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Pile design is subject to a number of uncertainties that must be addressed to
ensure the reliability and safety of the foundation. A common approach to reduce
uncertainties in pile design is to calibrate the resistance factor in the Load and
Resistance Factor Design (LRFD) method through reliability analysis. However,
it is important to recognize that the LRFD method may not fully account for
uncertainties associated with soil and pile resistances. The results of this study
show that the separate consideration of base and wave resistance can lead to a
more accurate and reliable design of piles. The proposed method can help
engineers make more informed decisions and reduce uncertainties in pile design.
In addition, the study highlights the importance of considering different factors
such as the ratio of dead to live load and the ratio of base to shaft resistance when

Base resistance, Shaft
resistance, load and resistance
factor Desigh method.

calculating the resistance factor.

Introduction

In general, Load and Resistance Factor Design
(LRFD) is a more valuable and complete design
method than Working Stress Design (WSD).
Various studies have been carried out worldwide
to calibrate resistance factors using methods
such as Bayesian optimization and statistical
analysis. The method proposed in the text
focuses on the calculation of separate base and
shaft resistance factors for driven piles in
cohesive soils using Monte Carlo Simulation
(MCS) and data analysis. The research aims to
improve the accuracy and reliability of
foundation  designs by accounting for
uncertainties in design parameters.

Materials and Methods

Subtitle

The calibration process shows all the
uncertainties in the resistance section with only
one factor. In contrast, the base and shaft
resistances have different degrees of uncertainty.

Depending on the method used to calculate the
resistance, the final resistance may be affected.
A database of DLT-BOR on driven piles is used
to calibrate the shaft and base resistance factors.
Ar has been calculated based on the ratio of DLT-
BOR to the theoretical prediction method. For
the case of separate wave and soil resistances,
the LRFD formula is expressed as:

dsRs + dgRp = X viQy; (1)

Here ¢s and ¢ are the shaft and base resistance
factors, respectively; Rs and Rg are the nominal
shaft and base resistances. If only the dead and
live load are considered, the limit state function
can be written:

g = Rys + Rug — Qup — Qe V4

RMS and RMB are the measured nominal shaft
and base resistances, respectively; Qmp and Qmc
are the measured dead and live loads,
respectively. By converting all measured terms
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in Eq. 2 to predicted terms using the bias factors
of the shaft and base resistance (Ags and Agg) and
the dead and live load bias factors (Agp, AoL); EQ.
2 can be rewritten as:

g = ArsRs + AggRp — AqpQp — AqLQL (3)

Combine Eg. 3 with Eqg. 1, and after
transformation, the limit state function is now
obtained:

Q R
(YDQ_B"'VL) (Ars+ ARBR—E)

— Q
g =QL _AQDQ_Z_)\QL (8)

bs+ ¢'B}:{_§
In this case, our random variables are Ars, Ags,
XQD and XQL.

For calculating shaft and base resistance bias
factors, DLT-BOR is divided to predicted
resistances at the shaft and the base of piles from
static analysis methods (the a-APIl method
(2000) and P-method (Burland,1973)), Four
CPT-based methods including the LCPC method
(1982), Eslami and Fellenius method (1996),
Schmertmann method (1975) and Dutch method
(1979) and SPT-Decourt method (1995) as direct
predicting methods. Anderson Darling (AD) test
is used to check the governing distributions of
Ars and Ags, and the result is shown in Figs. 2 and
3.

If the "test statistic" (A2) is greater than the
critical value at the selected significance level
(a) (2.5 for a=0.05) the distribution form
hypothesis is rejected. The AD test results show
that all the bias factors of the shaft and base
resistance follow the log-normal distribution
(Table 4).

Results and Discussion

The results of the study indicate that for the CPT
method, except for the CPT-Eslami method, the
shaft resistance factor tends to be more
significant than the soil resistance factor. This
suggests that for most CPT methods, the shaft
resistance plays a crucial role in determining the
overall bearing capacity of pile foundations. In
contrast, for the SPT method, the base and shaft

resistance factors are of almost equal
importance.

Furthermore, in static analysis methods such as
the o-API and B-Method, the base resistance
factor is found to be higher than the shaft
resistance factor. This highlights the different
importance of the base and wave resistance
factors depending on the design method used.
The study also reveals that the base and shaft
resistance factors decrease as the reliability
index increases. This implies that a higher level
of reliability leads to lower resistance factors,
underscoring the need for precision in selecting
the reliability index during the design of pile
foundations. Proper consideration of the
reliability index is crucial in ensuring the safety
and stability of pile foundations in construction
projects.

SRFD and LRFD, on the factored resistance of
pile foundations. In the case of the p-Method,
there is a slight difference of about 6% between
the factored resistances obtained from SRFD and
LRFD methods. However, for the a-API, the
SRFD method results in a significantly higher
factored resistance, showing an increase of 35%
compared to the LRFD method.

The study also shows that the choice of design
method can lead to different results in terms of
factored resistance. For example, the SRFD
method increases the factored resistance in the
SPT method by approximately 26%. Conversely,
for the CPT method, the results differ between
the different design methods. In particular, the
SRFD factored resistance decreases by about 10
to 13% for the Eslami and LCPC methods
compared to LRFD. On the other hand, there is
a significant increase in the factored resistance
with the SRFD method, showing an increase of
approximately 52% for the Schmertmann
method and approximately 130% for the Dutch
method compared to LRFD.

These results highlight the importance of
selecting an appropriate design method when
calculating factored resistance for pile
foundations, as it can have a significant impact
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on the overall reliability and safety of the
foundation design.

Conclusions

The proposed method provides a more accurate
and reliable way of calculating the bearing
capacity of pile foundations by taking into
account the uncertainties in the soil and shaft
resistances. By analyzing these factors
separately, designers can better understand the
overall reliability of the foundation and make
more informed decisions during the design
process. The results of this study also highlight
the importance of considering different design

methods when calculating resistance factors for
pile foundations. Depending on the design
method used, the calculated resistance can vary
significantly, highlighting the need for a
comprehensive analysis approach. Overall, this
research contributes to the field of geotechnical
engineering by providing a method for
calculating separate resistance factors for pile
foundations based on reliability analysis. By
incorporating uncertainties into the design
process, engineers can improve the overall safety
and performance of pile foundations in various
construction projects..
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Fig. 2. The results of the AD test for the bias factors of the base resistance
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Table 4- The Results of the AD Test for the Bias Factors of the Shaft and Tip Resistance
o5l b, o Re (A?) o Lol (A?)
ot o odd (e (d9) N Rs Ars  COVgs ond] ArB COVrs sl o
CPT-LCPC 29 342 155 0.33 1.01 0.33 0.38 1.56
CPT-Schmertmann 29 3.00 1.33 0.36 0.81 0.31 0.43 2.42
CPT-Eslami 29 055 057 0.33 0.85 0.74 0.27 1.88
DLT-BOR CPT-Dutch 29 059 0.50 0.33 0.94 0.69 0.89 0.40
SPT-Decourt 88 0.49 0.74 0.40 0.76 0.90 0.42 2.02
o-API 113 0.1 0.98 0.68 1.26 5.72 0.87 1.33
-Method 113 0.37 0.50 0.40 1.37 0.75 0.36 2.12
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Table 5. Calculated shaft and base resistance factors

o3lasl g, 00 S e i3, i CR B=3 p=2.33

oAl (6 S Rs o8 ¢s ol:) 0s
CPT-LCPC 342 540 0.17 0.90 0.20 1.06
CPT-Schmertmann 3.00 5.08 0.14 0.72 0.17 0.86

CPT-Eslami 0.55 061 049 0.30 0.58 0.36

DLT-BOR CPT-Dutch 059 195 024 047 0.29 0.56
SPT-Decourt 049 086 042 0.36 051 044

a-API 0.10 0.22 115 0.25 160 0.35

B-Method 0.37 059 040 0.24 048 0.29
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Table 6- Compared SRFD and LRFD Results

SRFD LRF () astin () o 5256 Cangli
S oo | b e G ) D Sl €5
ol bs 0] Rs Rs Ru osRs+dsRB ORu

CPT-LCPC 0.17 | 0.90 | 0.35 | 248 | 60 | 308 94.91 107.80 -11.96
CPT-Schmertmann | 0.14 | 0.72 | 0.17 | 194 | 54 | 248 66.07 42.16 56.72
CPT-Eslami 0.49 | 0.30 0.41 64 150 | 214 77.11 87.74 -12.12
1 CPT-Dutch 0.24 | 0.47 0.17 84 171 | 255 100.53 43.35 131.90
SPT-Decourt 042 | 0.36 | 0.30 74 | 152 | 226 85.80 67.80 26.55

a-API 1.15 | 0.25 0.26 22 185 | 207 72.20 53.82 34.14

B-Method 0.40 | 0.24 | 0.26 86 | 255 | 341 94.12 88.66 6.15
CPT-LCPC 0.17 | 0.90 | 035 | 229 | 58 | 287 89.96 100.45 -10.44
CPT-Schmertmann | 0.14 | 0.72 0.17 195 | 52 | 247 64.78 41.99 54.28
CPT-Eslami 0.49 | 0.30 0.41 62 145 | 207 74.60 84.87 -12.10
2 CPT-Dutch 0.24 | 0.47 0.17 65 | 135 | 200 79.05 34.00 132.49
SPT-Decourt 042 | 0.36 | 0.30 75 | 146 | 221 84.06 66.30 26.78

a-API 115 | 0.25 | 0.26 22 | 146 | 176 62.31 45.76 36.16

B-Method 0.40 | 0.24 | 0.26 85 | 242 | 327 90.66 85.02 6.63
CPT-LCPC 0.17 | 0.90 | 0.35 | 235 | 54 | 289 87.37 101.15 -13.62
CPT-Schmertmann | 0.14 | 0.72 0.17 240 | 61 | 301 77.58 51.17 51.62
CPT-Eslami 049 | 0.30 | 0.41 76 | 149 | 225 82.74 92.25 -10.31
3 CPT-Dutch 0.24 | 0.47 0.17 120 | 174 | 294 110.62 49.98 121.32
SPT-Decourt 0.42 | 0.36 | 0.30 56 | 110 | 166 63.12 49.80 26.74

a-API 1.15 | 0.25 0.26 18 154 | 172 59.74 44,72 33.58

B-Method 0.40 | 0.24 | 0.26 80 | 232 | 312 86.32 81.12 6.42
CPT-LCPC 0.17 | 0.90 | 035 | 237 | 52 | 289 85.91 101.15 -15.06
CPT-Schmertmann | 0.14 | 0.72 0.17 195 | 54 | 249 66.22 42.33 56.43
CPT-Eslami 0.49 | 0.30 0.41 65 142 | 207 75.18 84.87 -11.42
4 CPT-Dutch 0.24 | 0.47 0.17 67 | 166 | 233 94.08 39.61 137.52
SPT-Decourt 042 | 0.36 | 0.30 51 | 104 | 155 58.86 46.50 26.58

a-API 1.15 | 0.25 0.26 18 146 | 164 57.71 42.64 35.34

B-Method 0.40 | 0.24 0.26 78 | 221 | 299 82.94 77.74 6.69
CPT-LCPC 0.17 | 0.90 0.35 240 | 55 | 295 89.10 103.25 -13.71
CPT-Schmertmann | 0.14 | 0.72 0.17 240 | 62 | 302 78.30 51.34 52.51
CPT-Eslami 0.49 | 0.30 | 041 83 | 153 | 236 87.41 96.76 -9.66
5 CPT-Dutch 0.24 | 0.47 0.17 121 | 178 | 299 112.73 50.83 121.79
SPT-Decourt 042 | 0.36 | 0.30 59 | 114 | 173 65.82 51.90 26.82

a-API 115 | 0.25 | 0.26 18 | 158 | 176 60.75 45.76 32.76

B-Method 0.40 | 0.24 | 0.26 81 | 238 | 319 88.13 82.94 6.26
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Fig. 6. Compared SRFD and LRFD results for different design methods
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