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a b s t r a c t

The cross-site variability (i.e., variability from site to site) makes the statistics of the bias factor of a design
model vary from site to site. How to characterize the cross-site variability of the model bias factor is
important for design of pile foundations based on site-specific load test data. In this study, a probabilistic
model that allows for explicit modeling of the cross-site variability is suggested. An equation is derived
based on Bayes’ theorem to calibrate the suggested model with load test data from different sites, which
is applicable even when the number of load tests at each site is small. A procedure based on hybrid Mar-
kov Chain Monte Carlo simulation is employed to solve the Bayesian equation. How to update the statis-
tics of the model bias factor, when applied to a future site, with site-specific load test data is also
described. As an illustration, the probabilistic model is applied to the design of bored piles in Shanghai,
China. It is found that, given a certain number of site-specific pile load tests, the effect of updating
depends on the mean and the COV of the measured model bias factor. With the assistance of regional
experience, a small number of load tests can significantly reduce the uncertainty associated with the
design model, and further increase in the number of load tests may not change the site-specific statistics
of the bias factor and hence the resistance factor substantially.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the design of pile foundations, a model bias factor R is often
used to consider the uncertainties associated with a bearing capac-
ity prediction equation. Mathematically, the model bias factor R is
defined as follows

R ¼Measured bearing capacity
Predicted bearing capacity

ð1Þ

The uncertainties in R may come from spatial variability of the
ground, soil-testing errors, transformation errors when obtaining
design parameters, and deficiency of the design equation. The
mean and the coefficient of variation (COV) of the model bias fac-
tor, which are denoted as kR and dR in this study, are often calcu-
lated based on a statistical analysis of the measured and
calculated capacities of load test piles installed at different sites
in the same region. It is implicitly assumed that the model bias fac-
tors for piles from different sites follow a common probability dis-
tribution, i.e., the statistics of the model bias factor at different

sites are the same. Let xij denote the jth measured model bias factor
at site i. Fig. 1 shows the relationship between model bias factors
measured from load tests at different sites and the statistics of
the model bias factor assumed in many studies.

Static load test is an effective means to reduce the uncertainty
in pile design. In practice, it is commonly accepted that a few load
tests could significantly reduce the required design factor of safety
(FOS) at a site. For instance, the required FOS can be reduced from
3.0 if based on empirical pile design equations to 2.0 if further ver-
ified by a sufficient number of proof load tests [1]. If the statistics
of the model bias factor from different sites are assumed the same,
however, the phenomenon that the design FOS is sensitive to the
site-specific load test results may not be modeled correctly. Based
on such an assumption, the regional and site-specific statistics of
the model bias factor are the same, and the load test data from dif-
ferent sites will have the same impact on the statistics of the model
bias factor. In such a case, a limited number of additional load tests
at a site can hardly change the statistics of the model bias factor
calibrated based on a regional database with a much larger number
of load tests. For instance, if the regional statistics of the model bias
factor are determined based on 30 measurements of model bias
factor, additional three or four measurements of model bias factor
may not change the statistics of the model bias factor significantly.
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Consequently, the design FOS will also not be affected significantly
by the load test data at the site. Thus, assuming the statistics of
model bias factor from different sites are the same contradicts with
the current use of site-specific load test data for pile design.

The assumption that the model bias factors for different sites in a
region have the same statistics, however, may not always be true.
The variation in factors such as soil properties and workmanship
from site to site may make the statistics of model bias factor differ
from one site to another even in the same region [2]. The importance
of the cross-site variability (i.e., variability from site to site) in
designing piles based on load tests has also been noticed in several
studies [2–5]. They found that the variability of the model bias factor
within a site is generally smaller than that in a region. If the cross-
site variability is known, a few site-specific load tests can update
the statistics of the model bias factor substantially. As such, a limited
number of site-specific load tests can indeed alter the design FOS at a
site significantly. Thus, the key of designing piles based on site-
specific load test data hinges on the characterization of cross-site
variability of the model bias factor. In principle, one can estimate
the statistics of the model bias factor at each site in a region, and
then analyze the variability of such statistics to estimate the
cross-site variability. In practice, however, the number of load test
data conducted at a site is typically small, which are not sufficient
to estimate the statistics of the model bias factor at a site accurately.
As such, how to estimate the cross-site variability is difficult [3,5].

The objective of this paper is to suggest a method to (1) model
and calibrate the cross-site variability associated with the model
bias factor for design of pile foundations; (2) update the statistics
of the bias factor with the site-specific load test data; and (3) deter-
mine resistance factor for design based on site-specific load test
data. This paper is organized as follows. First, the probabilistic
model for the bias factor is described. Then, how to calibrate the
suggested model based on regional load test data from different
sites is suggested. Thereafter, how the probabilistic model can be
updated with site-specific load test data is described, followed by
the method for reliability-based design of pile foundations using
site-specific load test data. Finally, the proposed method for pile
design is illustrated with an example and how different factors
affect the pile design based on load tests is discussed.

2. Probabilistic modeling of model bias considering cross-site
variability

As mentioned previously, due to the presence of cross-site var-
iability, the mean and COV of the model bias factor, R, at each site

may not be the same. Let ki and di denote the mean and the COV of
the model bias factor at the ith site. As the model bias factor is
commonly modeled as a lognormal random variable (e.g., [5–9]),
the probability density function (PDF) of the model bias factor at
site i can be written as follows (e.g., [10])

f ðrjki; diÞ ¼
1ffiffiffiffiffiffiffi

2p
p

fir
exp �ðln r � liÞ

2

2f2
i

" #
ð2Þ

where li and fi are the mean and standard deviation of lnR which
can be calculated as follows (e.g., [10])

fi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnð1þ d2

i Þ
q

ð3Þ

li ¼ ln ki �
1
2

f2
i ð4Þ

While the value of ki is site specific, it might be reasonable to
expect that ki values at different sites from a region follow a certain
probability distribution. As ki is non-negative, it is convenient to
assume that ki follow a lognormal distribution with a mean of lk

and a COV of dk. Similarly, it can also be assumed that di of different
sites in a region follow a lognormal distribution with a mean of ld

and a COV of dd. Fig. 2 shows the relationship between the model
bias factors at different sites and the statistics of the model bias fac-
tor considered in this study. In this figure, the value of the model bias
factor varies within a site, reflecting the effect of within-site vari-
ability. The statistics of the model bias factor vary from site to site,
reflecting the effect of cross-site variability. While the measured
model bias factors from different sites are statistically independent
given that the site-specific statistics of the model bias factors are
known, these observations are correlated because the statistics of
the site-specific model bias factors from different sites follow the
common probability distributions. In the model described here, dk

characterizes the cross-site variability of the mean of the model bias
factor (ki). If dk = 0, there is no cross-site variability about ki. Simi-
larly, dd characterizes the cross-site variability of the COV of the
model bias factor (di). As such, both the cross-site variability about
the mean and the COV of the model bias factor are considered. When
dk = 0 and dd = 0, there is no cross-site variability in both ki and di.
Thus, the conventional model for the bias factor can be viewed as
a special case of the model suggested in the present study.

Application of the above probabilistic model requires calibra-
tion of the following model parameters: lk, dk, ld, and dd. In theory,
one can first calculate the values of ki based on the site-specific
load test data, and then estimate the values of lk and dk based

Fig. 1. Relationship between site-specific load test data and model bias factor ignoring cross-site variability.
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