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INTRODUCTION
Limit state design has been internationally 
accepted as the standard basis on which the 
new generation of geotechnical design codes 
are being developed today. The move is moti-
vated by the need to provide a rational and 
consistent framework for managing design 
uncertainties. For most geotechnical designs, 
two predominant sources of uncertainty can 
be distinguished: (i) uncertainties associated 
with the evaluation of design soil properties, 
and (ii) calculation model uncertainties. 
With the current format of limit state design 
of pile foundations, partial resistance factors 
(γR) and partial factors for uncertainty in 
the resistance model (γR,d) are applied to 
account for soil properties and calculation 
model uncertainty respectively. For brevity 
γR,d will be referred to as the resistance 
model uncertainty factor.

This paper will be primarily concerned 
with the determination of appropriate values 
for γR,d to be used in South African pile 
design practice, as based on the Standard 
SANS 10160-5:2011, Basis of geotechnical 
design and actions. For this purpose a pub-
lished dataset of model factor statistics will 
be employed to represent the uncertainty of 
pile resistance models. The probability treat-
ment of model factor statistics serving as 
basis for deriving γR,d values is subsequently 
presented and implemented. Various clas-
sifications of pile conditions are investigated 
in order to evaluate differences of γR,d values 
for respective pile classes. A sensitivity 

analysis is performed by treating model 
factor statistics at higher confidence levels, 
rather than in terms of expected values. The 
basis for deriving γR,d values under local con-
ditions is set in perspective by comparison 
to an elaborate dataset representing a wide 
range of pile conditions and design methods, 
for which γR,d values are also calculated to 
indicate comparative values and trends.

The results are assessed in terms of 
achieving sufficient and consistent reliability 
without undue complications for standard-
ised design. The results obtained also serve 
as useful guidance beyond the strict scope of 
application represented by this analysis, to be 
applied to situations where safety measures 
in terms of safety factors are predominantly, 
if not solely, selected on experienced-based 
judgement.

A brief review of standardised geotechni-
cal limit state design is first presented by 
way of an introduction to the general design 
approach taken. The special design verifica-
tion format for piles provides the background 
for the investigation on appropriate values 
for partial factor for uncertainty in pile 
resistance models γR,d.

STANDARDISED GEOTECHNICAL 
LIMIT STATE DESIGN
To keep pace with international trends, 
South Africa has now converted to the limit 
state design through the publication of SANS 
10160-1:2011, Basis of structural design and 
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The current limit state design procedure for pile foundations presented in geotechnical codes 
(e.g. SANS 10160-5, EN 1997-1) stipulates that, when the pile capacity is determined using an 
analytical approach, such as the static analysis using engineering properties of the soil as 
determined from laboratory or in-situ field testing, the prescribed partial resistance factors (γR) 
need to be corrected by a partial factor for the uncertainty in the resistance model (γR,d) or the 
resistance model uncertainty factor. The international position is to derive model uncertainty 
factors for both actions and resistances from available experimental data. Accordingly this paper 
makes use of a local pile load test database to derive the appropriate γR,d values for ultimate 
limit state design of pile foundations. The analysis indicates that γR,d values of 1.3 and 1.5 for 
piles in cohesive and non-cohesive materials respectively are appropriate. Alternatively, a single 
value of γR,d = 1.4 for all piles in all soils can be adopted with different γR values for the two 
distinctive pile classes of piles in cohesive and non-cohesive soils.
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actions on buildings and industrial struc-
tures. Within this suite of standards, Part 
5 (SANS 10160-5:2011) is devoted to Basis 
for geotechnical design and actions. SANS 
10160:2011 is essentially a loading code and 
presents the general principles, and require-
ments for design of buildings and industrial 
structures, in accordance with the limit state 
design approach in South Africa. However, 
due to the absence of a geotechnical limit 
state code in the country, SANS 10160-5 also 
provides guidance on geotechnical design 
aspects of structures within the scope of 
SANS 10160, including pile foundations.

With limit state design, partial factors 
are applied to various elements of the design 
according to the reliability with which the 
parameters are known or can be calculated. 
In this regard EN 1997-1 provides for three 
design approaches which give alternative 
ways of applying partial factors to pile design 
variables. The selection of a particular design 
approach is a matter for national determina-
tion. Accordingly SANS 10160-5 has opted 
to follow Design Approach 1 for two main 
reasons (Day and Retief 2009): (i) partial 
factors are applied directly to the source 
of uncertainty (i.e. actions, calculation 
models and material properties), and (ii) the 
results obtained using this approach agree 
reasonably with the current South African 
practice based on the overall factor of safety 
approach. Furthermore, Design Approach 1 
accounts for uncertainties in a more rational 
way, as partial factors are applied to basic 
variables (material properties and actions), or 
to quantities derived later in the calculation 
(resistances and action effects) according to 
where their effect will be most severe. Where 
the greatest uncertainties are with the 
geotechnical parameters (e.g. slope stability 
problems, spread foundations, earth retain-
ing structures), partial factors are applied to 
the geotechnical properties. When the pre-
dominant uncertainty is associated with the 
calculation model (e.g. pile foundations and 
anchors), partial factors are applied to the 
calculated resistance. In terms of safety and 
economy, model solutions for Eurocode 7 
workshop examples (Orr 2005) revealed 
that Design Approach 3 produces the most 
conservative designs, Design Approach 2 
the least conservative designs, while Design 
Approach 1 generally yields designs between 
the other two approaches. The foregoing 
discussions reiterate that Design Approach 1 
seems to be the best alternative for 
southern Africa.

The partial factors prescribed in SANS 
10160-5 for use in conjunction with Design 
Approach 1 are presented in Table 1.

It is apparent from Table 1 that three 
ultimate limit states need to be considered. 

These are (a) GEO: for failure or excessive 
deformation of the ground, in which the 
strength of the soil or rock is significant in 
providing resistance; (b) STR: for internal 
failure or excessive deformation of the struc-
ture or structural elements (e.g. footings, 
piles, pile caps, basement walls), in which the 
strength of the structural materials is signifi-
cant in providing resistance; and (c) STR-P: 
for dominant permanent action. Based on 
these limit states, in general two calculation 
combinations are required, as follows:

Combination 1
A1.1 “+” M1 “+” R1 (STR)
A1.2 “+” M1 “+” R1 (STR-P)

Combination 2 (GEO)
A2 “+” (M1 or M2) “+” R4

As already mentioned, set M2 is applied 
to unfavourable actions emanating from 
negative skin friction or lateral loading. The 
notion of a partial factor for uncertainty in 
the resistance model γR,d is also stipulated, 
as discussed below.

ULTIMATE LIMIT STATE DESIGN 
OF PILE FOUNDATIONS
SANS 10160-5 provides for four pile design 
methods as follows: (i) full-scale pile load 
tests, (ii) empirical analysis by directly using 
standard field test results (e.g. SPT and CPT), 
(iii) static analysis using engineering proper-
ties of the soil as determined from laboratory 

or in-situ field testing, and (iv) dynamic 
driving resistance (pile driving formulae and 
wave equation).

Of the four pile design methods, static 
analysis using engineering properties of the 
soil as determined from laboratory or in-situ 
field testing constitutes the main pile design 
method in South Africa. When this analyti-
cal method is used, SANS 10160-5 stipulates 
that the prescribed partial resistance factor 
γR needs to be corrected by a partial factor 
for uncertainty in the resistance model γR,d 
(or resistance l model uncertainty factor) 
to explicitly account for pile resistance 
calculation model uncertainty. Clauses 
B.3.3, C.3.2.4.1 and C.3.2.4.2 of SANS 
10160-5 provide guidance on the issue of the 
resistance model uncertainty factor for pile 
foundations. A resistance model uncertainty 
factor of γR,d = 1.5 has been prescribed. This 
value is reported by Day and Retief (2009) to 
be based on a preliminary analysis of data 
compiled by Dithinde (2007).

Further guidance clauses (C.3.2.4.1 and 
C.3.4.2) point out that ideally such a fac-
tor should be determined by comparing 
calculated pile resistance with the resistance 
determined from load tests. Furthermore, 
Holický (2009) reiterates that numerical 
values of action and resistance model uncer-
tainty factors should be derived from previ-
ous experience and available experimental 
data. Accordingly, this paper derives γR,d 
values from test data comprising measured 
and predicted pile resistances within a 
probabilistic framework.

Table 1 Partial factors for pile foundations

1. Partial factors for actions
Set

A1.1 (STR) A1.2 (STR-P) A2 (GEO)

Permanent (unfavourable) 1.2 1.35 1.0

Variable (unfavourable) 1.6 1.0 1.3

Pamanent (favourable) 0.9 0.9  1.0

Variable (favourable) 0 0 0

2. Partial materials factors (γm)
Set

M1 M*/M2**

Shearing resistance (tanφ) 1.0 1.0 1.0/1.25

Effective cohesion (c) 1.0 1.0 1.0/1.25

Undrained strength (cu) 1.0 1.0 1.0/1.4

Weight density (γ) 1.0 1.0 1.0/1.0

3. Partial resistance factors (γR)
Set

R1 R 4

Compression piles 1.00 1.00 1.6

Tension piles 1.25 1.25 1.7

* applies for the resistance of piles and anchors

** applies for unfavourable actions on piles owing to negative skin friction or lateral loading
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CONCEPT OF MODEL FACTOR AS 
APPLIED TO PILE FOUNDATIONS
The analysis is based on an extensive 
southern African database of pile load tests 
and comparative calculated resistances that 
were previously published. The database is 
extensively described by Dithinde et al (2011) 
by providing the interpreted test results, 
the way in which the corresponding resist-
ances were calculated from recorded soil 
parameters and the statistical treatment of 
the comparisons for the main pile classes. 
Extended analyses and statistical assess-
ment were reported by Dithinde and Retief 
(2013a). An assessment of reliability levels of 
present practice, as based on the database, is 
reported by Retief and Dithinde (2013).

The technical basis for the database of 
pile tests and the comparison to resistance 
prediction are provided by Dithinde et al 
(2011), with additional information and back-
ground presented by Dithinde (2007). The 
cases selected for the database are deemed 
to be representative of pile construction and 
soil conditions for southern Africa. Similarly 
the pile test, interpretation and calcula-
tion of pile resistance were deemed to be 
representative of local practice. Only a brief 
outline of the database is presented here, as 
summarised from the cited references.

Pile load tests were used to determine 
the measured pile resistance, while the 
geotechnical data was used to compute 
the predicted resistance. For trial piles, the 
measured resistances from the respective 
load-settlement curves were interpreted on 
the basis of Davison’s offset criterion (Davison 
1972), while for working piles, Chin’s extrapo-
lation (Chin 1970) was carried out prior to 
the application of Davison’s offset criterion. 
The predicted resistance was based on the 
classic static formula, which is essentially the 
generic theoretical pile design model based 
on the principles of soil mechanics. The soil 
data that was obtained from the survey, and 

used for the predicted resistance, was mainly 
in the form of borehole log descriptions and 
standard penetration (SPT) results. Soil design 
parameters were selected on the basis of com-
mon southern African practice. To capture 
the distinct soil types for the geologic region 
of southern Africa, as well as the local pile 
design and construction experience base, pile 
load tests and associated geotechnical data 
from the southern African geologic environ-
ment are used. The cited references present 
detailed information on pile construction, 
testing procedures and the interpretation of 
the results; and classification of soil types, 
determination of soil parameters and resist-
ance calculation for the respective soil types.

The systematic comparison of calculated 
and measured pile resistance provides a 
rational basis for the derivation of γR,d. In 
reliability terms the value of γR,d can be 
determined consistently with the target 
level of reliability set for pile design. The 
derivation of resistance model uncertainty 
factors in a probabilistic framework explicitly 
accounts for uncertainties, and thereby con-
tributes to international initiatives towards 
more rational, transparent and improved 
design procedures.

In EN 1997-1, and by extension SANS 
10160-5, provision is made for the inaccuracy 
of the pile capacity calculation model by the 
introduction of the concept of the model fac-
tor (M), defined as the ratio of the measured 
over predicted capacity and mathematically 
expressed as:

M = 
Qm
Qp  (1)

where
Qm =  measured pile capacity, and 
Qp = predicted pile capacity.

The model factor M calculated as per 
Equation (1) is a random variable, and in 

principle captures all the sources of uncer-
tainties (i.e. model uncertainty, systematic 
error, inherent spatial variability, statisti-
cal error and errors related to load tests). 
However, previous studies (e.g. Ronold & 
Bjerager 1992; Phoon & Kulhawy 2005; 
Teixeira et al 2011) demonstrate that, for pile 
foundations, calculation model uncertainty 
is the predominant source of uncertainty 
reflected by M. Furthermore, the predomi-
nance of model uncertainty in pile design has 
led to the exception in Design Approach 1 
that, for piles, partial factors be applied to the 
resistance rather than on the materials, as is 
the case for other geotechnical structures.

Model factor statistics from the 
southern African database
Mathematical modelling of any physical 
process generally requires simplifications 
to create a useable model. Inevitably, the 
resulting engineering mechanics models 
are simplifications of complex real-world 
phenomena leading to uncertainty in the 
model prediction. Similarly, models used to 
calculate pile capacity never yield precise 
predictions of the actual capacity as meas-
ured from load tests.

The statistical characteristics of the 
uncertainty of a given calculation model 
can be obtained from the comparison of 
the results of load tests, and the resistance 
calculated from geotechnical parameters at 
locations of the test piles. Systematic differ-
ences can be obtained from the mean of the 
model factor given by Equation (1), or the 
bias, with variability based on higher order 
statistics of such observations. Therefore the 
characterisation of the model factor for a 
given calculation model requires a database 
of pile load tests and associated geotechnical 
data. In this regard, the database compiled 
by Dithinde (2007), and also reported in 
Dithinde et al (2011), and Dithinde and 
Retief (2013a), have been adopted for the 
analysis. The ensuing model factor statistics, 
as reported in Dithinde and Retief (2013a), 
are shown in Table 2.

The complete set of 170 cases was further 
classified in terms of four theoretical prin-
cipal pile design classes based on both soil 
type and installation method. These funda-
mental sets of classes include: (i) driven piles 
in non-cohesive soil (D-NC), (ii) bored pile 
in non-cohesive soil (B-NC), (iii) driven piles 
in cohesive soils (D-C), and (iv) bored pile 
in cohesive soils (B-C). These principal four 
data sets were further combined into various 
practical pile design classes considered in 
design codes such as SANS 10169-5:2011 and 
EN 1997-1:2004 as follows: (a) classification 
based on pile installation method irrespec-
tive of soil type, which leads to two classes 

Table 2 Model factor M statistics

Pile 
class n Mean

mM

Confidence 
–75%

mM; –0.75

Std Dev
sM

Upper CI 
SD 75%
sM; +0.75

COV Skewness Kurtosis

D-NC 28 1.11 1.03 0.36 0.40 0.33 0.35 –1.15

B-NC 30 0.98 0.93 0.23 0.26 0.24 0.14 –0.19

D-C 59 1.17 1.12 0.30 0.32 0.26 –0.01 –0.74

B-C 53 1.15 1.10 0.28 0.30 0.25 0.36 0.49

D 87 1.15 1.11 0.32 0.34 0.28 0.10 –0.95

B 83 1.09 1.05 0.28 0.30 0.25 0.41 0.47

NC 58 1.04 1.00 0.30 0.32 0.29 0.55 –0.37

C 112 1.16 1.13 0.29 0.30 0.25 0.15 –0.29

ALL 170 1.10 1.07 0.31 0.32 0.28 0.24 –0.75



Journal of the South African Institution of Civil Engineering • Volume 56 Number 2 August 201440

of driven (D) and bored (B) piles as per EN 
1997-1:2004; (b) classification based on soil 
type comprising piles in non-cohesive (NC) 
and cohesive (C) soils in accordance with 
the general practice where a higher factor 
of safety is applied to pile capacity in clay as 
compared to sand; and (c) all pile cases as a 
single data set irrespective of pile installation 
method and soil type (ALL), in line with the 
practical consideration presented in SANS 
10160-5:2011 where a single partial factor is 
given for all compressive piles.

DERIVATION OF γR,d VALUES 
FROM M STATISTICS
In accordance with EN 1990 Annex D, the 
realisations of the model factor M represented 
by Equation (1) constitute test results with 
distinct statistical characteristics. The resist-
ance model uncertainty factor γR,d constitutes 
the design value of the available test results, 
which in this paper denotes the design value 
of M. The derivation of a design value of 
a given variable (material property, model 
parameter or resistance) from test results is 
carried out either by: (i) assessing a character-
istic value, which is then divided by a partial 
factor and possibly multiplied if necessary 
by an explicit conversion factor; or (ii) direct 
determination of the design value, implicitly 
or explicitly accounting for the conversion of 
results and the total reliability required. In the 
case of the model factor, assessment via the 
characteristic value is rather complicated, as 
both the conversion factor (to be assessed on 
the basis of type of tests and type of material) 
and the partial factor (selected according 
to the field of application of the test results 
or should be taken from the appropriate 
Eurocode) are not known. Accordingly, in this 
paper the direct assessment approach was 
employed to derive the design value of the 
model factor M on the basis of the statistics 
presented in Table 2.

Direct assessment of γR,d values
With the direct assessment method, the 
design value (xd) of a given variable (X) is 
selected such that the probability of hav-
ing a more unfavourable value is given by 
Equation (2) (EN 1990):

P(X < xd) = Φ(-αRβ) (2)

where β is the target reliability index, αR 
is a FORM sensitivity factor taken as 0.8 
for resistance model variables, and Φ is 
the cumulative distribution function of the 
standardised Normal distribution.

In EN 1990, the design value of M, is gener-
ally incorporated into the design expressions 

through the resistance model uncertainty 
factor γR,d applied as follows:

Rd = R{η 
Xk
γm

; αd}/γR,d (3)

where Rd is the design resistance, Xk is the 
characteristic values of the variable, η is a 
convention factor appropriate to the material 
property, γm is the material property factor, 
ad is the design geometric parameter, and 
γR,d is the design value of the partial factor 
uncertainty in the resistance model which is 
also referred to here as the resistance model 
uncertainty factor.

When applied to design of pile founda-
tions in accordance with SANS 10160-5, 
Equation (3) reduces to:

Rd = 
Rk

γR ∙ γR,d  (4)

where Rk denotes the characteristic resist-
ance as determined from an analytical model 
and γR is the partial resistance factor to 
account for uncertainty in soil properties.

The numerical values of γR are given in 
Table 1 while those for γRd are to be derived 
on the basis of M statistics in accordance with 
Equation (2). It is apparent from Equation (4) 
that the overall pile resistance uncertainty 
is a combination of model and soil strength 
represented by γR,d and γR respectively. The 
European pile design practice as captured by 
EN 1997-1, which is the reference code for 
SANS 10160-5, considers both model and soil 
strength uncertainty to be equally important. 
Accordingly, γR,d values reported in the 
literature (e.g. Orr 2005; Bauduin 2001) are of 
the same magnitude as γR values. Therefore, 
despite the current notion that model uncer-
tainty is the dominant source, current practice 
considers the contributions of γRd and γR to 
the overall uncertainty to be equal. Since the 
contributions of the two sources of uncer-
tainty are considered equal, both γR,d and γR 
are considered as non-dominant parameters. 
In accordance with EN 1990 for non-dominant 
variables, the design value of a design param-
eter (xd) is selected such that the probability of 
having a more unfavourable value is given by:

P(X < xd) = Φ(–αγRdαγRβ) (5)

where αγRd and αγR are the contributions 
of model and soil strength uncertainties 
respectively.

Let the model and the soil strength uncer-
tainties be represented by their respective 
coefficients of variation V1 and V2. From 

the premise of equal contributions, V1 = V2. 
Then total uncertainty is given by:

VT = √V1
2 + V2

2 = V√2 (6)

Then:

αγR,d = 
V1

VT
 = 

V
V√2

 −~ 0.7 (7)

Therefore P(X < xd) = Φ(–0.7 × 0.8β) = 
ф(–0.56β). For the target β of 3.0, cor-
responding to the reference reliability class 
RC2 for which reliability procedures are 
specified in SANS 10160, this corresponds 
to P(X < xd) = ф(–1.68) = 0.05. This gives a 
probability of observing a lower value than 
xd of 5% (i.e. a 5% fractile). Therefore xd is 
essentially a design fractile at 95% confidence 
level. Although a 5% fractile is generally 
interpreted as a characteristic value, here it 
should be strictly interpreted as design frac-
tile corresponding to a target β of 3.0.

In the context of model factor, Bauduin 
(2001, 2002, 2003) interprets the 5% fractile, 
that if pile load tests were performed, there 
is only a 5% probability that the measured 
capacity will be lower than the predicted. 
This also means that there is a 95% chance 
that measured capacities would be greater 
than the predicted capacities, which gives a 
safe design situation.

Expression for design fractile 
at P% confidence level
Mathematical representation of fractiles at a 
given confidence level can be found in vari-
ous sources (e.g. EN 1990 Annex D; Bauduin 
2003; Holický 2009). For a 95% confidence 
level for a variable following a normal distri-
bution, the fractile is given by:

Xd = X–
æçè1 – t 0.95

n–1 V æçè
1
n + 1 æçè

æçè (8)

where Xd = the design fractile which in the 
context of model uncertainty data is equiva-
lent to γR,d , X– = mean of the model factor for 
a given pile class, V = coefficient of variation 
of the model factor for a given pile class, n = 
number of pile cases considered, and t 0.95

n–1  = 
student t factor for 5% fractile and n–1 degree 
of freedom.

If the model factor follows a lognormal dis-
tribution, Equation (8) becomes:

Xd = X–.exp[–t 0.95
n–1 V √ln(1 + V 2)] (9)

where the symbols are as previously defined.

Equations [8] and [9] represent design values 
in accordance with a multiplicative factor 
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with a value of less than one; the same con-
vention of a resistance factor φ < 1 is applied 
by North American, Asian and Australian 
codes. In accordance with the convention 
of dividing by a factor γ > 1 (as implied by 
Equation (3)) Xd is inverted according to 
Equation (10):

γR,d = 
1

Xd
 (10)

RESULTS AND DISCUSION
The obtained resistance model uncertainty 
factors γR,d for normal and lognormal dis-
tributions of M are presented in Table 3 and 
Table 4 respectively. These values are con-
sidered to be best estimates, since they are 
based on the direct application of the model 
factor parameters without any adjustment 
for the degree of confidence in parameter 
estimation.

General observations
Analysis of the results indicates the 
following:

 ■ Values of the resistance model uncer-
tainty factor are influenced by the type of 
distribution assumed. In this respect, for 

a given pile class, values for normal distri-
bution are higher than that for lognormal 
distribution. Therefore, the normal 
distribution seems to be relatively more 
conservative. However, in an analysis to 
determine which of the two distributions 
best fit the model factor data, Dithinde 
and Retief (2013a) concluded that the 
lognormal distribution is the most suit-
able, especially at the lower tail. From this 
premise, values based on the lognormal 
distribution (Table 4) are considered to be 
more realistic and have been adopted for 
the subsequent analyses.

 ■ In addition to the distribution, the 
numerical values of the resistance model 
uncertainty factors are also dependent on 
the model factor M statistics (i.e. mean 
and COV). In general high COV yields 
high γR,d values, as is the case for D-NC 
pile class. Also, the lower the mean, 
the higher the γR,d value, as is the case 
for B-NC. Such trends have also been 
reported by Bauduin (2003).

 ■ Variation of γR,d values with pile class is 
within a narrow range (1.3 – 1.6). Piles 
in cohesive materials (D-C, B-C and C) 
depict the lowest γR,d value of 1.3, as com-
pared to piles in non-cohesive materials 

with γR,d values ranging from 1.5 to 1.6. 
The differences in γR,d values between 
piles in cohesive and non-cohesive mate-
rials is more evident when comparing 
values for all piles in cohesive materials 
(C) versus all piles in non-cohesive (NC). 
It can be seen from Table 4 that γR,d 
= 1.3 for C and 1.5 for NC. The higher 
γR,d value in non-cohesive soil indicates 
that pile design in non-cohesive soil is 
more uncertain. This is attributed to the 
coupled effects of limited understanding 
of the soil failure mechanism around 
the pile shaft and base, and the resulting 
unrealistic pile design parameters (bear-
ing capacity factors (Nq), coefficient of 
horizontal stress (ks) and soil–pile inter-
face friction (δ)).

 ■ A comparison of all bored (B) versus 
all driven (D) piles, irrespective of soil 
type, indicates no difference in terms of 
γR,d values. This suggests that the pile 
installation method has little influence on 
γR,d values. This further implies that pile 
design should be classified on the basis of 
soil type only, with model partial factors 
being differentiated on the basis of soil 
properties. In accordance with Table 4 
γR,d values of 1.3 and 1.5 can be adopted 
for piles in cohesive and non-cohesive 
soils respectively.

 ■ The γR,d value for the all piles dataset 
is 1.4, which is not significantly differ-
ent from that of the subgroups of the 
database.

Pile classes based on γR,d values
The critical question is whether to adopt a 
single γR,d for the combined dataset or dif-
ferent values as per the various subgroups. 
Bauduin (2001) argues that, although organi-
sation into subgroups leads to refined values 
of the model partial factor, the number of 
tests in the subgroups decreases, thereby 
increasing statistical uncertainty on the 
characteristics of the distribution. On the 
basis of this argument it appears that taking 
one single value of the γR,d for all piles in 
all soils is the way to go. However, this will 
lead to an inconsistent situation where piles 
in cohesive materials will benefit favourably 
while those in non-cohesive will systemati-
cally be on the unsafe side. As mitigation to 
this problem, two possibilities are suggested: 
(i) Use a single γR,d for all piles with different 
γR values based on soil type. This implies 
a single γR,d value of 1.4 (i.e. γR,d for the 
ALL case), with different γR values for piles 
in cohesive and non-cohesive soil. (ii) Use 
different γR,d values with a single γR factor. 
In this regard the computations carried out 
here (Table 4) support a γR,d value of 1.3 
for piles in cohesive soil and 1.5 for piles 

Table 3 Best estimate γR,d values for normal distribution

Pile class n n – 1 X– COV t0.95
n–1 Xd γR,d

D-NC 28 27 1.11 0.33 1.703 0.4751 2.1

B-NC 30 29 0.98 0.24 1.699 0.5737 1.7

D-C 59 58 1.17 0.26 1.672 0.6570 1.5

B-C 53 52 1.15 0.25 1.675 0.6639 1.5

D 87 86 1.15 0.28 1.663 0.6114 1.6

B 83 82 1.09 0.25 1.664 0.6338 1.6

NC 58 57 1.04 0.29 1.672 0.5313 1.9

C 112 111 1.16 0.25 1.659 0.6767 1.5

ALL 170 169 1.10 0.28 1.654 0.5890 1.7

Table 4 Best estimate γR,d values for lognormal distribution

Pile class n n – 1 X– COV t0.95
n–1 Xd γR,d

D-NC 28 27 1.11 0.33 1.703 0.6419 1.6

B-NC 30 29 0.98 0.24 1.699 0.6555 1.5

D-C 59 58 1.17 0.26 1.672 0.7629 1.3

B-C 53 52 1.15 0.25 1.675 0.7613 1.3

D 87 86 1.15 0.28 1.663 0.7282 1.4

B 83 82 1.09 0.25 1.664 0.7235 1.4

NC 58 57 1.04 0.29 1.672 0.6466 1.5

C 112 111 1.16 0.25 1.659 0.7710 1.3

ALL 170 169 1.10 0.28 1.654 0.6983 1.4
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in non-cohesive soils. However, for piles in 
non-cohesive soils a single γR,d value of 1.5 
seems to be not sufficient for driven piles. It 
appears that the poor understanding of soil–
pile interaction in non-cohesive soil is more 
prevalent for driven piles, and therefore the 
case D-NC warrants further investigations.

Bauduin (2000) suggests that the first 
option is the European proposal where, for 
instance, in the BS EN 1997-1 Annex, a sin-
gle γR,d factor of 1.4 for all piles, irrespective 
of soil type, is given for use with different γR 
factors for bored and driven piles.

Sensitivity of γR,d to parameter 
estimation uncertainty
To provide for uncertainties in parameter 
estimation γR,d values are calculated for 
model factor statistics (i.e. mean and stand-
ard deviation at 75% confidence level). As 
explained in Dithinde and Retief (2013a), a 
75% confidence level is recommended in EN 
1990 for parameter estimation to serve as 
input in reliability models. In this regard the 
lower confidence limit of the mean (mM:-75) 
and the upper confidence limit of the stand-
ard deviation (sM:+75) are used to represent 
the worst-case scenario of the model factor 
statistical parameter estimates. The results 
of the analysis are presented in Table 5. A 
comparison of γR,d values in Table 5 with 
those in Table 4 indicate an increase of 0.2 
for D-NC, B-NC and NC, and 0.1 for ALL, 
D-C, B-C and C. It appears that γR,d values 
are not radically sensitive to parameter 
estimation uncertainties, and therefore the 
values presented in Table 4 can be used with 
confidence. However, it is the most severe 
case (D-NC) that is most sensitive to para-
meter estimation, to a limited degree also for 
B-NC and the combined NC. This provides 
some additional concern on how to provide 
for the special case of D-NC.

Comparison with γR,d values 
from other databases
The results discussed seem to indicate that 
γR,d values for piles in non-cohesive materials 
are relatively higher than that for piles in 
cohesive materials. The relatively higher γR,d 
values in non-cohesive materials is attributed 
to the higher variability of the model factor 
statistics in this material, which in turn is an 
indication of lack of precision or reliability 
of the static formula in non-cohesive soil. 
This trend seems to be supported by results 
of previous studies. For example Orr (2005) 
recommended a model factor of 1.5 for piles 
in sand, while Bauduin (2001) derived a value 
of 1.2 for piles in over-consolidated clay.

To get further insight into the general 
characteristics of γR,d values based on other 
databases, model factor statistics from the 

NCHRP Report 507 (Paikowsky et al 2004) 
are used to compute γR,d values. The NCHRP 
Report 507 contains, among other things, 
databases used for the statistical evaluation 
of model factors and associated resistance 
factors for a study to develop resistance 
factors for driven pile and drilled shaft 
foundations. The databases, which present 
the pile capacity calculation methods, pile 
construction methods, soil data and the 
model factor statistics are shown in Table A1 
and Table A2 of the Appendix. These tables 
also present the results of the γR,d values 
calculated from the published parameters, 
calculated similarly to the values presented 
in Table 4 for the local M database. In princi-
ple, NCHRP Report 507 databases cannot be 
directly compared with the southern African 
database on the grounds of different calcula-
tion models, pile test procedure, methods 
for determining ultimate measured capacity 
from pile tests results, soil conditions and 
general pile design experience base. However, 
there are some comparable relevant general 
trends that provide more insight into the 
characteristics of γR,d values as follows:

 ■ As expected, the γR,d values vary sig-
nificantly with the calculation methods, 
suggesting that a model partial factor 
developed for a particular pile design 
method cannot be just applied to another 
method.

 ■ In agreement with the southern African 
database, the design methods in general 
provide more accurate and precise pre-
dictions in bored piles than in driven 
piles, as indicated by the mean model 
factor being closer to one and relatively 
lower COV. Therefore the relatively high 
γR,d value for the D-NC case is cor-
roborated, thereby eliminating statistical 
uncertainty due to small sample size and 
quality of the data as the cause of the 
deviation from results of other cases. This 
strengthens the point made earlier that 

the root cause is that current calculation 
models do not realistically capture the 
behaviour of driven piles in non-cohesive 
soils.

 ■ For a given pile class (bored or driven 
piles), there seem to be in general slightly 
higher γR,d values in clay compared to 
sand, indicating that pile design in clay is 
more uncertain. This is the direct oppo-
site of what was observed with the south-
ern African database. The difference is 
attributed to the fact that in the southern 
African database, cohesive materials 
do not entirely refer to clay soils, but 
predominately refer to residual soils. Full-
scale load tests on instrumented piles in 
residual soils (e.g. Chang & Broms 1991) 
behave in the same way as in stiff clays 
and weak rocks.

CONCLUSIONS
The paper presents a systematic derivation 
of resistance model uncertainty factors 
γR,d for pile foundations on the basis of test 
data in accordance with the probabilistic 
approach recommended in EN 1990 for 
reliability-based design. Probabilistic con-
siderations in treatment of data, as well as 
reliability-based design procedures, are at the 
forefront of international efforts to ensure 
safety and economy of engineering designs. 
Accordingly, this paper contributes to the 
development of a reliability approach to 
geotechnical design.

The main observations based on the 
analysis are as follows:

 ■ A single value for the resistance model 
uncertainty factor of γR,d = 1.4 (pile class 
ALL, Table 4) is close to the present value 
of 1.5 stipulated by SANS 10160-5:2011. 
This is not surprising, since the stipulated 
value is based on a preliminary analysis 
of information from Dithinde (2007) as 
reported by Day and Retief (2009). The 

Table 5  γR,d values for the lower confidence limit of the mean and upper confidence limit of the 
standard deviation at 75% confidence level

Pile class n n – 1 Confidence 
75%

Upper CI 
SD 75% COV t0.95

n–1 Xd γR,d

D-NC 28 27 1.03 0.40 0.39 1.703 0.5440 1.8

B-NC 30 29 0.93 0.26 0.28 1.699 0.5835 1.7

D-C 59 58 1.12 0.32 0.29 1.672 0.7011 1.4

B-C 53 52 1.10 0.30 0.27 1.675 0.7023 1.4

D 87 86 1.11 0.34 0.31 1.663 0.6745 1.5

B 83 82 1.05 0.30 0.29 1.664 0.6587 1.5

NC 58 57 1.00 0.32 0.32 1.672 0.5933 1.7

C 112 111 1.13 0.30 0.27 1.659 0.7328 1.4

ALL 170 169 1.07 0.32 0.30 1.654 0.6593 1.5



Journal of the South African Institution of Civil Engineering • Volume 56 Number 2 August 2014 43

upper confidence value of 1.5 (Table 5) 
indicates that γR,d = 1.4 is a proper best 
estimate value.

 ■ Differentiation in terms of pile construc-
tion is not warranted, since exactly the 
same results are obtained for driven (D) 
and bored (B) pile classes – for both the 
best estimate (1.4) and confidence level 
(1.5) values, as compared to the undif-
ferentiated set.

 ■ Differentiation in terms of soil type indi-
cates a distinct improvement, resulting in 
values of 1.3 for cohesive soils (C) and 1.5 
for non-cohesive soils (N-C). The confi-
dence level value of 1.4 for cohesive soils 
also confirms that the value of 1.3 repre-
sents a reasonable best estimate value.

 ■ However, for non-cohesive soil an 
increased sensitivity to parameter estima-
tion is indicated by the increase from the 
best estimate value of 1.5 to a confidence 
level estimate of 1.7. The same observa-
tions apply to the other two pile classes 
of driven and bored piles in non-cohesive 
soil (D-NC and B-NC).

 ■ The most inconsistent case is therefore 
for driven piles in non-cohesive soils 
(D-NC), with a value of 1.6 and a confi-
dence level value of 1.8. Acceptance of 
this deviation in reliability and confi-
dence, when a value of 1.5 is applied, can 
only be based on acceptance of existing 
practice (Retief & Dithinde 2013), and 
general calibration indicating that the 
target level of reliability is generally just 
achieved in this case (Dithinde & Retief 
2013b).

To summarise it is concluded that:
 ■ The present value of γR,d = 1.5 for the 

partial factor for uncertainty in the pile 
resistance model stipulated in SANS 
10160-5:2011 will achieve the target level 
of reliability under all conditions consid-
ered here, and for pile design in accord-
ance with static pile resistance models 
for cohesive and non-cohesive soils, albeit 
with a degree of inconsistency in the reli-
ability achieved.

 ■ A reduced value of γR,d = 1.4 can be 
justified, as based on an undifferentiated 
dataset, however, with concern about 
consistency and confidence in reliability 
for the special case of driven piles in non-
cohesive soils.

 ■ A differentiated scheme of values of 1.3 
and 1.5 for cohesive and non-cohesive 
soils respectively complies with exceed-
ing the target level of reliability with 
improved consistency.

 ■ The anomalous behaviour of the case 
of driven piles in non-cohesive materi-
als, and more generally resistance 
predictions in such soils, warrant further 
investigation.

 ■ The results from this relatively large data-
set of pile tests and prediction methods 
are relatively coherent when compared 
to a representative range of pile and soil 
types and calculation methods from the 
NCHRP dataset and γR,d values calcu-
lated from this database.
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APPENDIX

Table A1 Model factor statistics for driven piles (after NCHRP Report 507) and associated γR,d values

Calculation method n Pile type Soil type X– COV t0.95
n–1 Xd γR,d

β-method 4

H-pile Clay

0.61 0.61 2.353 0.1623 6.2

λ-method 16 0.74 0.39 1.753 0.3826 2.6

α-Tomlinson 17 0.82 0.40 1.746 0.4184 2.4

α-API 16 0.90 0.41 1.753 0.4509 2.2

SPT-97 mob 8 1.04 0.39 1.895 0.5097 2.0

λ-method 18

Concrete piles Clay

0.76 0.39 1.740 0.3948 2.5

α-API 17 0.81 0.36 1.746 0.4403 2.3

β-method 8 0.81 0.31 1.895 0.4562 2.2

α-Tomlinson 18 0.87 0.48 1.740 0.3939 2.5

α-Tomlinson 18

Pipe piles Clay

0.64 0.50 1.740 0.2813 3.6

α-API 19 0.79 0.54 1.743 0.3271 3.1

β-method 12 0.45 0.60 1.796 0.1662 6.0

λ-method 19 0.67 0.55 1.743 0.2734 3.7

SPT-97 mob 12 0.39 0.62 1.796 0.1400 7.1

Nordlund 19

H-pile Sand

0.94 0.40 1.743 0.4802 2.1

Meyerhof 18 0.81 0.38 1.740 0.4275 2.3

β-method 19 0.78 0.51 1.743 0.3373 3.0

SPT-97 mob 18 1.35 0.43 1.740 0.6592 1.5

Nordlund 36

Concrete piles Sand

1.02 0.48 1.690 0.4724 2.1

β-method 35 1.10 0.44 1.691 0.5400 1.9

Meyerhof 36 0.61 0.61 1.690 0.2357 4.2

SPT-97 mob 36 1.21 0.47 1.690 0.5687 1.8

Nordlund 19

Pipe piles Sand

1.48 0.52 1.743 0.6308 1.6

β-method 20 1.18 0.62 1.729 0.4401 2.3

Meyerhof 20 0.94 0.59 1.729 0.3653 2.7

SPT-97 mob 19 1.58 0.52 1.743 0.6734 1.5
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Table A2 Model factor statistics for bored piles (after NCHRP Report 507) and associated γR,d values

Calculation 
method

Constr 
Method n Soil type X– COV t0.95

n–1 Xd γR,d

FHWA

Mixed 32

Sand

1.71 0.60 1.696 0.6676 1.5

Casing 12 2.27 0.46 1.796 1.0334 1.0

Slury 9 1.62 0.74 1.860 0.4739 2.1

R&W

Mixed 32

Sand

1.22 0.67 1.696 0.4343 2.3

Casing 12 1.45 0.50 1.796 0.6207 1.6

Slury 9 1.32 0.62 1.860 0.4569 2.2

FHWA

Mixed 53

Clay

0.90 0.47 1.675 0.4258 2.3

Casing 14 0.84 0.50 1.771 0.3638 2.7

Dry 30 0.88 0.48 1.699 0.4059 2.5

FHWA

Mixed 44

Clay + Sand

1.19 0.30 1.681 0.7264 1.4

Casing 21 1.04 0.29 1.725 0.6370 1.6

Dry 12 1.32 0.28 1.796 0.8059 1.2

Slury 10 1.29 0.27 1.833 0.7932 1.3

R&W

Mixed 44

Clay + Sand

1.09 0.35 1.681 0.6155 1.6

Casing 21 1.01 0.42 1.725 0.5039 2.0

Slury 12 1.20 0.32 1.796 0.6849 1.5

Slury 10 1.16 0.25 1.833 0.7386 1.4

C&K
Mixed 46

Rock
1.23 0.40 1.679 0.6441 1.6

Dry 29 1.29 0.34 1.701 0.7349 1.4

IGM
Mixed 46

Rock
1.30 0.34 1.679 0.7460 1.3

Dry 29 1.35 0.31 1.701 0.8064 1.2


