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Effects of Lower-Bound Resistances on Resistance
Factors Calibration for Drilled Shafts

oA F Kim, Seok-Jung
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Abstract

Load and Resistance Factor Design (LRFD) is one of the limit state design methods, and has been used worldwide,
especially in North America. Also, the study for LRFD has been actively conducted in Korea. However, the data for
LRFD in Korea were not sufficient, so resistance factors suggested by AASTTO have been used for the design in Korea.
But the resistance factors suggested by AASHTO represent the characteristics of bedrocks defined in the US, therefore,
it is necessary to determine the resistance factors for designs in Korea, which can reflect the characteristics of bedrocks
in Korea. Also, the calculated probabilities of failure from conventional reliability analyses which commonly use
log-normal distribution are not realistic because of the lower tail that can be extended to zero. Therefore, it is necessary
to calibrate the resistance factors considering the lower-bound resistance. Thus, this study calculates the resistance factors
using thirteen sets of drilled shaft load test results, and then calibrates the resistance factors considering the lower-bound
resistance corresponding to a target reliability index of 3.0. As a result, resistance factors from conventional reliability
analyses were determined in the range of 0.13-0.32 for the shaft resistance, and 0.19-0.29 for the base resistance,
respectively. Also, the lower bounds of resistance were determined based on the Hoek-Brown failure criteria (2002)
and GSI downgrading. Considering the lower-bound resistances, resistance factors increased by 0~8% for the shaft,

and 0~13% for the base, respectively.
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Fig. 2. Typical stress-strain relationship from load tests on a concrete pile (Fellenius, 1989)
Table 1. Test pile profile and site investigation results
Pile length Embedded Pile diameter Rock type Weathering Load Unconfined RQD TCR
(m) depth (m) (m) P degree” (ton) strength (MPa) (%) (%)
TP 1 18.96 38.96 2.35 WR + SR 10,750 3.1~19.8 0~13 54~100
TP 2 20.61 36.21 1.85 Gneiss WR + SR | 5,000 10.2~25.4 22~78 | 53~100
TP 3 9.11 33.41 1.35 & Schist WR + SR 4,500 5.6~25.0 25~72 | 80~100
TP 4 35.38 36.38 1.85 WR + SR 3,750 1.8~8.7 4~35 30~100
TP 5 40.14 55.42 3 o i WR + SR 21,000 30.4~194 0~68 51~100
Biotite granite
TP 6 4410 56.60 2.4 WR 17,000 5~14 0~36 20~100
7| 4510 51.20 2.4 Blotite granite |\ 4 sp | 12,000 44~47 0~42 | 90~100
& Pegmatite
8 | 4001 52.96 2.4 Pegmatite, | e 4 sr | 9,000 1-192 0~55 | 30~100
Gneiss & Aplite
TP 9 33.5 33.5 1.5 WR 1,950 71.4~87.2 - -
TP 10 13.5 13.5 1.0 WR(HW) 1,800 38 0 50
TP 11 13.5 13.5 1.0 Gneiss WR(CW) 1,800 38 0 100
TP 12 13.5 13.5 1.0 WR(MW) 1,800 38 18~42 100
TP 13 13.5 13.5 1.0 WR(MW) 1,800 38 23~61 100

Y WR: Weathered Rock, SR: Soft Rock, CW: Completely Weathered, HW: Highly Weathered, MW: Moderately Weathered
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Table 2. Bearing capacity equations for predicted shaft resistance
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Fig. 4. Example of determination of ultimate shaft and base resistance at TP 1

Resistance . . ' .
component Design method Bearing capacity equation Parameter
Carter & Kulhawy (1988) f, =6.47./q, (kPa) qu: Unconfined compressive strength of rock core (kPa)
Shatt Horvath & Kenney (1979) f, =6.884/q, (kPa) qu: Unconfined compressive strength of rock core (kPa)
a
Resistance £ = 0.65x% 05 (1 Pa: atmospheric pressure = 101 kPa
FHWA (1999) s Palay/p, " (Pa) au Unconfined compressive strength of rock core (kPa)
Rowe & Armitage (1987) f, =14.894/q, (kPa) du: Unconfined compressive strength of rock core (kPa)
54 E=REtESsE=28 X300 XHi1s
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Table 3. Bearing capacity equations for predicted base resistance

Resistance Design method Bearing capacity equation Parameter
component
0.5 0.5 0.5 ; m,s : mass properties
= |q + . + < l\[P
Carter & Kulhawy (1988) | a, s (m-s s) }q“( a) au - Unconfined compressive strength of rock core (MPa)
Base Ksp @ Emperical factor
Resistance FHWA (1999) q,, = 3Kgpq, (MPa) ® : Depth factor
adu - Unconfined compressive strength of rock core (MPa)
Zhang & Einstein (1998) a, =4.83d;7" (MPa) au : Unconfined compressive strength of rock core (MPa)

Table 4. Statistical characteristics of shaft and base resistance

(a) Statistical characteristics of shaft resistance

Design method Pile No. Bias factor (\g) Standard deviation Coefficient of Variation
Carter & Kulhawy (1988) 21 1.80 1.17 0.65
Horvath & Kenney (1979) 21 1.70 1.10 0.65

FHWA (1999) 21 1.79 1.16 0.65
Rowe & Armitage (1987) 21 0.78 0.51 0.65

(b) Statistical characteristics of base resistance

Design method Pile No. Bias factor (\g) Standard deviation Coefficient of Variation
Carter & Kulhawy (1988) 9 1.30 0.83 0.64

FHWA (1999) 10 1.12 0.75 0.67
Zhang & Einstein (1998) 10 0.97 0.45 0.47

Table 5. Statistical characteristics of load

Load Factor of Dead Load (v,=1.25) Load Factor of Live Load (v, =1.75)
Bias factor (\p) Coefficient of Variation (COVp) Bias factor (\) Coefficient of Variation (COVL)
1.05 0.10 1.15 0.20
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Table 6. Reliability analysis results for shaft and base resistance

(a) Reliability analysis results for shaft resistance

Reliability Index

Bearing capacity Equation
9 capacly £d 20 | 30 | 40 | 50

Carter & Kulhawy (1988) 1.73 | 240 | 2.88 | 3.25

Horvath & Kenney (1979) 162 | 2.30 | 2.78 | 3.15

FHWA (1999) 1.71 2.39 | 2.87 | 3.24

Rowe & Armitage (1987) 0.34 1.01 1.49 1.86

(b) Reliability analysis results for base resistance

Reliability Index

Bearing capacity Equation
g capactly £ 2.0 3.0 4.0 5.0

Carter & Kulhawy (1988) 120 | 1.89 | 2.37 | 2.75

FHWA (1999) 0.89 | 1.41 2.02 | 2.38

Zhang & Einstein (1998) 1.08 | 1.97 | 2.60 | 3.08

Table 7. Resistance factor determination results

(a) Results for shaft resistance factor

Resistance factor

Bearing capacity Equation 8 =25] 8230 Bi=35
Carter & Kulhawy (1988) 0.45 0.32 0.24
Horvath & Kenney (1979) 0.42 0.30 0.22
FHWA (1999) 0.44 0.32 0.24
Rowe & Armitage (1987) 0.19 0.13 0.1

(b) Results for base resistance factor

Resistance factor

Bearing capacity Equation
Br=25 | Br=30] Br=35

Carter & Kulhawy (1988) 0.32 0.24 0.21
FHWA (1999) 0.25 0.19 0.17
Zhang & Einstein (1998) 0.37 0.29 0.24
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Table 8. Calibration results of resistance factors considering lower-bound resistance

Resistance factor
Lower—bound _ _ =
Bearing capacity Equation /Predicted Br=25 Br=30 Br=35
Resistance Before Lower—bound Before Lower—bound Before Lower—bound
calibration Calibration calibration Calibration calibration Calibration
Ca”er“%g;‘;'hawy 41.5% 0.45 |0.486 (8.0% 1) | 0.32 |0.346 8.0%1)| 024 |0.259 (8.0%1)
Horvath & Kenney
- 42 42 (- . . - 22 . -
Shaft (1979) 0.4 0.42 (-) 0.30 0.30 (-) 0 0.30 (-)
resistance
FHWA 19.9% 0.44 0.44 (<) 0.32 0.32 (-) 0.24 0.24 (-)
(1999)
Rowe & Armitage o o o o
(1987) 18.0% 0.19 0.197 (3.6% 1) 0.13 0.137 (3.6% 1) 0.11 0.114 (3.6% 1)
Ca'ter“%é;”hawy 39.3% 0.32  |0.361 (12.9%1)| 024 |0.271 (12.9%1)| 021 [0.237 (12.9%1)
Base FHWA 19.6% 0.25 |0252 (0.9%1) | 019 |0192 (0.9%1)| 017 |0.172 (0.9%7)
resistance (1999)
Zha”g(ggg')““e'” 26.3% 0.37 0.37 (-) 0.29 0.29 (-) 0.24 0.24 (-)
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