation 9

~

Calculate ¢(5|)tlb using Equation 8

© _ 0
¢u|t,s - ¢u|t,s

~

Calculate q)(f‘)m using Equation 9

No

~

2 1 2 1
If | ¢(u|)t,b - ¢'(u|)t,b |<6and| ¢‘(u\)t,s - ¢EJ|)I,S |<6

~

Yes

* 1 *
Select ¢j;, = Pl and Pis =
resistance factors for R, , and R,  respectively

1 .
<p(u|)t,5 as recommendation

Figure 1 Flow chart of resistance factor calculation

COVLD =0.13,1; = 115, COVLL =0.18,

Yp = 1.25 and y; = 1.75) presented by
AASHTO (2007) are accepted to compute
the resistance factors ¢, and ¢, .

Bias factors and COVs of R, and R ),
presented by Jardine et al (2005), and sum-
marised in Table 2 by the authors, are also
used in this section. Final resistance factors
obtained for each combination and the
number of iterations required to reach the
set level of accuracy (6 = 0.0001) are sum-
marised in Table 3.

In Table 3, NM indicates that the com-
bination (b = 0 and s = 0.5) is meaningless
for the reliability-based design of piles,
while NRC indicates that the iterative
process could not reach convergence.
Employing the information from Table 3,

a bold judgement can be made that the
iterative process proposed in this paper

reached convergence only when the sum of
s and b was less than 4. This requirement
meets the demand for reliability-based
design of piles satisfactorily. The LRFD
criteria for piles, the most important limit
state design method, has been expressed by
Equation 2. For reliability-based design of
piles, R j, does not excessively exceed the
load effects. Due to this, and given that safe
designs are those with R /(L + L;) = 1.0,
b=Ry/(Lp+Lp)ands =Ry Sy +Lp)
will be limited to between 0 and 3.0. It
is also pointed out that runs with b = 0
are done purely for comparison, as b =
0 implies a pure friction pile which is
not possible.

From Table 3, the following preliminary
conclusions can be drawn: for a given s,
the number of iterative steps increase with
increasing b, as shown from columns 10 to

Volume 60 Number2 June2018 Journal of the South African Institution of Civil Engineering



Table 3 Summary of resistance factors and iterative steps

Resistance factors Iterative steps

b=0 NM 0.3678 0.3678 0.3678 NM 0.39M 0.39M 0.39M NM 3 3 3
b=0.5 0.3678 0.3678 0.3678 0.3674 0.39M 0.39M 0.39M 0.3912 4 5 8 70
b=1.0 0.3678 0.3678 0.3678 NRC 0.391 0.391 0.391 NRC 5 6 15 NRC
b=2.0 0.3678 0.3678 NRC NRC 0.391 0.391 NRC NRC 7 13 NRC NRC
b=3.0 0.3678 NRC NRC NRC 0.3912 NRC NRC NRC 20 NRC NRC NRC
b=4.0 NRC NRC NRC NRC NRC NRC NRC NRC NRC NRC NRC NRC

Note: NM indicates that this combination of b and s are meaningless; NRC indicates that iterative process could not reach convergence.

13. For example, with s = 0.5, the iterative

steps are 4, 5, 7 and 20 corresponding to b 05
with values of 0.5, 1.0, 2.0 and 3.0 respec-
tively; with s = 2.0, the iterative steps are 3,

8 and 15 corresponding to b with values of \\
0, 0.5 and 1.0 respectively. 04 - \

PARAMETER ANALYSIS
AND DISCUSSION 03
In this section, load statistical parameters
(including Ay, = 1.08, COV; = 0.13,

Ay = 115,COV, = 0.18, yp, = 1.25 and
yL = 1.75) presented by AASHTO (2007), 0 | | |
and resistance statistical parameters 0 1 ) 3 4 g
(including A, , = 1.023, A ), « = 1.088, P

COVR =0.201 and COVR =0.287) 0= ® 11 =O= it

presented by Jardine et al (2005) are used

¢ult,b' ¢ult,s

to compute the resistance factors ¢, , and Figure 2 Resistance factors ¢, , and ¢, . of driven piles versus p

¢u1t,s'

Effect of p on resistance factors 0.5
To study the effect of p on ¢, |, and ¢,
the following parameters were kept con-

stant: ¢’ults =05,5=10,b=10,8:=30
and 6 = 0.0001. It is also well reasoned to 04 4
set p as 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 respec-
tively. Using these parameters, ¢, and

¢ult,b' ¢ult,s

P15 were calculated using the proposed
procedure and plotted against p in Figure 2. 034
Varying p did not influence con-
vergence, with convergence generally
obtained within six iterative steps. It can

be seen from Figure 2 that both ¢}, and 0

Pu1,s decrease slightly with increasing p. 0 0.2 04 06 08 10

However, the difference between ¢, , and ¢S5

Pl 1s an approximate constant for all p. =O= ¢ =O= it

Under the given assumptions, ¢,  is larger
than ¢, 1, and the average difference Figure 3 Resistance factors ¢, ,, and ¢, . of driven piles versus initial resistance factor ¢
between ¢}, and ¢, , is about 0.025.

(0)
ult,s

parameters were kept constant: p = 3.0, resistance factors were calculated and plot-
Effect of <p(3|)t,s on resistance factors s=1.0,b=10, f1=3.0and 6 = 0.0001. ted against (pult . in Figure 3.
To study the effect of ¢>(l?ft’s on final resist- Parameter ¢ult swassetas0,0.2,04, Varying ¢ult ¢ did not influence con-
ance factors (¢, and ¢, o), the following 0.6, 0.8 and 1.0 respectively, and the two vergence significantly, with convergence
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reached within no more than seven itera-
tive steps. It can be seen from Figure 3
that both ¢, |, and ¢, ; versus ¢(1(1)1)t,s

are approximate horizontal lines, which
illustrate that convergence values ¢, ,
and ¢, ; are both independent of ¢>(Sft's, as
Pulep and ¢, ; are determined as 0.37 and
0.39 respectively. This conclusion provides
support to the rationality of the proposed
procedure for resistance factor calculation.

Effect of B; on resistance factors

To study the effect of S on ¢, and ¢, ¢
the following parameters were kept con-
stant: p = 3.0, 9\ = 0.5,5= 1.0, b = 1.0
and 6 = 0.0001. B was set as 2.0, 2.5, 3.0,
3.5 and 4.0. Calculated values of ¢, and
Pu1e,s are plotted against A1 in Figure 4.

In Figure 4, both ¢ ;. |, and ¢,
decrease sharply with an increase of 5,
which shows that both ¢}, and ¢, ; are
very sensitive to S. For example, when S
increases from 2.0 to 4.0, Puleb decreases
from 0.55 to 0.25, and Pults decreases from
0.59 to 0.26. Varying 1 had a significant
effect on iterative steps. For S = 2.0, the
iterative steps were 12; for S = 2.5, 3.0 and
3.5 respectively, the iterative steps were all
nearly 6; and for 1 = 4.0, the iterative steps
were only 4.

In summary, engineers should very
seriously consider a suitable 5 to conduct
the reliability-based design of pile founda-
tions. Selecting a small 5 will leave the
piles designed using LRFD methods at risk.

0.6

0.5 4

¢ult,b' ¢u|t,s

0.3 1

A\> A~

0.2 T
2.0 2.5

0= Puirp

30 35

Br
o= ‘pu\t,s

4.0

Figure 4 Resistance factors ¢, , and ¢, ¢ of driven piles versus target reliability index By

probability between 0.1% and 0.6%, which
is low enough for general pile foundation
engineering. Besides, the iterative steps are
nearly 6 for S with values between 2.5 and
3.0, and the computational efficiency is
good, too.

VALIDATION AND APPLICATION

Practical validation and application of the
proposed method will be illustrated by the
following two examples, respectively.

Validation example

the corresponding load statistical
parameters are considered in this section
(Kim et al 2011): in the case of ASCE/
SEI7-05, A, = 1.05, COV, =01, ; = 1.0
and Cov, =025 while in the case of
AASHTO, Ap = 1.05, COVLD =014 =12
and COVLL =0.205. Also, yp = 1.25 and
yL = L.75 are selected for both ASCE/SEI
7-05 and AASHTO cases. The process of
estimating the resistance factors for build-
ing and bridge structures must satisfy the
following conditions:
1. Utilise p = Ly/L; with four different
values: 1.0, 2.0, 3.0 and 4.0

Selecting a large S will lessen the identi- According to Kim et al (2011), ¢, 1, and 2. Utilise A with four different values: 2.0,
fied resistance factors, the design scheme PDult,s values were calibrated using their 2.5,3.0and 3.5

will be conservative and the cost will be proposed method for building and bridge 3. Determine both s = Ry /(Lp + L) and
uneconomical. The analysis in this section structures, which are compatible with b =Ry ,/(Lp+Lp)as 1.0

indicates that the values of S between 2.5 the ASCE/SEI 7-05 (ASCE 2005) load 4. Select resistance statistical param-

and 3.0 are suitable. 8. between 2.5 and 3.0
indicates the acceptable maximum failure

Table 4 Summary of resistance factors

factors and the AASHTO (2007) load
factors. For comparison and validation,

Results of this paper

eters referring to Jardine et al (2005),

namely Ay, = 1.023, 1, = 1.088,

ult,s

Results of Kim et al (2011)
0.62 0.66 0.58 0.62 0.56 0.59 0.55 0.58 - - - - - -

B+

25 0.50 0.53 047 0.50 045 048 044 047 0.86 0.75 0.82 0.70 0.79 0.67
ASCE/SEI 7-05
3.0 040 043 0.38 0.40 0.36 0.39 0.36 0.38 0.77 0.66 0.76 0.64 0.73 0.61
35 0.32 0.34 0.30 0.32 0.29 0.31 0.29 0.31 0.67 0.56 0.71 0.58 0.67 0.55
2.0 0.58 0.62 0.57 0.60 0.56 0.59 0.55 0.58 = = = = = =
2.5 048 0.51 046 0.49 0.45 048 0.45 048 0.87 0.75 0.85 0.73 0.82 0.70
AASHTO
3.0 0.39 041 0.38 040 0.37 0.39 0.36 0.39 0.77 0.65 0.79 0.66 0.76 0.63
35 0.32 0.34 0.31 0.33 0.30 0.32 0.30 0.32 0.69 0.57 0.73 0.60 0.70 0.57
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Table 5 Summary of resistance factors (calculated by database from Luo (2004))

20

25 049 0.51 047
30 0.39 040 0.38
35 0.32 0.32 0.30

COVg, = 0201 and COVy = 0.287.
Calculated results of ¢, and ¢ ¢ ¢
using the proposed method in this
paper are shown in Table 4.
For building structures with the ASCE/
SEI 7-05 (ASCE 2005) load factors, the
calculated ¢ ., and ¢, ; values vary
within the ranges 0.55-0.62 and 0.58-0.66
for S = 2.0; 0.44-0.50 and 0.47-0.53 for
Bt =2.5;0.36-0.40 and 0.38-0.43 for
Bt =3.0;and 0.29-0.32 and 0.31-0.34
for B = 3.5, respectively, depending on
the ratio p = Lp/L; (p = Lp/L; range of
1.0-4.0).

For bridge structures with the
AASHTO (2007) load factors, the
calculated ¢ 1, and ¢, ; values vary
within ranges 0.55-0.58 and 0.58-0.62
for B = 2.0; 0.45-0.48 and 0.48-0.51 for
Bt =2.5;0.36-0.39 and 0.39-0.41 for
Bt =3.0; and 0.30-0.32 and 0.32-0.34
for B = 3.5, respectively, depending on
the ratio p = Lp/L; (p = Lp/L; range of
1.0-4.0).

For ease of comparison, the results of
Puiep and ¢y, ¢ from Kim et al (2011) are
also given in Table 4 (columns 11 to 16).
Comparison shows that the results of ¢, ,
and ¢, ¢ for building and bridge structures
compatible with load factors from ASCE/
SEI 7-05 (ASCE 2005) and AASHTO
(2007) computed in this paper, are smaller
than the results from Kim et al (2011).
These differences may be due to many
probable reasons, but it should be pointed
out here that some main uncertainty fac-
tors are not considered in Kim et al (2011),
such as proportions of shaft (base) resis-
s/ Lp + L) and
Ry p/(Lp + Lp)), the correlation between

tance to load (namely R

Guiep 2nd ¢y, and so on.

For example, in Kim et al (2011),
Pulep and ¢, ¢ for building and bridge
structures compatible with load factors
from AASHTO (2007) vary within ranges
of 0.82—-0.87 and 0.70-0.75 for St = 2.5;
0.76-0.79 and 0.63-0.66 for S = 3.0;
and 0.69-0.73 and 0.57-0.60 for 5 = 3.5.
These resistance factors in Kim et a/ (2011)

048

0.39

031

0.62 0.63 0.59 0.60 0.58 0.59 0.57 0.58

046 047 045 046
0.37 0.38 0.36 0.37
0.29 0.30 0.29 0.30

seem to be very large for the reliability-
based design of piles. The resistance
factors proposed by AASHTO (2007) for
strength limit state for shallow foundations
are generally between 0.35-0.60, which
perhaps more strongly support the results
in this paper.

Application example

Luo (2004) compiled a database of pile

load tests, including 151 driven pile load

tests. From these databases only 128 driven

pile load tests with sufficient information

(measured ultimate bearing capacity,

base resistance and shaft resistance) were

analysed. The bias factors and COVs of

pile resistances were calculated by authors

referring to Luo (2004): A, ,, = 1.18,

Ayt = 121, COVp = 0.34, and

COVRMLS = 0.22, respectively. Computed

resistance factors using the proposed pro-

cedure are summarised in Table 5 for the

following conditions:

1. Setp = Lp/L; at four different values:
1.0, 2.0, 3.0 and 4.0

2. Set 1 at four different values: 2.0, 2.5,

3.0and 3.5

Both sets s = R /(Lp + L1) and

b=Ryp/(Lp+Lp)atlo

4. Accepted load statistical parameters
presented by AASHTO (2007), namely
Ap = 1.08, COV;_ =013, 1 = 115,
COVLL =018, yp = 1.25and y; = 1.75.

Based on the results shown in Table 5, one

W

can see that the calculated ¢, and ¢, ¢
values vary within the ranges of 0.57-0.62
and 0.58-0.63 for S = 2.0; 0.45-0.49 and
0.46-0.51 for 1 = 2.5; 0.36—0.39 and
0.37-0.40 for 5 = 3.0; and 0.29-0.32

and 0.30-0.32 for 31 = 3.5, respec-

tively, depending on the ratio p = L/L;

(p = Lp/L; range of 1.0—4.0). The variations

of ¢ 1, with the different p values are very
small; this is also the case for ¢, .. This
further verifies the conclusion obtained

in the section above titled “PARAMETER
ANALYSIS AND DISCUSSION”, that

both ¢, and ¢, ¢ decrease slightly with
increasing p. Therefore, the recommended
resistance factors can be proposed with
different target reliability levels by consid-
ering the influence of p referring to Table 5.
For a target reliability level, the mean value
of four resistance factor values, corre-
sponding to p = 1, 2, 3 and 4, is determined
as the recommended resistance factor.

By this method, based on the calculated
resistance factors shown in Table 5, this
study presents the recommended resistance
factors for 128 driven pile load test cases,
coming from Luo (2004) and summarised
in Table 6.

Table 6 shows that the recommended
resistance factors are significantly different
for different B indices. This phenomenon
is actually compatible with the conclu-
sion, as obtained in the section above,
titled “PARAMETER ANALYSIS AND
DISCUSSION”, that S is an important
factor for the determination of resistance
factors, as it is essential to choose the
appropriate target reliability index for the
reliability-based design of piles using the
proposed method in this paper. According
to the presented values of S between
2.5 and 3.0 mentioned earlier, the recom-
mended values of the resistance factors are
0.38-0.47 for ¢, , and 0.39-0.49 for ¢ ), .

CONCLUSIONS

Uncertainties regarding the bearing capa-
city of piles actually derives from the ulti-
mate base and shaft resistances, and should
be explained separately in the reliability-
based design of piles. The way to solve
this problem is by developing a method

to evaluate and study the ultimate base
and shaft resistance factors respectively.
This is the major contribution achieved in
this paper.

Convergence analysis demonstrates
that the presented iteration algorithm to
estimate ultimate base and shaft resistance
factors converges rapidly and remains

Table 6 Recommended resistance factors (presented in this current study from database by Luo (2004))

. 20

0.60

0.61
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0.38 0.31
0.39 0.31
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stable. The condition of convergence (i.e.
b and s between 0 and 3.0) can meet the

demand of the reliability-based design of
piles satisfactorily.

In addition, parameter analysis indicates
that the ratio of dead to live loads has a
limited influence on calculated resistance
factors. The overall consideration of dead
and live loads in the determination of
ultimate base and shaft resistance factors
is reasonable. Similarly, the initial seed
resistance factor also has little effect on
convergence of the final resistance factors.
Any initial seed resistance factor could
be selected in the reliability-based design
of piles. However, the target reliability
index significantly influences computed
resistance factors, and an appropriate
target reliability index is required for the
reliability-based design of piles.

In a nutshell, the ultimate base and shaft
resistance factors for the reliability-based
design of piles can easily be obtained using
the proposed procedure with an appropriate
target reliability index. The application
example has illustrated this point.
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