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Abstract: This paper summarizes 239 static load tests to evaluate the performance of four static design methods for 

axial resistance of driven piles in clay. The methods are ISO 19901-4:2016, SHANSEP, ICP-05, and NGI-05. The 

database is categorized into four groups depending on the load type (compression or uplift) and pile tip condition 

(open or closed end). The model uncertainty in resistance prediction is quantified as a ratio between measured and 

calculated resistance, which is called a model factor. The measured resistance is interpreted as a load producing a 

settlement level of 10% pile diameter. Database studies show that four methods present a similar accuracy, where 

the mean and coefficient of variation (COV) of the model factor are around 1 and 0.3 respectively. The COV values 

are smaller than those for driven piles in sand available in literature. The model statistics determined from the 

database are also applicable to a simplified or full probabilistic form of reliability-based design (RBD) of driven 

piles in clay. As an illustration, the resistance factors in load and resistance factor design (LRFD, a simplified format 

of RBD) are calibrated by Monte Carlo simulations.

Keywords:  Model uncertainty, Axial resistance, Driven piles, Clay, Load and resistance factor design

Introduction

Background

Numerous studies have been implemented to deliver a better understanding of the behaviour of driven 

piles in clay (Seed and Reese 1955; Peck 1958; Randolph et al. 1979; Blanchet et al. 1980; Morrison 

1984; Jardine 1985; Azzouz and Lutz 1986; Chin 1986; Coop 1987; Bond 1989; Poulos 1989; Lehane 

1992; Miller 1994; Chow 1997; McCabe 2002; Doherty 2010; Karlsrud 2012; Chen et al. 2014; Karlsrud 

et al. 2014; Haque et al. 2017). Factors that have an impact on driven pile behaviour were identified. 

Based on the experimental observations, various semi-empirical approaches were proposed to predict the 
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axial pile resistance according to Eq. (1), which is calculated as the sum of the tip Rt and the shaft 

resistances Rs (Salgado 2008)

                                                 (1)uc s t f t t       R R R B dz r A

where Ruc is the calculated ultimate pile resistance, τf is the local ultimate shaft resistance, z is the depth to 

the ground surface, B is the pile diameter or width, rt is the ultimate unit tip resistance over the pile tip 

area, and At is the pile tip area.

Eq. (1) assumes that the pile tip and shaft are moved sufficiently with respect to the adjacent soil to 

simultaneously develop the shaft and tip resistances. Although the displacement needed to mobilize the 

shaft resistance is generally smaller than that required to mobilize the tip resistance, this assumption was 

widely used for piles with diameter or width smaller than 914 mm (36 inches) (Hannigan et al. 2016). 

Open-end piles with diameter of 914 mm or greater are not considered in the present work. This pile type 

presents a unique challenge for practical engineers owing to the combination of several factors (Brown 

and Thompson 2015): (i) soil plug during pile installation is highly uncertain which has a significant 

effect on pile behavior; (ii) installation difficulty and potential damage during driving; (iii) difficulty in 

estimation of axial resistance from internal friction; and (iv) difficulty in verifying large nominal axial 

resistance with conventional load testing.

Review of design methods

To derive an analytically tractable model, physical and geometrical assumptions and simplifications are 

inevitably made. For instance, the unit tip resistance rt is frequently taken from plasticity solutions 

(Hannigan et al. 2016)

                                                                      (2)t c u r N s

where Nc is the dimensionless bearing capacity factor, which is usually selected as 9 and su is the 

undrained shear strength.

Many studies were previously performed to predict the ultimate shaft resistance. The proposed 

methods can be grouped into four broad categories (Karlsrud 2014):
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1. α-methods (Tomlinson 1957; Dennis and Olson 1983; Semple and Rigden 1984; Randolph and 

Murphy 1985; Kolk and van der Velde 1996; Karlsrud et al. 2005; Van Dijk and Kolk 2010; 

Karlsrud 2014), in which the ultimate shaft resistance is directly related to the undrained shear 

strength

                                                                    (3)f u   s

where α is the adhesion factor which could be a function of su or su/σv0', in which σv0' is the 

effective vertical stress; pile length D; and/or other parameters.

2. β-methods (Burland 1973; Jardine et al. 2005; Karlsrud 2014), in which the ultimate shaft 

resistance is correlated to the effective vertical stress σv0'

                                                                   (4)f v0    

where β is a coefficient equal to the ultimate shaft resistance normalized to the effective vertical 

stress, which could also depend on soil properties and pile geometries.

3. λ-method (Vijayvergiya and Focht 1972), a combination of α and β methods, which depends on 

the undrained shear strength and effective vertical stress

                                                         (5) f v0 u    a b s  

where λ is a coefficient equal to the ultimate shaft resistance normalized to the combination of 

the undrained shear strength and effective stress, a and b are constants.

4. In situ test-based methods which directly relate the ultimate shaft resistance to the in situ test 

results, such as standard penetration test (SPT) (Meyerhof 1976) or cone penetration test (CPT) 

(Lehane et al. 2013). They eliminate the intermediate estimation of soil engineering parameters.

Detailed summaries of the methods for resistance calculation can be found in Doherty and Gavin 

(2011) and Niazi (2014). It is clearly observed some empirical coefficients (e.g. α, β, and λ) are involved 

within these methods, which were usually calibrated against pile load test (typically limited). The 

deviation of the predicted from the measured resistance would be expected, because of the simplifications, 

assumptions, and approximations made in the respective design model. This deviation is expressed as 
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model uncertainty (Lacasse and Nadim 1996; Lacasse et al. 2013a, b; Phoon et al. 2016; Lesny 2017), 

which is of epistemic nature (Nadim 2015).

Objective of this study

The fourth edition of ISO 2394 (General Principles on Reliability for Structures) (International 

Organization for Standardization 2015) now contains a new informative Annex D on “Reliability of 

Geotechnical Structures”. ISO 2394:2015 is meant to be used as a basis for national/international code 

committees to draft design codes where the principles of risk and reliability are utilized (Phoon 2016). 

The model uncertainty was identified as one of critical elements of geotechnical reliability-based design 

(RBD) process in Annex D (Phoon et al. 2016).

Accordingly, the primary objective of this paper is to characterize the model uncertainty in 

calculating the axial resistance of driven piles in clay by (i) α-methods in ISO 19901-4:2016 (ISO 2016) 

and Karlsrud et al. (2005), (ii) β-method in Jardine et al. (2005), and (iii) the stress history and normalized 

soil engineering parameter (SHANSEP) concept in Saye et al. (2013). To this end, an integrated database 

of 239 field static load tests which are compiled from literature is developed. The quantified model 

uncertainty are then applied to calibrate the resistance factors in load and resistance factor design (LRFD) 

of driven piles in clay using Monte Carlo simulations with the load statistics in AASHTO LRFD 

specification (AASHTO 2014).

Representation of model uncertainty

Following the Annex D of ISO 2394:2015, the model uncertainty is simply represented as the ratio of the 

measured resistance to the calculated resistance:

                                                                      (6)um
u

uc


RM
R

where Mu is the resistance model factor and Rum is the measured resistance. This approach is practical, but 

realistically grounded on the load test database. On the other hand, Lesny (2017) commented that the 

model factor approach could reach its limits where obvious deficiencies exist in the design model such as 

offshore pile foundation under combined loading (e.g. vertical structural load and lateral wave force).
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Evaluation of the resistance model factor consists of the computation of mean and coefficient of 

variation (COV) and identification of probability distribution. A model factor with an excessively large 

COV may indicate that the respective design model does not capture the key features of the problem. 

Resistance model statistics and application in LRFD of of driven piles can be found in Paikowsky et al. 

(2004), Su (2005), Abu-Farsakh et al. (2009), Yang and Liang (2006, 2009), Kwak et al. (2010), Dithinde 

et al. (2011), AbdelSalam et al. (2012), Vu (2013), Machairas et al. (2018), and Tang and Phoon (2018a-

c). For each type of pile tip (open or closed end) under compression or uplift, dataset used in the previous 

studies remain surprisingly small (Lacasse and Nadim 1996; Paikowsky et al. 2004; Lacasse et al. 2013a, 

b; Lehane et al. 2013; Saye et al. 2013; Karlsrud 2014).

It should be noted that the main problem of using database to characterize the model uncertainty is 

the limited number of tests from different sources with each covering only a limited range of possible 

design situations (Lesny 2017).

Estimation Methods for Pile Shaft Resistance

ISO 19901-4:2016

The absolute value of the undrained shear strength was adopted early to evaluate the adhesion factor α 

such as the method of Tomlinson (1957). In contrast, Semple and Ridgen (1994) first introduced the 

normalized strength as a basis for the α-value. Subsequently, this concept was widely employed. In 

Chapter 8 “Pile foundation design” of ISO 19901-4:2016 (ISO 2016), the adhesion factor α varies based 

on effective stress and is computed as

                                                          (7)
0.5

0.25

0.5  1
0.5 1








    
    

with α≤1, where Ψ=su/σv0'. Kolk and van der Velde (1996) proposed a similar format to Eq. (7), but 

includes a length factor. Unconsolidated-undrained (UU) triaxial compression tests on high quality 

sample are recommended for establishing the undrained shear strength because of their consistency and 

repeatability.

Page 5 of 55

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



Draft

6

NGI-05 method

Over the past 30 years, the Norwegian Geotechnical Institute (NGI) carried out a number of field load 

tests on driven piles. It was recognized that the plasticity index could have a large influence on the shaft 

resistance. In this context, a new calculation method, called NGI-05, was presented in Karlsrud et al. 

(2005), where the α-value is given below

                                                             (8) 0.3

p0.32 10  I

for normally consolidated (NC) clay with 0.2<α<1 and Ψ<0.25 and

                                                                 (9)0.3
t0.5     F

for overconsolidated (OC) clay with Ψ>1, where Ip is the plasticity index and Ft is the correction factor=1 

for open-end pile and 0.8+0.2·Ψ 0.5 for closed-end pile. For clay with 0.25< Ψ<1, α is estimated by an 

interpolation between Ψ=0.25 and 1 from a semi-log plot in Karlsrud et al. (2005). The reference strength 

within the NGI-05 method is the UU triaxial strength.

Karlsrud (2012) argued that the undrained shear strength from direct simple shear (DSS) test is a 

more appropriate representation of the strength characteristics, as this mode of shearing is most 

comparable to that of a soil element along the axially loaded pile shaft (Karlsrud 2014). A modified 

version of the NGI-05 method was developed in Karlsrud (2014), where the DSS undrained shear strength 

was utilized to determine the α-coefficient for different values of the plasticity index.

SHANSEP-based approach

Saye et al. (2013) presented a method to estimate the shaft resistance of driven pipe pile in clay using the 

SHANSEP concept. In this approach, the shaft resistance τf is treated as an adhesion, which is normalized 

with respect to σv0'. The normalized adhesion is then related to the soil overconsolidation ratio (OCR) in 

the same format as the concept for normalized undrained shear strength given by Ladd and Foott (1974), 

which is given below

                                                            (10)f f

v0 v0 NC

OCR 
 

 
    

m
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which separates the NC from the OC behavior, where τf/σv0' is the normalized side adhesion, [τf/σv0']NC is 

the normalized side adhesion of NC clay=0.19, m=0.7 for an exponent representing the increasing in with 

OCR, and OCR is evaluated as

                                                                (11)
1.25

OCR
0.32
   

 

where the undrained shear strength is determined from UU triaxial compression test or unconfined 

compression (UC) test.

As discussed in Saye et al. (2013), the SHANSEP-based approach provides the means to address 

many of the limitations of conventional empirical correlations of axial resistance with undrained shear 

strength. Saye et al. (2016) examined the effect of sample disturbance on laboratory undrained shear 

strength tests used in the SHANSEP-based approach to predict the ultimate shaft resistance of driven 

closed-end pipe piles. For cohesive soils with OCR<2, sample disturbance was identified as a significant 

factor affecting the ultimate shaft resistance. With removing the case histories from the database in Saye 

et al. (2013) that were likely affected by sample disturbance, an equivalent α-method was produced by 

Saye et al. (2016), where α=0.51·Ψ-0.12.

It has been stated above that the UU undrained shear strength is preferable in the methods of ISO 

19901-4:2016, NGI-05, and SHANSEP. Another type of shear strength such as consolidated-isotropically 

undrained triaxial compression (CIUC) and UC test can be converted into the UU type using the relations 

in Chen and Kulhawy (1993).

ICP-05 method

The β-methods in Eq. (4) are effective stress analyses based on the theory of lateral earth pressure, 

expressed as

                                                           (12)f δ f v0tan   K  

where Kδ is the coefficient of lateral earth pressure, δf is the friction angle of the soil-pile interface, and 

the coefficient β is a product of Kδ and tanδf. Burland (1973) suggested a typical range of β=0.25-0.4 for 
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soft clays and Kδ was assumed to be the coefficient of lateral earth pressure at rest for stiff clays, but 

without a clear recommendation for tanδf. A double-log design chart for the β-coefficient was presented 

in Karlsrud (2014) for different values of plasticity index and OCR.

Randolph (2003) mentioned that a scientific approach to determine the shaft resistance of a driven 

pile should consider the complex stress-strain history. The mechanisms governing the pile behaviour can 

be categorized into the following phases (Doherty and Gavin 2011): (i) prior to installation, stresses 

within soil correspond to in situ state; (ii) stresses within soil increase during pile installation; (iii) stresses 

will change due to the dissipation of pore-water pressure, residual loads and age-related effects, resulting 

in an equalized radial stress prior to loading; and (iv) applied load may induce additional increases in 

radial stress on the shaft due to interface dilation, eventually reaching failure at peak radial stresses.

Based on the enhanced understanding of pile behaviour, Jardine et al. (2005) proposed a new 

effective stress analysis method, called ICP-05, where ICP is an abbreviation of Imperial College Pile. 

The ICP-05 method made an attempt to account for the actual radial effective stress acting on the pile 

shaft surface and the Kδ and δf values are separately evaluated in a rational way:

                                 (13)
 

f rf f rf rc rc c v0

0.42
c 10 t L

tan ,  0.8 ,  

2.2 0.016 OCR 0.87 log OCR

               

      

K

K S F

where σrf' is the radial effective stress against the pile shaft at failure, σrc' is the radial effective stress 

against the pile shaft after full consolidation, Kc is the coefficient of radial effective earth pressure after 

full setup, St is the sensitivity which is defined as the ratio of intact and remoulded undrained shear 

strength, and FL=[max(z/R*, 8)]-0.2, R*=Ro=outer radius for closed-end pile and R=(Ro
2-Ri

2)0.5 for open-end 

pile, Ri is the inner radius. The effects of pile length, diameter and tip condition (open- or closed-end) are 

considered in Eq. (13) with the geometric term FL. 

The basic assumption of Eq. (13) is that the ultimate shaft resistance is primarily controlled by the 

interface friction angle of reconstituted clay as determined by ring shear tests and the radial effective 

stress. If the measurement of OCR and St are unavailable, they can be determined from the known shear 

strength su and effective vertical stress σv0' via the relations in Augustesen (2006). For the friction angle δf 
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along the pile shaft-soil interface, there is no universal and reliable link to the plasticity index Ip, which it 

could be estimated from the best fit δf-Ip line in Jardine et al. (2005).

Database of Pile Load Tests

A database with well-documented field and laboratory test data plays a key role in piling industry, first 

and foremost in deriving more accurate and reliable design methods (Kolk and van der Velde 1996; 

Jardine et al. 2005; Karlsrud et al. 2005; Van Dijk and Kolk 2010; Lehane et al. 2013; Karlsrud 2014) and 

second in the calibration of current design methods or the characterization of model uncertainty in pile 

design which has been discussed earlier in this paper. Studies on the development of pile load test 

database were conducted by Olson and Dennis (1982), Briaud and Tucker (1988), Eslami and Fellenius 

(1997), Augustesen (2006), Roling et al. (2011), Niazi (2014), AbdelSalam et al. (2015), Abu-Hejleh et al. 

(2015), Yang et al. (2015), Lehane et al. (2017), Adhikari et al. (2018), Moshfeghi and Eslami (2018), 

and Tang and Phoon (2018a).

Lambe (1973) discussed that the quality of geotechnical prediction does not necessarily increase 

with the level of sophistication in the model. He opined that reasonable calculations can be obtained using 

simple models as long as there are sufficient data to calibrate these models empirically. Such an 

observation emphasizes the importance of data in geotechnical engineering. The full value of a database is 

arguably best realized within a direct probability-based design method (Wang et al. 2016). Recent 

development in the gradual adoption of RBD is more sensitive to information. The latest edition of the 

Canadian highway bridge design code (Canadian Standards Association 2014) introduces the concept of 

a resistance factor that depends on the “degree of understanding” (low, typical, high). Fenton et al. (2016) 

noticed that “there is a real desire amongst the geotechnical community to have their designs reflect the 

degree of their site and model understanding”. Site understanding is associated with how well the ground 

providing the geotechnical resistance is known and model understanding refers to the degree of 

confidence that a designer has in the model used to predict the geotechnical resistance.
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For the purpose of this work, a global database is developed in Tables A1-A2 in Appendix A1. The 

measured resistances, pile geometries, and key soil engineering parameters are reported. The load test 

data are compiled from

1. Saldivar and Jardine (2005) reported 27 compression tests on concrete piles in Mexico City clay. 

Pre-boring was used in 26 static load tests to ease pile-driving difficulties. Little research was 

conducted on the possible effects of pre-boring, which are often ignored. All 27 tests are given in 

Table A1.

2. Augustesen (2006) collated a filtered database with 268 static load tests on concrete, steel and 

timber piles, which were collected from literature, Norwegian and Danish companies. The criteria 

to choose the data can be found in Augustesen (2006). 189 load tests on concrete and steel piles 

are adopted in Tables A1-A2.

3. Lehane et al. (2013) summarized 53 tests in Chow (1997) and 22 tests in literature, with complete 

CPT profile. Because 62 load tests have been considered by Augustesen (2006), the other 15 tests 

are integrated into Tables A1-A2.

4. Karlsrud (2014) presented 60 instrumented and 12 non-instrumented pile tests from previous 

studies. As 64 tests have been contained within the filtered database of Augustesen (2006), the 

other 8 uplift tests on steel open-end piles are included within Table A2.

The ranges of pile diameter, slenderness ratio and the normalized soil engineering parameters are 

given in Table 1. The load test regions cover Belgium, Canada, China, Denmark, Germany, Indonesia, 

Iran, Ireland, Italy, Mexico, Norway, Singapore, Sweden, Turkey, Thailand, United Kingdom, and United 

States. The clay parameters cover a wide range of plasticity index Ip (10-160), sensitivity St (1-17), and 

overconsolidation ratio OCR (1-43). The pile diameter or width ranges between 0.1 and 0.81. The 

collected 239 static load tests on driven piles in clay is divided into four groups: (i) 115 compression tests 

on closed-end pile (65 for concrete and 55 for steel), (ii) 60 compression tests on open-end steel pipe pile, 

(iii) 32 uplift tests on closed-end pile (7 for concrete and 25 for steel), and (iv) 32 uplift tests on open-end 

steel pipe pile.
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It is very common in practice that many pile load tests are not carried out to failure, where the 

corresponding load-settlement curves do not show a clear peak. Therefore, the measured resistance in Eq. 

(6) usually refers to an interpreted value from the measured load-settlement data with a certain criterion. 

Marcos et al. (2013) evaluated the bias in resistance interpretation criteria for driven precast concrete piles 

in compression for drained and undrained condition. Studies associated with the effect of bias in failure 

criteria on the model statistics and reliability analysis were performed by Phoon and Kulhawy (2005) and 

Zhang et al. (2005). In this article, the measured resistance is defined as the load corresponding to a pile 

head settlement of 10% of the pile diameter B. It is very easy to apply in practice and allows both the tip 

and shaft resistances to be fully mobilized as possible.

Probabilistic Evaluation of Resistance Model Factor

Uncertainty in resistance calculation

For driven pile in clay, the calculated resistances using the ISO 19901-4:2016, NGI-05 (Karlsrud et al. 

2005), ICP-05 (Jardine et al. 2005), and SHANSEP-based methods (Saye et al. 2013) are summarized in 

Tables A1-A2 in Appendix A1. They are plotted against the measured resistances in Fig. 1. It can be seen 

that the mean trend lines are quite close to the equality line. Fig. 2 shows that the resistance model factor 

Mu takes a range of values. Uncertainty in resistance prediction could be attributed to the following 

factors:

1. Theoretical imperfections of the α-methods (Doherty and Gavin 2011) are that (i) soil behavior 

governed by effective stress and the change in the stress-strain relation arising from the pile 

installation cannot be completely described by the initial undrained strength profile and (ii) the 

effect of the friction along the soil-shaft interface on the location of failure surface on which the 

shear resistance develops is not considered.

2. Idealization of the soil profile as homogeneous clay for each site when clay exists along more 

than 70% of the profile (AbdelSalam et al. 2012). In reality, spatial variability is an intrinsic 

feature of a site profile.
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3. Measurement errors in pile load test and test to determine soil engineering parameters (e.g. su, 

OCR, and St) and transformation errors within the models used to estimate soil properties and the 

interface friction angle δf, when accurate measurement is unavailable. Selection of soil 

parameters is subjective and different pile resistances can be obtained even for the same design 

model (Karlsrud 2014).

4. Empiricisms involved within these methods, in which the α- and β-coefficients or lateral earth 

pressure coefficient Kc were calibrated against few load test data. When the design scenario (e.g. 

pile geometries and/or soil properties) is outside the domain of the calibration database, 

additional uncertainty will be introduced.

5. Uncertainty associated with the procedure and measurement technique used in load tests. 

Tomlinson (1995) stated that the rate of load application in a load test is different than that of a 

building under construction.

6. Bias in the definition and interpretation of the measured resistance from a load test.

In short, the model factor in Eq. (6) is a lumped variable covering many sources of uncertainties (i.e. 

spatial variability, measurement and transformation errors, and bias in the interpretation of load test data) 

(Lesny 2017).

Verification of randomness

As discussed in Phoon et al. (2016), the model factors may not be random in the sense that it is 

systematically affected by input parameters such as problem geometry. In this situation, it may not be 

appropriate to treat the model factor as a random variable directly. Examples can be found in Zhang et al. 

(2015), Tang and Phoon (2017) and Tang et al. (2017a, b). Therefore, the randomness should be verified, 

prior to compute the mean and COV values and identify the probability distribution.

The observed values for the resistance model factor Mu are plotted against pile diameter B in Fig. 3, 

slenderness ratio D/B in Fig. 4, normalized shear strength Ψ=su/σv0' in Fig. 5, overconsolidation ratio OCR 

in Fig. 6, plasticity index Ip in Fig. 7, and sensitivity St in Fig. 8. Except for Mu of ISO 19901-4:2016 and 
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NGI-05 with respect to D/B, visual inspection suggests no major dependence exists between Mu and the 

input parameters.

The randomness is further verified with the presence or absence of correlation between the model 

factors and input parameters. The correlation is assessed using the Matlab function “corr”. The returning 

results are the r-value (i.e. correlation) and the p-value (i.e. probability). If the p-value is less than 0.05, 

the correlation r is significantly different from zero. The results from the Spearman rank correlation 

analyses are summarized in Table A3 in Appendix A2. Some p-values are lower than 0.05, suggesting the 

model factor may depend on the underlying parameter. For example of driven open-end pile in axial 

compression, the model factor for ISO 19901-4:2016 appears to decrease as slenderness ratio D/B 

increases, as shown in Fig. 4a. This implies that the α-coefficient could be affected by D/B. Several 

previous studies attempted to express the α-coefficient as a function of D/B to consider the potential 

length effect (Dennis and Olson 1983; Semple and Rigden 1984; Kolk and van der Velde 1996). 

Nevertheless, the most associated r-values vary between 0 and 0.4, indicating no or negligible to a 

moderate degree of correlation. For simplicity, the model factors of four design methods are still assumed 

to be random variables.

Discussion and comparison of model statistics

The model statistics are given in Table 2. For driven piles in clay, the ranges of mean and COV are 1.05-

1.08 and 0.31-0.34 (closed-end piles in compression), 0.92-1.11 and 0.26-0.29 (closed-end piles in uplift), 

0.97-1.16 and 0.24-0.3 (open-end piles in compression), 0.85-1.01 and 0.27-0.39 (open-end piles in 

uplift). For each pile type, differences in the statistics of the resistance model factor Mu for four methods 

are not very significant. The results imply that these methods present a consistent accuracy. Similar 

observation was reported in Lehane et al. (2013, 2017). For steel pipe piles, the mean and COV of the 

NGI-05 method for the UU shear strength are 1.05 and 0.26. They are close the values of 1.04 and 0.2 for 

the revised NGI-05 method with the DSS shear strength (Karlsrud 2014). Augustesen (2006) also found 

that the model statistics with su conversion were comparable to those without su conversion. The results 

suggest that these methods might be statistically insensitive to errors in interpreted su.
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According to Saye et al. (2016), the sample disturbance for clay with OCR<2 is considerably 

influential to measure su or preconsolidation stress σp' and therefore affects the calculation of shaft 

resistance. It is interesting to compare the performance of four design models for clay with OCR<2 and 

OCR>2. In this regard, the observed resistance model factors for OCR<2 and OCR>2 are plotted against 

the measured resistances in Fig. 2, which does not differentiate the pile type (closed or open end) and load 

direction (compression or uplift). The difference within the observed model factors is not discernible. 

This can be further verified with the statistics. For OCR<2 (74 cases), the mean and COV values of Mu 

are 0.93 and 0.38 for ISO 19901-4:2016, 0.96 and 0.25 for NGI-05, 1.09 and 0.31 for SHANSEP, and 

1.09 and 0.3 for ICP-05. The results are comparable to those for OCR>2 (164 cases), with 1.03 and 0.31 

for ISO 19901-4:2016, 1.06 and 0.29 for NGI-05, 1.08 and 0.29 for SHANSEP, and 1.02 and 0.32 for 

ICP-05. On this basis, there is no need to derive the model statistics respectively for OCR<2 and OCR>2.

For comparison purposes, the model statistics available in literature are also given in Table 2. 

Different model statistics are obtained even for the same design method, which is closely related to the 

calibration database. The model uncertainty in predicting axial resistance of driven piles in sand is 

generally higher than that of driven piles in clay, because of the extreme levels of soil distortion during 

pile installation (Randolph 2003).

Identification of probability distribution

The probability distribution functions of the observed model factors are determined from the 

Kolmogorov-Smirnov goodness-of-fit test. It measures the compatibility of a sample with a theoretical 

probability distribution function. The observed values for the resistance model factor Mu for driven piles 

under axial compression are presented in Fig. 9 which follows a lognormal distribution. The model 

factors for driven piles under axial uplift are given in Fig. 10, which may follow a lognormal or weibull 

distribution. It is noteworthy that the number of uplift load tests for each type of pile tip is much smaller 

than that of compression load tests.

Application of Model Statistics in LRFD calibration

Limit state equation
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The Federal Highway Administration (FHWA) mandated the use of LRFD for all new bridges initiated 

after September 2007. LRFD may be the most popular simplified RBD format in North America. In the 

United States, the nationwide survey of AbdelSalam et al. (2012) indicated that the resistance factors 

were mainly derived by fitting to the factor of safety based on the experience. Recently, more state 

Department of Transportation in the United States calibrated the region-specific resistance factors by 

reliability theory such as California (Caltrans 2014), Indiana (Salgado et al. 2011), Iowa (AbdelSalam et 

al. 2012), Louisiana (Abu-Farsakh et al. 2009), Illinois (Long and Anderson 2014), Missouri (Luna 2014), 

Minnesota (Paikowsky et al. 2014), Texas (Seo et al. 2015), and Wyoming (Adhikari et al. 2018).

The limit state equation in foundation design can be defined in terms of resistance and applied load. 

The foundation will fail if the resistance is less than the applied load and otherwise, the foundation 

performs satisfactorily. These situations can be concisely described as follows

                                                                  (14) ,  g R Q R Q

where R is the resistance and Q is the applied load. The basic objective of RBD is that the probability of 

failure does not exceed an acceptable level:

                                                           (15) f fTPr 0   p R Q p

where pf is probability of failure, Pr is the symbol for probability, and pfT is target probability of failure. 

The reliability index βr is estimated from pf as follows

                                                                 (16) 1
r f   p

where Φ-1= inverse standard normal cumulative function.

The basic design equation for LRFD is given by (AASHTO 2014)

                                                                (17)R n i ni  R Q

where Rn is the calculated nominal resistance, ψR is the resistance factor applicable to Rn, Qni is the 

specific nominal load, and γi is the load factor applicable to Qni. By considering the AASHTO Strength 

Limit I (i.e. the combination of dead load QDL and live load QLL), the applied load is then written as
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                                                             (18)DL DL LL LL  Q Q Q

where λDL is the bias of QDL and λLL is the bias of QLL. In AASHTO (2014), the load bias factors λDL and 

λLL are assumed to be lognormally distributed. The mean and COV of λDL are 1.05 and 0.1, while the 

mean and COV of λLL are 1.15 and 0.2.

Calibration of resistance factor

Setup refers to the increase in axial resistance of driven piles after end of driving, which has been studied 

by many researchers (Bullock et al. 2005; Augustesen 2006; Ng et al. 2013a; Chen et al. 2014; Karlsrud 

et al. 2014; Haque et al. 2017; Haque and Abu-Farsakh 2018). It is attributed to three main mechanisms: 

(i) dissipation of excess pore water pressure (consolidation effect), (ii) regaining of soil strength with time 

(thixotropic effect), and (iii) increasing soil strength with time (aging effect). The widely used setup 

estimation model expresses the ratio of resistances at time t after pile driving and at time t0 of end of 

driving as a logarithmic function of t/t0 (Skov and Denver 1988; Karlsrud et al. 2005; Ng et al. 2013b; 

Haque and Abu-Farsakh 2018). Incorporating setup into design might result in cost saving by means of 

reducing the number of piles, shortening the pile length, reducing the pile cross-sectional area, or 

reducing the size of pile driving equipment (Haque and Abu-Farsakh 2018). Integration of setup in LRFD 

can be found in Yang and Liang (2006, 2009), Ng and Sritharan (2016), and Haque and Abu-Farsakh 

(2018).

Because the time of pile driving and test for most case histories in Appendix A1 is not reported, 

setup is not considered in this work. The performance function in Eq. (14) is further expressed as the 

following simple format (Abu-Farsakh et al. 2009)

                                              (19) DL LL
u DL LL

R

  
  


 

   
 

g M

where γDL is the dead load factor=1.25, γLL is the live load factor=1.75, and η is the ratio of dead to live 

load=QDL/QLL. Three steps are implemented to calibrate the resistance factor ψR (Abu-Farsakh et al. 2009):
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1. Select a trial resistance factor and generate random numbers for three random variables (i.e. Mu, 

λDL, and λLL) in Eq. (19);

2. Find the number Nf of cases where the performance function in Eq. (19) is not greater than zero 

and pf=Nf/Ns (Ns=total number of Monte Carlo simulations=1,000,000 here).

3. Repeat step Nos. 1 and 2 until |βr-βT|<tolerance=0.01, where βT=the target reliability index=2.33 

for redundant piles and 3 for non-redundant piles (Paikowsky et al. 2004).

The above reliability calibration is similar to that proposed by Phoon et al. (2003). As an illustration, 

variation of ψR with load ratio η=QDL/QLL=1~10 for ICP-05 method is shown in Fig. 11 for βT=2.33 and 3. 

It presents ψR decreases nonlinear with an increasing η. After η≥3, ψR almost becomes constant for all 

cases. This has also been observed by Paikowsky et al. (2004), AbdelSalam et al. (2012), Abu-Farsakh et 

al. (2009) and Tang and Phoon (2018a-c). The resistance factors for η=3 with βT=2.33 and 3 are 

summarized in Table 3. It is observed that βT has a more pronounced influence than η on ψR. For example 

of closed-end piles under compression, ψR reduces from 0.53 to 0.41 (23% reduction) for ISO 19901-

4:2016 when βT increases from 2.33 up to 3. In addition, Paikowsky et al. (2004) mentioned that the 

efficiency factor ψR/μ, where μ is the mean model factor, represents the effectiveness of the respective 

design model. The efficiency factors are also given in Table 3.

Summary and Conclusions

This paper collated an integrated database with 115 and 60 compression tests on closed and open-end 

piles and 32 and 32 uplift tests on closed and open-end piles. The database was utilized to characterize the 

model uncertainty in calculating the axial resistance of driven piles in clay by the α-methods (ISO 19901-

4:2016 and NGI-05), β-method (ICP-05), and the SHANSEP-based approach. Statistical analyses were 

implemented to determine the mean, COV and probability distribution of the model factor. From a 

statistical viewpoint, four methods presented similar performance where the mean and COV of the model 

factor are equal to 1 and 0.3 approximately. The COV values are found to be smaller than those driven 

piles in sand.

Page 17 of 55

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



Draft

18

The model statistics were then utilized to calibrate the resistance factors in LRFD of driven piles in 

clay. It should be noted that the model statistics are also applicable to a full probabilistic form of RBD. 

One needs to keep in mind that the application of the derived model statistics beyond the database 

boundaries should be verified (ideally by more high-quality load test results) (Lesny 2017). Low (2017) 

and Phoon (2017) explained in detail that RBD can play a complementary role to LRFD within the 

prevailing norms of geotechnical practice. For instance, RBD is very useful to deal with complex real-

world information (multivariate correlated soil data) and information imperfections (scarcity of 

information or incomplete information). It is also very useful to handle spatial variability of a site profile 

that cannot be easily treated in deterministic means.
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Table 1. Ranges of pile geometries and soil properties in the database
Pile geometry Soil parameters

Load type Pile tip Number of load tests (N) B (m) D/B Ip (%) OCR St su/σv0'
Closed end 115 0.1–0.61 17.7–158.3 11–160 0.9–25.2 0.9–17 0.26-3.69Compression
Open end 60 0.11–0.81 7.9–200 15–60 1–43.2 1–8.3 0.24-6.84

Closed end 32 0.1–0.4 20–150 12–60 1–24.2 1–8.3 0.24-3.69Uplift
Open end 32 0.1–0.81 7.9–212.9 12–110 1.2–43.2 1–8.3 0.24-6.84

Note: B, pile diameter or width; D, embedment depth of pile; D/B, pile slenderness ratio; Ip, plasticity index; OCR, overconsolidation ratio; St, soil 
sensitivity; su, undrained shear strength; σv0', effective vertical stress.
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Table 2. Statistics of resistance bias for static design methods of driven piles
Reference Soil 

type Pile tip Material Load type N Design method Mean COV

18 λ-Method 0.76 0.29
17 α-API 0.81 0.26
8 β-method 0.81 0.51

Concrete Compression

18 α-Tomlinson 0.87 0.48
18 α-Tomlinson 0.64 0.5
19 α-API 0.79 0.54
12 β-method 0.45 0.6
19 λ-method 0.67 0.55

Paikowsky et al. (2004) Clay Closed/open 
end

Steel pipe Compression

12 SPT-97 0.39 0.62

Dithinde et al. (2011) Clay Closed/open 
end Concrete/steel Compression 59 Static formula 1.17 0.26

API-00 1.13 0.46
ICP-05 1.12 0.44

CPT2000 1.04 0.39
Almeida-96 1.08 0.37

LCPC 2.22 0.45

Lehane et al. (2013) Clay Closed/open 
end

Concrete/steel Compression/Uplift 75

UWA-13 1.12 0.35
Proposed α-method 1.04 0.2Karlsrud (2014) Clay Closed/open 

end
Steel pipe Compression/Uplift 72

Proposed β-method 1 0.22
23 API-00 1.54 0.33
23 Fugro-96 1.21 0.24
22 ICP-05 0.86 0.45
47 NGI-05 1.17 0.33
43 UWA-13 1.14 0.25

Lehane et al. (2017) Clay Closed/open 
end

Concrete/steel Compression/Uplift

43 Fugro-10 1.01 0.31
115 ISO 19901-4:2016 1.08 0.34
115 NGI-05 1.05 0.31
115 SHANSEP 1.06 0.32

Compression

115 ICP-05 1.08 0.33
32 ISO 19901-4:2016 0.92 0.27
32 NGI-05 0.96 0.26

This work Clay Closed end Concrete/steel 
pipe

Uplift

32 SHANSEP 1.11 0.29
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32 ICP-05 1.08 0.29
Open end Steel pipe Compression 60 ISO 19901-4:2016 0.97 0.3

60 NGI-05 1.03 0.25
60 SHANSEP 1.16 0.25

Compression

60 ICP-05 1 0.24
32 ISO 19901-4:2016 0.85 0.3
32 NGI-05 1.01 0.27
32 SHANSEP 0.96 0.3

This work Clay Open end Steel pipe

Uplift

32 ICP-05 0.97 0.39
4 β-method 0.61 0.61
16 λ-method 0.74 0.39
17 α-Tomlinson 0.82 0.4
16 α-API 0.9 0.41

Paikowsky et al. (2004) Clay Open end Steel-H Compression

8 SPT-97 1.04 0.41
AbdelSalam et al. 

(2012) Clay Open end Steel-H Compression 20 α-API 1.15 0.52

Tang and Phoon (2018b) Clay Open end Steel-H Compression 26 α-API 1.1 0.4
Compression 16 Torque-correlation 0.88 0.15Steel square shaft

(single-helix) Uplift 14 Torque-correlation 0.74 0.27
Compression 14 Torque-correlation 1.04 0.19

Uplift 10 Torque-correlation 0.93 0.26

Closed end

Steel square shaft
(multi-helix)

Compression 49 Individual plate 1.25 0.41
Compression 75 Torque-correlation 1.09 0.26Steel pipe

(single-helix) Uplift 54 Torque-correlation 0.92 0.23
Compression 71 Torque-correlation 1.16 0.18

Tang and Phoon (2018a) Clay

Open end

Steel pipe
(multi-helix) Uplift 69 Torque-correlation 1.02 0.27

36 Nordlund 1.02 0.48
35 β-method 1.1 0.44
36 Meyerhof 0.61 0.61

Concrete Compression

36 SPT-97 1.21 0.47
19 Nordlund 1.48 0.52
20 β-method 1.18 0.62
20 Meyerhof 0.94 0.59

Paikowsky et al. (2004) Sand Closed/open 
end

Steel pipe Compression

19 SPT-97 1.58 0.52
Dithinde et al. (2011) Sand Closed/open Concrete/steel Compression 28 Static formula 1.11 0.33
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end
API-00 1.66 0.56

Fugro-05 0.99 0.4
Lehane et al. (2017) Sand Closed/open 

end
Concrete/steel Compression/Uplift 71

ICP-05 1.04 0.27
NGI-05 0.99 0.34

UWA-05 1.06 0.27
Simplified ICP-05 1.2 0.31

Lehane et al. (2017) Sand Closed/open 
end

Concrete/steel Compression/Uplift 71

Offshore UWA-05 1.28 0.29
16 ICP-05 1.07 0.24Open end Concrete/steel 

pipe
Compression

16 UWA-05 1.07 0.21
52 ICP-05 1.1 0.31Closed end Concrete/steel 

pipe
Compression

52 UWA-05 1 0.39
19 ICP-05 1.36 0.38Open end Steel pipe Uplift
19 UWA-05 1.3 0.37
9 ICP-05 1.02 0.35

Tang and Phoon (2018c) Sand

Closed end Steel pipe Uplift
9 UWA-05 1.02 0.37
19 Nordlund 0.94 0.4
18 Meyerhof 0.81 0.38
19 β-method 0.78 0.51

Paikowsky et al. (2004) Sand Open end Steel-H Compression

18 SPT-97 1.35 0.43
AbdelSalam et al. 

(2012) Sand Open end Steel-H Compression 34 Nordlund 0.92 0.53

Tang and Phoon (2018b) Sand Open end Steel-H Compression 46 Nordlund 0.82 0.47
Compression 6 Torque-correlation 1.51 0.39Steel square shaft

(single-helix) Uplift 7 Torque-correlation 1.2 0.56
Compression 10 Torque-correlation 1.54 0.39

Uplift 10 Torque-correlation 1.06 0.22

Closed end

Steel square shaft
(multi-helix)

Compression 55 Individual plate 1.46 0.42
Compression 50 Torque-correlation 1.23 0.37Steel pipe

(single-helix) Uplift 47 Torque-correlation 0.98 0.3
Compression 49 Torque-correlation 1.51 0.26

Tang and Phoon (2018a) Sand

Open end

Steel pipe
(multi-helix) Uplift 51 Torque-correlation 1.2 0.24

33 α-
Tomlinson/Nordlund 0.96 0.49Paikowsky et al. (2004) Layered Closed/open 

end
Concrete Compression

80 α-API/Nordlund 0.87 0.48
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80 β-method/Thurman 0.81 0.38
71 SPT-97 1.81 0.5
30 FHWA CPT 0.84 0.31

13 α-
Tomlinson/Nordlund 0.74 0.59

32 α-API/Nordlund 0.8 0.45

Closed/open 
end

Steel pipe Compression

29 β-method/Thurman 0.54 0.48
Closed/open 

end
Steel pipe Compression 33 SPT-97 0.76 0.38

20 α-
Tomlinson/Nordlund 0.59 0.39

34 α-API/Nordlund 0.79 0.44
32 β-method/Thurman 0.48 0.48

Paikowsky et al. (2004) Layered

Open end Steel-H Compression

40 SPT-97 1.23 0.45
AbdelSalam et al. 

(2012) Layered Open end Steel-H Compression 26 API α/Nordlund 1.04 0.4

Tang and Phoon (2018b) Layered Open end Steel-H Compression 32 API α/Nordlund 0.92 0.4
Note: API, American Petroleum Institute; SPT, standard penetration test; α, ultimate shaft friction normalized to undrained shear strength; β, 
ultimate shaft friction normalized to vertical effective stress; λ, ultimate shaft friction normalized to the combination of undrained shear strength 
and vertical effective stress; CPT, cone penetration test; ICP, Imperia College Pile; UWA, University of Western Australia; NGI, Norwegian 
Geotechnical Institute; SHANSEP, stress history and normalized soil engineering parameter concept; LCPC, Laboratoire Central des Ponts et 
Chaussées.
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Table 3. Resistance and efficiency factors in LRFD of driven piles in clay
Mu βT=2.33 βT=3

Load type Pile tip Pile material/shape N Methods Mean (μ) COV ψR ψR/μ ψR ψR/μ
ISO 19901-4:2016 1.08 0.34 0.53 0.49 0.41 0.38

NGI-05 1.05 0.31 0.55 0.52 0.43 0.41
SHANSEP 1.06 0.32 0.54 0.51 0.42 0.4

Closed end Concrete/steel pipe 115

ICP-05 1.08 0.33 0.54 0.5 0.42 0.39
ISO 19901-4:2016 0.97 0.3 0.52 0.54 0.4 0.41

NGI-05 1.03 0.25 0.61 0.59 0.49 0.48
SHANSEP 1.16 0.25 0.68 0.59 0.55 0.47

Compression

Open end Steel pipe 60

ICP-05 1 0.24 0.6 0.6 0.48 0.48
ISO 19901-4:2016 0.92 0.27 0.52 0.57 0.41 0.45

NGI-05 0.96 0.26 0.55 0.57 0.44 0.46
SHANSEP 1.11 0.29 0.6 0.54 0.47 0.42

Closed end Concrete/steel pipe 32

ICP-05 1.08 0.29 0.59 0.55 0.46 0.43
ISO 19901-4:2016 0.85 0.3 0.45 0.53 0.35 0.41

NGI-05 1.01 0.27 0.57 0.56 0.45 0.45
SHANSEP 0.96 0.3 0.51 0.53 0.4 0.42

Uplift

Open end Steel pipe 32

ICP-05 0.97 0.39 0.43 0.44 0.32 0.33
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Appendix A1

Table A1. Summary of compression load tests on driven piles in clay
Pile information Soil parameters $Ruc (kN)

Reference Site location #Type
B 

(m)
D 

(m)
Ip 

(%)
σv0' 

(kN) OCR St

su 
(kPa)

Rum 
(kN) (1) (2) (3) (4)

CE-Oc-C 0.58 14 38 53 17.8 1 161 1570 1882 2888 2158 1865
CE-Sq-C 0.25 13 43 43 7.2 1.3 67 313 333 506 361 279

Augustesen (2006) Bangkok, Thailand

CE-Sq-C 0.25 16 41 53 10 1 117 580 651 999 733 502
CE-Sq-C 0.56 22 160 68 1.7 12 25 1274 870 1265 1255 1266
CE-Sq-C 0.56 22 160 48 2 12 25 1048 743 1007 1000 971
CE-Sq-C 0.56 23 160 46 2.1 10 29 993 795 1082 1074 1015
CE-Sq-C 0.56 23 160 47 2 9.7 29 1231 818 1116 1114 1036
CE-Sq-C 0.56 24 160 48 1.8 9 21 1104 700 1135 1143 1030
CE-Sq-C 0.56 23 160 50 1.7 7.3 24 1040 750 1115 1126 1087
CE-Sq-C 0.56 24 160 54 1.6 5.6 26 1162 858 1308 1307 1276
CE-Sq-C 0.56 25 160 45 1.9 8.4 27 1048 838 1205 1204 1081
CE-Sq-C 0.56 26 160 49 1.8 8.4 27 1049 904 1323 1315 1164
CE-Sq-C 0.56 26 160 48 2 9.1 27 1058 881 1250 1246 1154
CE-Sq-C 0.56 32 160 74 2.3 14 43 1858 1699 1795 1806 2018
CE-Sq-C 0.56 32 160 74 2.3 14 43 1843 1699 1795 1806 2018
CE-Sq-C 0.56 26 160 66 1.7 9.9 31 1255 1107 1407 1407 1466
CE-Sq-C 0.34 10 160 55 1.6 8.4 35 540 259 354 354 326
CE-Sq-C 0.34 10 160 55 1.6 8.4 35 448 259 354 354 326
CE-Sq-C 0.56 26 160 69 1.5 10 31 1035 1130 1450 1436 1440
CE-Sq-C 0.56 21 160 91 1.2 8.5 26 1433 928 1576 1570 1476
CE-Sq-C 0.56 21 160 74 1.5 7 43 1207 1118 1525 1515 1435
CE-Sq-C 0.56 20 160 87 1.3 8.1 64 1233 1438 1613 1616 1516
CE-Sq-C 0.56 26 160 60 1.3 9.6 27 1135 984 1336 1344 1190
CE-Sq-C 0.34 35 160 63 1.1 9.2 19 865 666 978 975 787
CE-Sq-C 0.34 35 160 63 1.6 17 23 864 724 747 738 769
CE-Sq-C 0.56 29 160 55 1.7 16 23 1151 966 1058 1040 1143
CE-Sq-C 0.56 19 160 80 1.2 6.4 64 1093 1324 1495 1511 1390
CE-Sq-C 0.56 20 160 65 1.3 6.1 25 943 771 1217 1227 1179

Saldivar and Jardine 
(2005)

Mexico city

CE-Sq-C 0.39 24 160 62 1.6 8.2 35 1163 731 1042 1048 856
CE-Sq-C 0.35 6.4 46 50 15 1 143 625 507 538 574 469Lehane et al. (2013) Belgium
CE-Sq-C 0.35 11 46 70 13 1 173 1048 962 1015 1086 956

Lehane et al. (2013) Shanghai, China CE-Sq-C 0.25 23 18 82 3.8 2.2 76 558 746 719 747 519
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CE-Sq-C 0.25 22 16 72 2.6 2.9 50 560 540 470 487 314
CE-Sq-C 0.25 24 16 88 3 2.6 67 720 754 687 703 392
CE-Sq-C 0.25 24 15 90 4 2 88 900 878 869 896 368
CE-Sq-C 0.36 27 18 108 1.5 4.6 47 900 1143 824 870 1057
CE-Sq-C 0.31 27 18 108 1.5 4.6 47 760 979 704 744 908
CE-Sq-C 0.31 24 18 97 1.6 4.3 45 1000 813 594 633 670

Khulna

CE-Sq-C 0.36 24 18 97 1.6 4.3 45 1000 950 695 741 779
CE-C-C 0.26 14 34 87 2.4 7 25 255 281 265 189 271
CE-C-C 0.26 14 34 87 2.4 7 25 235 281 265 189 271
CE-C-C 0.47 23 27 59 7.1 2.6 45 863 917 913 856 1154

—

CE-C-C 0.47 23 27 59 7.1 2.6 45 1069 917 913 856 1154
CE-C-C 0.41 24 75 140 11.9 1 269 3237 3823 3518 4230 3188Lillebælt,

Denmark CE-C-C 0.41 17 75 111 14.1 1 254 1864 2532 2168 2852 2187
CE-C-C 0.38 13 26 74 3.9 4.4 33 335 431 390 335 512
CE-C-C 0.38 15 26 81 3.6 4.7 35 335 510 460 394 586
CE-C-C 0.38 19 26 98 3.1 5.2 38 515 737 656 535 777
CE-C-C 0.38 15 26 81 3.6 4.7 35 400 512 463 396 588
CE-C-C 0.38 17 26 88 3.4 4.9 36 380 592 531 449 660

Khorramshahr port, 
Iran

CE-C-C 0.38 15 26 81 3.6 4.7 35 410 510 460 394 586
CE-C-C 0.24 24 41 116 1.1 7.6 30 585 548 403 343 330Maskinonge,

Canada CE-C-C 0.24 38 47 160 1.1 7.6 42 845 1188 943 740 635
CE-C-C 0.24 12 11 85 18.5 0.9 180 1240 759 965 848 1048Nova Scotia,

Canada CE-C-C 0.34 13 12 92 17.6 1 181 1950 1207 1501 1334 1734
Singapore CE-C-C 0.33 28 25 87 8.2 4 44 2100 942 2435 748 1303

CE-C-C 0.38 31 25 165 4.9 2.2 150 2540 3050 2376 3038 2852Aalborg, Denmark
CE-C-C 0.45 28 25 165 4.9 2.2 150 1800 3262 2668 3250 3204
CE-C-C 0.32 24 25 91 14.2 1 210 1400 2177 2839 2466 2009Egå Rensenanlæg,

Denmark CE-C-C 0.38 25 25 84 14.1 1 194 1671 2579 3680 2929 2429
Algade, Aalborg, 

Denmark CE-C-C 0.26 13 25 86 9.7 1.3 135 660 706 921 762 740

CE-C-C 0.34 49 22 295 1.2 7.2 82 1100 4171 2820 2711 2675

Augustesen (2006)

Drammen Stasjon,
Norway CE-C-C 0.34 30 22 210 1.3 6.3 66 960 1958 1064 1350 1396

Saldivar and Jardine 
(2005)

Mexico city CE-C-C 0.35 24 160 82 1.4 7.7 38 1316 775 1050 1045 948

Golden Ears Bridge CE-C-C 0.36 36 27 124 3.3 2.4 102 3000 2386 2467 2290 1846Lehane et al. (2013)
Dublin, Ireland CE-S-P 0.27 6.4 12 72 21 1 266 1350 658 715 769 1528

Sandpoint CE-S-P 0.41 45 22 204 0.9 6.9 59 1915 3244 2251 2120 1026Lehane et al. (2013)
Sarapui CE-S-P 0.11 4.5 105 11 1.9 3.8 5.9 7 6.8 9.6 5.6 4

Augustesen (2006) — CE-S-P 0.27 13 32 79 2.6 6.7 24 206 255 249 173 259
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CE-S-P 0.31 14 14 138 11 2 141 697 998 1131 1025 1571
CE-S-P 0.31 5.5 45 43 7.8 2.9 30 216 114 126 103 163
CE-S-P 0.27 27 75 154 11.2 1.1 276 1776 2851 2633 3148 2143Lillebælt, Denmark
CE-S-P 0.27 27 75 154 11.2 1.1 276 1884 2851 2633 3148 2143
CE-S-P 0.27 13 31 81 8.1 1.5 109 670 628 637 665 646
CE-S-P 0.27 13 31 81 8.1 1.5 109 765 628 637 665 646

Houston, USA

CE-S-P 0.27 13 31 81 8.1 1.5 109 792 628 637 665 646
Cowden, UK CE-S-P 0.46 9.2 15 48 25.2 1 136 1670 895 1056 1015 1266

Khorramshahr port, 
Iran CE-S-P 0.35 14 26 76 3.8 4.5 34 400 418 401 321 483

Maskinonge, Canada CE-S-P 0.22 24 41 116 1.1 7.6 30 390 495 378 309 292
CE-S-P 0.22 7.6 21 31 4.6 3.1 20 47 71 71 63 85
CE-S-P 0.22 7.6 21 31 4.6 3.1 20 67 71 71 63 85
CE-S-P 0.22 7.6 21 31 4.6 3.1 20 77 71 71 63 85
CE-S-P 0.22 7.6 21 31 4.6 3.1 20 83 71 71 63 85

St Alban, Canada

CE-S-P 0.22 7.6 21 31 4.6 3.1 20 86 71 71 63 85
CE-S-P 0.1 6.2 19 50 19.4 1 133 136 112 104 128 118Cowden, UK
CE-S-P 0.1 6.4 19 51 18.6 1 131 108 116 109 132 123
CE-S-P 0.61 48 35 156 3.8 4.2 75 3160 5183 4697 4093 4907Lower arrow lake,

Canada CE-S-P 0.61 48 35 156 3.8 4.2 75 3649 5200 4712 4111 4926
CE-S-P 0.1 5.3 50 45 11 1 88 68 69 65 76 61
CE-S-P 0.1 6 48 48 10.9 1 93 110 81 80 90 71
CE-S-P 0.1 5.9 48 48 10.9 1 92 78 80 78 89 70
CE-S-P 0.17 6.5 47 63 8.4 1.3 96 189 166 161 179 157
CE-S-P 0.17 6.5 47 63 8.4 1.3 96 200 166 161 179 157
CE-S-P 0.17 6.5 47 63 8.4 1.3 96 231 166 161 179 157
CE-S-P 0.17 6.5 47 63 8.4 1.3 96 291 166 161 179 157
CE-S-P 0.17 6.7 47 63 8.4 1.3 97 194 171 166 184 162
CE-S-P 0.17 6.7 47 63 8.4 1.3 97 197 171 166 184 162
CE-S-P 0.17 6.7 47 63 8.4 1.3 97 200 171 166 184 162
CE-S-P 0.17 6.7 47 63 8.4 1.3 97 221 171 166 184 162
CE-S-P 0.17 6.7 47 63 8.4 1.3 97 274 171 166 184 162
CE-S-P 0.17 6.6 45 68 8.5 1.3 105 159 185 145 200 176

Canons park, UK

CE-S-P 0.17 6.6 45 68 8.5 1.3 105 161 185 145 200 176
CE-S-P 0.17 6.6 45 68 8.5 1.3 105 163 185 145 200 176
CE-S-P 0.17 6.6 45 68 8.5 1.3 105 165 185 145 200 176
CE-S-P 0.17 6.6 45 68 8.5 1.3 105 184 185 145 200 176

Canons park, UK

CE-S-P 0.17 6.6 45 68 8.5 1.3 105 231 185 145 200 176

Augustesen (2006)

Napoli, Italy CE-S-P 0.38 49 33 179 3.1 4.2 85 2348 3668 3071 2856 2934

Page 50 of 55

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



Draft

CE-S-P 0.48 50 34 208 1.9 7.2 58 2400 4231 3084 2765 3269Livorno, Italy
CE-S-P 0.49 57 33 213 1.9 7.2 59 4200 4952 4351 3231 3752
CE-S-P 0.1 6 40 30 2.9 3.4 17 27 23 18 19 19
CE-S-P 0.1 6 40 30 2.9 3.4 17 33 23 18 19 19
CE-S-P 0.1 3.2 35 21 3.6 2.8 15 15 9 6 9 9

Bothkennar, UK

CE-S-P 0.1 6 40 30 2.9 3.4 17 26 22 18 19 19
CE-S-P 0.4 35 25 240 1.1 7.3 65 1350 2837 1451 1800 1890Motorvegbru, 

Drammen, Norway CE-S-P 0.4 35 25 240 1.1 7.3 65 2210 2837 1451 1800 1890
OE-S-P 0.76 20 25 144 1 8.3 35 1567 1831 1727 1180 1567
OE-S-P 0.46 22 25 148 1 8.3 35 976 1150 1093 728 880
OE-S-P 0.61 19 25 142 1 8.3 34 1269 1352 1272 863 1118
OE-S-P 0.36 15 25 448 1 8.3 109 1965 1941 1805 1222 1507
OE-S-P 0.36 12 25 718 1 8.3 172 2368 2506 2330 1602 2045
OE-S-P 0.31 44 25 162 1.1 8.2 40 1313 1687 1590 1035 1060
OE-S-P 0.61 96 25 355 1 8.3 86 8516 15991 15190 9878 9533
OE-S-P 0.61 74 25 273 1.1 7.8 70 7080 9905 9074 6303 6326
OE-S-P 0.77 23 25 651 1.1 7.4 176 11276 9965 8748 6535 8311
OE-S-P 0.33 66 25 222 1.2 7.1 63 2205 4056 3595 2595 2342
OE-S-P 0.33 31 25 154 1.4 6.6 46 971 1350 1185 892 959
OE-S-P 0.33 46 25 149 1.6 5.5 54 1097 2128 1803 1499 1410
OE-S-P 0.33 29 25 104 2.5 5.2 40 1252 1003 849 723 871
OE-S-P 0.33 14 25 112 1.9 4.9 46 637 533 451 404 471
OE-S-P 0.33 18 25 51 5.5 3.1 33 638 408 352 362 474
OE-S-P 0.61 48 25 152 2.8 4.7 65 3802 4756 3978 3621 4317
OE-S-P 0.11 12 25 44 4.7 4 22 59 66 56 53 69
OE-S-P 0.17 12 25 33 3 4.1 16 70 77 65 61 70
OE-S-P 0.35 14 25 59 5.5 3.7 32 401 361 307 300 468
OE-S-P 0.27 40 25 297 2.8 3.6 165 2868 3874 3173 3177 2895
OE-S-P 0.61 31 25 92 4.7 3.5 52 2022 2166 1821 1821 2472
OE-S-P 0.33 23 25 91 5.5 3.4 53 691 845 714 715 969
OE-S-P 0.33 26 25 98 5.9 3.2 62 971 1078 910 927 1217

—

OE-S-P 0.27 25 25 244 3.9 2.7 182 2048 2386 2041 2219 2082
OE-S-P 0.53 15 25 66 8.2 2.5 53 819 839 755 798 1221
OE-S-P 0.27 32 25 141 8.4 2.4 115 1728 1814 1582 1739 2081
OE-S-P 0.33 13 25 110 5.5 2.1 107 798 786 726 798 864
OE-S-P 0.61 17 25 86 9.6 1.7 99 2085 1804 1720 1879 2458
OE-S-P 0.33 14 25 112 6.9 1.7 131 1015 980 930 1024 1071
OE-S-P 0.27 13 25 80 9.8 1.4 110 674 630 615 671 721

Augustesen (2006) —

OE-S-P 0.61 20 25 104 21.2 1 258 4187 4699 4852 5314 5799

Page 51 of 55

https://mc06.manuscriptcentral.com/cgj-pubs

Canadian Geotechnical Journal



Draft

OE-S-P 0.45 9.1 25 54 27 1 185 1166 1137 1310 1314 1360
OE-S-P 0.76 18 25 116 22.1 1 325 8212 6832 7467 7779 8288
OE-S-P 0.36 15 60 256 1 8.3 62 1113 1107 1107 702 740
OE-S-P 0.36 15 50 448 1 8.3 108 1936 1935 1945 1227 1338
OE-S-P 0.36 12 55 616 1 8.3 148 2127 2150 2201 1374 1532

Empire, LA, USA

OE-S-P 0.36 12 50 719 1 8.1 178 2354 2594 2574 1661 1839
OE-S-P 0.46 9.2 15 48 25.2 1 136 1140 895 880 1015 1266
OE-S-P 0.46 9.2 15 48 25.2 1 136 1390 895 880 1015 1266

Cowden, UK

OE-S-P 0.46 9.2 15 48 25.2 1 136 1608 895 880 1015 1266
OE-S-P 0.53 17 19 62 7.5 2.3 53 1410 910 1494 887 1276Izmir, Turkey
OE-S-P 0.53 15 20 57 7.8 2.2 52 780 773 744 771 1099
OE-S-P 0.4 43 40 131 2.3 7.5 35 1225 1872 1702 1203 1520
OE-S-P 0.4 43 40 131 2.3 7.5 35 1555 1872 1702 1203 1520
OE-S-P 0.4 43 40 131 2.3 7.5 35 1670 1872 1702 1203 1520

Sumatra, Indonesia

OE-S-P 0.4 43 40 131 2.3 7.5 35 1670 1872 1702 1203 1520
OE-S-P 0.61 31 39 94 5 3.2 59 1558 2339 1769 2036 2470
OE-S-P 0.61 31 39 94 5 3.2 59 1958 2339 1769 2036 2470

Lower arrow lake,
Canada

OE-S-P 0.61 47 36 150 3.9 4.1 74 2626 4895 3781 3888 4662
OE-S-P 0.76 6 20 38 43.2 1 260 3051 2217 2764 2576 2503
OE-S-P 0.76 9 20 56 37.9 1 304 5471 3399 4827 3980 3992
OE-S-P 0.76 12 20 75 34.5 1 349 6681 4846 6182 5692 5771
OE-S-P 0.76 15 20 93 30.9 1 369 6788 6213 7523 7261 7535

West Sole,
North sea, UK

OE-S-P 0.76 18 20 111 28.9 1 408 8344 8012 10010 9365 9631
Pentre, UK OE-S-P 0.76 55 18 320 1.1 7.3 87 6030 11418 6678 7266 8352

Tilbrook, UK OE-S-P 0.76 30 27 212 19.1 1 478 16131 15969 16374 17915 19205
OE-S-P 0.61 24 52 124 8.2 1.5 164 4840 3881 3525 4098 3849Kontich, Belgium
OE-S-P 0.61 20 52 109 8.7 1.4 156 3380 3149 2897 3357 3166
OE-S-P 0.81 35 25 240 1.1 7.3 65 2150 5922 3689 3815 4561Drammen, Norway
OE-S-P 0.81 35 25 240 1.1 7.3 65 2800 5922 3689 3815 4561

Note: In Tables A1-A2, OE-S-P=open-end steel pipe pile, CE-S-P=closed-end steel pipe pile, CE-Oc-C=closed-end octagonal concrete pile, CE-Sq-C=closed-
end square concrete pile, and CE-C-C=closed-end circular concrete pile. (1)=ISO 19901-4:2016, (2)=NGI-05 (Karlsrud et al. 2005), (3)=the SHANSEP-based 
approach (Saye et al. 2013), and (4)=ICP-05 (Jardine et al. 2005).

Table A2. Summary of uplift load tests on driven piles in clay
Pile information Soil parameters \$Ruc (kN)

Reference Site location #Type
B 

(m)
D 

(m)
Ip 

(%)
σv0' 

(kN) OCR St

su 
(kPa)

Rum 
(kN) (1) (2) (3) (4)

Montreal, Canada CE-C-C 0.3 17 35 67 5.5 2.5 54 458 511 517 453 490Augustesen (2006)
Göteborg, Sweden CE-C-C 0.34 34 40 146 1.3 6.5 45 900 1497 1083 981 906
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CE-C-C 0.4 8 55 39 5.3 4.9 16 110 141 135 91 172
CE-C-C 0.4 12 60 48 3.9 5.9 16 165 226 216 144 240
CE-C-C 0.4 16 60 57 3.2 6.3 18 245 342 331 218 326

Bangkok, Thailand

CE-C-C 0.4 20 60 67 2.8 6.3 21 425 499 480 321 433
Belfast, Ireland CE-Sq-C 0.25 6 35 32 2.7 2.9 22 69 63 78.3 56.7 77
Pentre A5, UK CE-S-P 0.22 10 14 198 1.1 7.6 52 154 226 177 216 249
Pentre A6, UK CE-S-P 0.22 10 17 251 1.1 7.3 69 361 372 375 283 362
Tilbrook, UK CE-S-P 0.22 13 23 118 24.2 1 402 1238 1408 1626 1527 1249
Tilbrook, UK CE-S-P 0.22 18 23 151 20.3 1 425 1995 2117 2493 2313 1900

Tilbrook B, UK CE-S-P 0.22 10 32 298 11.3 1 589 1684 1908 1931 1912 1662
CE-S-P 0.22 10 40 62 1.2 6.9 18 130 120 111 74 80
CE-S-P 0.22 33 40 113 1.1 7.8 29 465 645 560 400 354
CE-S-P 0.22 33 40 113 1.1 7.8 29 510 645 560 400 354
CE-S-P 0.22 10 40 100 1 8.2 25 161 167 170 105 116
CE-S-P 0.22 10 40 139 1 8 35 216 231 235 145 161

Onsøy, Norway

CE-S-P 0.22 10 40 177 1 7.9 45 258 322 300 186 206
CE-S-P 0.22 10 21 75 1.5 6.1 25 86 156 129 100 62
CE-S-P 0.22 10 14 128 1 7.9 32 89 136 137 134 82
CE-S-P 0.22 10 13 181 1 8.3 44 104 316 136 184 116

Lierstranda, Norway

CE-S-P 0.22 10 12 237 1 8.3 57 95 100 101 240 151
CE-S-P 0.15 4.9 18 49 7.3 2.4 42 59 59 62 50 76
CE-S-P 0.15 4.9 18 49 7.3 2.4 42 65 59 62 50 76

Haga, Norway

CE-S-P 0.15 4.9 18 49 7.3 2.4 42 73 59 62 50 76
Cowden, UK CE-S-P 0.1 6.4 19 51 18.7 1 131 90 115 104 123 113

CE-S-P 0.1 5.2 50 45 11 1 87 90 67 58 68 53
CE-S-P 0.1 6.2 48 49 10.9 1 94 119 85 79 88 80

Canons park, UK

CE-S-P 0.1 5.9 48 48 10.9 1 93 105 81 74 83 76
Canons park, UK CE-S-P 0.1 5.8 48 48 11 1 92 105 79 71 80 74Augustesen (2006)
Bothkennar, UK CE-S-P 0.1 6 40 30 2.9 3.4 17 26 23 19 18 17

Lehane et al. (2013) Dublin, Ireland CE-S-P 0.27 6.4 12 72 21 1 266 446 521 578 632 665
Tilbrook, UK OE-S-P 0.27 18 23 151 20.3 1 425 1891 2684 2363 2883 2475

Onsøy, Norway OE-S-P 0.81 15 40 62 1.2 6.9 18 469 719 407 413 539
Lierstranda, Norway OE-S-P 0.81 10 21 75 1.5 6.1 25 374 666 465 374 605

OE-S-P 0.53 17 19 62 7.5 2.3 53 710 910 884 782 1171Izmir, Turkey
OE-S-P 0.53 15 20 57 7.8 2.2 52 590 773 779 670 998
OE-S-P 0.76 6 20 38 43.2 1 260 2438 2217 1680 1508 1435
OE-S-P 0.76 9 20 56 37.9 1 304 2873 3399 3096 2731 2743
OE-S-P 0.76 12 20 75 34.5 1 349 4466 4846 4727 4259 4338

Augustesen (2006)

West Sole, UK

OE-S-P 0.76 15 20 93 30.9 1 369 5240 6213 6140 5746 6019
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OE-S-P 0.76 18 20 111 28.9 1 408 6734 8012 8065 7691 7957
OE-S-P 0.76 6 20 38 43.2 1 260 1726 2217 1680 1508 1435
OE-S-P 0.76 9 20 56 37.9 1 304 2642 3399 3096 2731 2743
OE-S-P 0.76 9 20 56 37.9 1 304 3079 3399 3088 2731 2743
OE-S-P 0.76 12 20 75 34.5 1 349 4457 4846 4706 4259 4338
OE-S-P 0.76 15 20 93 30.9 1 369 4510 6213 6102 5746 6019
OE-S-P 0.76 18 20 111 28.9 1 408 6023 8012 7989 7691 7957

Tilbrook, UK OE-S-P 0.76 29 27 219 17.6 1 489 16200 16098 14220 16039 16788
Canons park, UK OE-S-P 0.1 5.7 49 47 11 1 91 94 77 54 79 60

OE-S-P 0.61 24 52 124 8.2 1.5 164 4100 3881 3359 3666 3417Kontich, Belgium
OE-S-P 0.61 20 52 109 8.7 1.4 156 2420 3149 2730 2948 2757

Long beach, USA OE-S-P 0.76 23 16 673 2.5 3.7 365 10710 14934 12361 10941 14164
OE-S-P 0.76 71 41 128 2.1 7 37 5030 5958 5655 3800 4552West Delta, USA
OE-S-P 0.76 71 41 128 2.1 7 37 4850 5982 5669 3811 4566

Belfast, Ireland OE-S-P 0.17 2.0 35 33 2.5 3 22 12 14.5 15.4 12.8 13
Børsa, Norway OE-S-P 0.41 50 12 230 2.28 5.1 91 1448 4588 2031 4962 4022

OE-S-P 0.46 27 14 112 4.51 3.6 62.8 1461 1608 843 2341 1958Vigda, Norway
OE-S-P 0.46 53 12 212 3.11 4.9 86.9 2172 5154 1980 6769 5176

Onsøy 2, Norway OE-S-P 0.51 18 33 68 1.47 5.8 23.5 634 561 551 478 456
Stjørdal, UK OE-S-P 0.51 23 14 136 1.41 8.3 32.7 527 1204 377 1185 1151
Cowden, UK OE-S-P 0.46 9 18 85 11.9 1.5 113 873 680 730 1183 1122

Femern, Germany OE-S-P 0.51 25 110 104 4.62 2.4 85 3028 1873 3391 2301 1445

Karlsrud (2012)

Oromieh, Iran OE-S-P 0.31 66 22 178 1.3 7.4 48 2825 2925 2371 2574 1776
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Appendix A2

Table A3. Correlation between Mu and input parameters for driven piles in clay
B D/B Ip OCR St su/σv0'

Load type Pile tip N Design method r p r p r p r p r p r p
ISO 19901-4:2016 -0.1 0.27 -0.41 0 0.34 0 0.04 0.65 0.04 0.64 0.18 0.05

NGI-05 -0.46 0 -0.22 0.02 -0.06 0.51 0.13 0.17 -0.18 0.06 0.19 0.04
SHANSEP -0.35 0 -0.14 0.14 -0.13 0.16 -0.04 0.7 0.03 0.73 -0.1 0.28

Closed-end 115

ICP-05 -0.44 0 0.03 0.72 0.12 0.19 0.01 0.94 -0.12 0.19 0.16 0.08
ISO 19901-4:2016 0.06 0.64 -0.71 0 -0.34 0.01 0.59 0 -0.57 0 0.58 0

NGI-05 -0.11 0.4 -0.42 0 -0.16 0.22 0.42 0 -0.41 0 0.41 0
SHANSEP -0.17 0.2 -0.23 0.07 0.04 0.73 -0.23 0.08 0.29 0.02 -0.28 0.03

Compression

Open-end 60

ICP-05 -0.16 0.21 -0.19 0.15 0.09 0.47 -0.23 0.07 0.25 0.06 -0.23 0.08
ISO 19901-4:2016 -0.61 0 0.03 0.88 0.15 0.41 0.38 0.03 -0.48 0.01 0.42 0.02

NGI-05 -0.65 0 0.16 0.37 0.19 0.31 0.12 0.5 -0.23 0.2 0.15 0.41
SHANSEP -0.27 0.14 0.01 0.95 0.55 0 -0.1 0.59 0.01 0.94 -0.06 0.74

Closed-end 32

ICP-05 -0.48 0.01 0.55 0 0.37 0.04 -0.07 0.71 -0.04 0.84 -0.02 0.91
ISO 19901-4:2016 -0.15 0.41 -0.06 0.73 0.37 0.04 0.25 0.17 -0.25 0.16 0.25 0.17

NGI-05 -0.15 0.42 0.09 0.64 0.08 0.68 -0.07 0.72 0.11 0.53 -0.07 0.69
SHANSEP 0.33 0.07 -0.2 0.28 0.62 0 0.04 0.83 0.01 0.96 0.07 0.69

Uplift

Open-end 32

ICP-05 0.07 0.69 -0.14 0.43 0.64 0 0.24 0.19 -0.2 0.26 0.26 0.15
Note: Bold values indicate potential correlation between the model factor and the underlying parameters.
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