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Abstract: Load and resistance factor design~LRFD! is the standard structural design practice. In order for foundation design t
consistent with current structural design practice, the use of the same loads, load factors, and load combinations would be requir
paper, we review the load factors presented in various LRFD codes from the United States, Canada, and Europe. A simple fi
second-moment~FOSM! reliability analysis is presented to determine appropriate ranges for the values of the load factors. These
are compared with those proposed in the codes. The comparisons between the analysis and the codes show that the values of
given in the codes generally fall within ranges consistent with the results of the FOSM analysis. However, it would be desirable
successful development and adoption of the geotechnical component of LRFD codes to have uniformity of load-factor value
different codes for the loads that are common for virtually all civil structures.
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Introduction

Over the past four decades, a load and resistance factor de
~LRFD! method was brought into practice in the United Sta
with the adoption of the American Concrete Institute Buildin
Design Code~ACI! in 1963 ~Goble 1999!. In structural design
practice, LRFD is currently accepted worldwide along with a tr
ditional design method, allowable stress design~ASD!, or as it is
also known, working stress design. With the trend toward
increased use of LRFD, new LRFD codes in the United Sta
Canada, and Europe~MOT 1992; API 1993; AASHTO 1994;
ECS 1994; NRC 1995! have included the implementation o
LRFD for geotechnical design over the past several years. Ad
tionally, an ACI document in preparation also advocates LR
design of shallow foundations. The AASHTO~1994, 1998! code
proposes the use of the same loads, load factors, and load
binations for foundation design as those used in structural des
The resistance factors in the AASHTO code were calibrated
the same load factors used in the design of structural memb
Since the load and resistance factors for structural design h
been calibrated and adjusted through their use in practice o
many years, it would be appropriate to use the same loads,
factors, and load combinations in foundation design to be con
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tent with current structural practice. Through the use of the sam
load factors, not only can a consistent design between superst
tures and substructures be attained, but also the design pro
itself may be significantly simplified~Withiam et al. 1997!.

The successful unification of the structural and geotechnic
design processes may be achieved through the use of approp
resistance factors in foundation LRFD, such that for the given s
of load factors and load combinations, LRFD produces a desi
consistent with current practice, or even a more economic des
for a desired reliability level. Compared with structural design
however, LRFD in foundation design is still new. To facilitate it
general use in practice, continuous calibration efforts to determ
the appropriate resistance factors, as was done for structural
sign codes, are desirable. While attempting to develop the res
tance factors, a general understanding of the load factors p
posed in current LRFD codes may provide a means to eas
compare and evaluate resistance factors proposed recently o
the future. In this paper, load factors presented in various LRF
codes from the United States, Canada, and Europe are review
and the similarities and differences between the values of lo
factors are assessed. A simple reliability analysis is conducted
determine an appropriate range for the values of load factors. T
results of this analysis are then compared with the values p
sented in the reviewed codes. We conclude with recommen
tions on how to best develop LRFD for acceptance in geotech
cal practice.

Load and Resistance Factor Design and
Limit States

The basic design inequality for LRFD can be given as

( ~LF! i•Sni<RF•Rn (1)

where LF,Sn , RF, andRn5 load factor, nominal load, resistance
factor, and nominal resistance, respectively. The resistance is
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35
Table 1. Load Factors

Loads

United States Canada Europe

AASHTO ~1998! ACI ~1999! AISC ~1994! API ~1993! MOT ~1992! NRC ~1995! DGI ~1985! ECS ~1995!

Dead 1.25–1.95 1.4 1.2–1.4 1.1–1.3 1.1–1.5 1.25 1.0 1.0–1.
~0.65–0.9! ~0.9! ~0.9! ~0.9! ~0.65–0.95! ~0.85! ~0.85! ~0.95!

Live 1.35–1.75 1.7 1.6 1.1–1.5 1.15–1.4 1.5 1.3 1.3–1.5
~0.8!

Wind 1.4 1.3 1.3 1.2–1.35 1.3 1.5 1.3 1.3–1.5
Seismic 1.0 1.4 1.0 0.9 1.3 1.0 1.0 1.0

Note: Values in parentheses apply when the load effects tend to resist failure for a given load combination.
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such that the factored load effects do not exceed the facto
resistance for predefined possible limit states. Here, the te
‘‘limit state’’ refers to any set of conditions that may produc
unsatisfactory performance of the structural or geotechnical s
tem. The limit states would be associated with the various loa
and load combinations considered in the design. In general, li
states are grouped into two categories, ultimate limit states~ULS!
and serviceability limit states~SLS!. Ultimate limit states are as-
sociated with the concepts of danger~or lack of safety!, usually
involving structural damage that may lead to instability or co
lapse of the structure. An ULS may involve, for example, th
rupture of critical parts of the structure, progressive collapse o
structural member, or instability due to deformations of the stru
ture ~MacGregor 1997!. For foundations, the classical notion of
bearing capacity failure is clearly an ULS.

Serviceability limit states are defined as conditions that m
undermine the function or service requirements~performance! of
the structure under expected service or working loads~Becker
1996!. Examples of serviceability limit states include cracking
architectural finishings or walls, excessive deformation~differen-
tial movement! of the superstructure, rupture of utility lines, o
pavement cracking or undulation~which would lead to a ‘‘rough
ride’’ on a bridge!.

Load Factors Proposed by Load and Resistance
Factor Design Codes in United States, Canada, and
Europe

To review the load factors proposed by various LRFD codes
total of eight bridge, building, and on-shore and offshore found
tion LRFD codes from the United States, Canada, and Euro
were collected. These were the following: ‘‘AASHTO LRFD
bridge design specifications’’~AASHTO 1998!; ‘‘Building code
requirements for structural concrete’’~ACI 1999!; ‘‘LRFD speci-
fication for structural steel buildings’’~AISC 1994!; ‘‘Recom-
mended practice for planning, designing, and constructing fix
offshore platforms-LRFD’’~API 1993!; ‘‘Ontario highway bridge
design code’’~MOT 1992!; ‘‘National building code of Canada’’
~NRC 1995!; ‘‘Code of practice for foundation engineering’
~DGI 1985!; and ‘‘Eurocode 1’’~ECS 1994!. The load factors in
the above codes have been determined through calibration
cesses either before or after the codes adopted LRFD for im
mentation in design practice. Code calibration may be done
several ways: using judgment and experience, fitting with tra
tional design codes~i.e., ASD!, using reliability analysis based on
rational probability theory, or using a combination of these a
proaches~Barker et al. 1991!. The load and resistance factors i
the LRFD codes of the United States and Canada have been
marily calibrated using probability theory, which has provided
theoretical basis for LRFD since the late 1960s in the Unit
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States. In Denmark and other European countries, the load
resistance factors in the codes have been mainly derived fr
fitting with previous codes and adjusted through their use in pr
tice. In Denmark, limit states design~LSD! has been used for
geotechnical applications since the 1960s.

There are many differences in the types of limit states cons
ered for design and in the load types and load combinations
fined for each limit state when comparing the bridge and offsho
codes to the building codes. Usually, a greater number of lim
states and load types apply to the design of special structures
as bridges and offshore foundations. However, certain types
loads appear in most design situations for all types of structu
These are dead loads, live loads, wind loads, and earthqu
loads. In this study, load factors for these four major load typ
are considered. Some load types that are not considered inc
collision loads, snow and ice loads, and earth pressure loads

Load Factors for Ultimate Limit States

Table 1 shows the ranges of values of load factors for ultim
limit states~ULS! in the codes discussed earlier. In general, f
the bridge codes~MOT 1992; AASHTO 1998! and offshore foun-
dation code~API 1993!, the range of load factor values is rathe
wide compared with that for building or onshore foundatio
codes. For example, the range of values of load factors for d
loads in AASHTO and MOT extends from 1.25 to 1.95 and 1.1
1.5, respectively, whereas the range for the building codes, exc
ECS ~1995!, is 1.2 to 1.4. The values of live load factors in th
bridge and offshore foundation codes lie between 1.1 and 1
The values of live load factors for the building codes, except A
~1999!, are in the range of 1.3 to 1.6.

Many different dead load types are considered in AASHT
~1998! and MOT ~1992!. These include the weight of the struc
tural members, the weight of wearing surfaces such as asph
and earth pressure loads. A different value of the load facto
applied to each of these load types. For example, in AASHT
~1998!, while the value of the load factor for structural compo
nents is 1.25, the load factor values for the weight of weari
surfaces and the vertical earth pressure applied to flexible bu
structures are 1.5 and 1.95, respectively. The relatively high v
ues of the load factors for the wearing surface weight and
earth pressure applied to buried structures reflect high variab
in estimating the magnitude of the corresponding loads. On
other hand, the dead loads in the building codes such as A
~1999! and NRC~1995! consist mostly of the weight of structura
components, partitions, and all other materials incorporated i
the building to be supported permanently by the structural co
ponents. The same load factor is used for all of these loads as
are all treated simply as dead loads. The rather wide ranges
the dead load factors in the bridge codes, therefore, are assoc
EERING © ASCE / APRIL 2003
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with the various types of dead loads accounted for in the desig
of bridges.

For the live loads in Table 1, the values for the load factor
that are less than 1.0 apply when the load is used together w
other transient loads~i.e., live, wind, or earthquake loads! in a
load combination. This is based on the assumption that the simu
taneous occurrence of the maximum value of each load is n
likely, and some loads may counteract other loads when the
occur together. To account for this, most codes, except the brid
codes~AASHTO and MOT!, apply a load combination factor less
than 1.0 when more than two different transient loads are used
a load combination. As an example, NRC~1995! proposes a value
of 0.7 for the load combination factor when both a live and a
wind load are present. In that case, therefore, 70% of each fa
tored load effect for both the live and the wind loads are consid
ered in design. That is

S5~LF!DSD10.7@~LF!LSL1~LF!WSW# (2)

The load combination factor usually varies with the number o
transient loads that are present. That is, in the case where only o
transient load applies, the value of the load combination factor
unity.

In the bridge codes~AASHTO and MOT!, different values of
the load factors are defined in different load combinations, instea
of multiplying the proposed load factors for each load by the loa
combination factor. As an example, AASHTO defines one loa
combination when live load is present, but wind load is not

S51.25SD11.75SL (3)

but defines another load combination when both live load an
wind load are present

S51.25SD11.35SL10.4SW (4)

To make comparisons between the values easier, the values
load factors for a representative load combination will be used
The load combination will be a gravity load combination~i.e.,
dead load plus live load!. Table 2 shows a comparison of the
gravity load combinations for the different codes. From Table 2,
can be seen that the variations among the codes for the values
load factors for dead and live loads fall into a relatively narrow

Table 2. Load Factors and Gravity Load Combinations

Code Representative gravity load combination

AASHTO ~1998! 1.25D11.75L

ACI ~1999! 1.4D11.7L

AISC ~1994! 1.2D11.6L

API ~1993! 1.3D11.5L

MOT ~1992! 1.2D11.4L

NRC ~1995! 1.25D11.5L

DGI ~1985! 1.0D11.3L

ECS ~1995! 1.35D11.5L
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range, 1.0 to 1.4 and 1.3 to 1.75, respectively. Excluding
values in the Danish foundation code~DGI 1985! from the com-
parison, the range of values for dead loads becomes even
rower ~i.e., 1.2 to 1.4!.

For wind and earthquake loads, the values of load factors
the different codes show comparatively better agreement than
gravity loads. The values of wind load factors vary from 1.2
1.5. For earthquake loads, the values of the load factors are 1.
most codes. Earthquake loads are site-dependent loads, w
means that there may exist regional variations for design loa
Therefore, most codes state that nominal earthquake loads sh
be determined relatively conservatively and a value of 1.0 sho
be used for the earthquake load factor. This is done in orde
avoid a load factor value that varies from site to site.

In summary, the comparisons show that the values of lo
factors for ULS are generally consistent for all the codes
viewed. A major difference appears in dead load factors betw
the building codes and bridge codes. Compared with the build
codes, the bridge codes subdivide dead loads into more spe
load types~e.g., vertical earth pressure applied to flexible buri
structures!, for which different values of load factor are used
resulting in wide ranges of load factor values. However, wh
considering a gravity load combination, the values fall with
rather narrow ranges for all the codes.

Load Factors for Serviceability Limit States

Though ULSs are the focus of the current research, serviceab
limit states~SLS! must be considered as well. Table 3 shows t
values of load factors for serviceability limit states in the cod
reviewed. SLSs are treated differently from ULSs. Load facto
are applied in both cases, but resistance factors are not used
SLS checks. Instead, the settlements resulting from the facto
loads must not exceed the allowable settlements. Load factor
unity are typically prescribed for SLS checks. The bridge cod
such as AASHTO~1998! and MOT~1991!, use load factor values
less than 1.0 for wind and live loads. In MOT, values of 0.7 a
0.75 apply to wind and live loads, respectively, while AASHT
uses a value of 0.3 for wind load factor.

The use of values less than 1.0 is derived from the reason
that the time-dependent loads such as live and wind loads are
likely to remain at their maximum value for significant periods o
time and therefore, factored loads for SLS checks will be le
than the design loads. Furthermore, live loads considered
bridge designs are traffic loads that may be highly dependent
time compared with live loads in buildings that are mostly occ
pancy loads. Using a live load factor of 0.75, the MOT cod
accounts for the time-dependent characteristic of the traffic loa
However, the use of a load factor value of 1.0 may be mo
appropriate for SLS checks for foundations on granular soils,
the settlement of granular soils is immediate. This is not a pro
lem for most codes, as load factors of 1.0 are used for SLS che
Table 3. Load Factors for Serviceability Limit States

Loads

United States Canada Europe

AASHTO ~1998! ACI ~1999! AISC ~1994! MOT ~1991! NRC ~1995! DGI ~1985! ECS ~1995!

Dead 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Live 1.0 1.0 1.0 0.75 1.0 N/Aa 1.0
Wind 0.3 1.0 1.0 0.7 1.0 N/Aa 1.0
aValues for transient loads are given in the structural code.
D GEOENVIRONMENTAL ENGINEERING © ASCE / APRIL 2003 / 289
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in all of the codes, except the two bridge codes. Earthquake lo
are not considered for SLS in the codes.

Simple Reliability Analysis

A simple reliability analysis was conducted to determine the
propriate ranges of the load factor values in ULS for the fo
different types of loads considered in this study. The method e
ployed was the first-order second-moment~FOSM! method, as-
suming lognormal distributions for the design variables~i.e., load
and resistance!. This method was developed largely by Corne
~1969! and Lind ~1971!.

Loads may not be distributed lognormally; in fact, the exa
distribution characteristics of loads are never known. The dis
bution used to model the loads should be the least biased d
bution, using the given information. This given information
typically the mean and the variance~or coefficient of variation! of
the loads. In order to determine which distribution is in fact t
least biased, the principle of maximum entropy may be employ
This principle states that the least biased distribution is the dis
bution that maximizes entropy subject to the constraints impo
by the given information~Jaynes 1957!. EntropyH for a discrete
random variable is given by~Harr 1987!

H52( pi ln pi (5)

wherepi5probability of eventi. For a continuous random vari
able, entropy is given by~Harr 1987!

H52E
a

b

f ~x!ln f ~x!dx (6)

wherea andb5 lower and upper limits, respectively, of the var
able. The negative sign in each of these equations makes ent
positive. If the only data available about a variable are the val
of the upper and lower limit, the principle of maximum entrop
states that the uniform distribution~the distribution such that all
values within the range of possible values are equally likely! is
the least biased distribution~Harr 1987!.

In geotechnical engineering, information about the mean a
variance of a load or resistance is typically available, even tho
the exact distribution may not be known. The lower and upp
limits of the load or resistance may be unknown. In this case,
principle of maximum entropy states that the normal distributi
is the least biased distribution. However, the magnitudes of l
and resistance found in geotechnical problems cannot take n
tive values. This firmly establishes a lower limit for both load
and resistances. The upper limit of the load or resistance is t
cally unknown. This is especially true for transient loads~i.e., live
loads, wind loads, and earthquake loads!, which can assume val-
ues that are extremely large, though quite improbable. These t
sient loads are typically modeled by load specification comm
tees using more precise distributions, namely, the Type I or T
II extreme-value distributions~Ellingwood et al. 1980!, but these
distributions require more knowledge of the variable than sim
the mean, variance, and minimum value. Therefore, these di
butions do not represent the least biased distribution for the lo
for the information generally available. Accordingly, the logno
mal distribution better models transient loads, as it is fully ch
acterized by its first two moments, allowing easier implemen
tion in FOSM analysis. This leads to a distribution that is not on
relatively simple to implement, but also gives reasonable res
~MacGregor 1976!. Moreover, the lognormal distribution bette
290 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
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represents the product of several positive random variables, e
if these variables are not themselves lognormally distributed
load modeling, the nominal load itself may be modeled as
product of several components, each of which may also be m
eled as a random variable. For example, wind loads are usu
modeled as the product of wind speed and other empirica
experimental parameters that are treated as random varia
~ASCE 7-95 1996!. Occasionally, an engineer on a project w
have detailed load information specific to that project. In th
case, specific load factors could be developed or a more com
analysis could be used, if the effort is justified by the econom
of the project.

An overall resistance is frequently modeled as the produc
nominal resistance and several parameters to account for the
ferent sources of uncertainty. In the design of a bridge struct
the overall resistance of a structural member is commonly m
eled as the product of nominal resistance and a material facto
fabrication factor, and an analysis factor, which are used to
count for the uncertainties for the material strengths, compon
dimensions, and analytical models, respectively~Nowak and
Grouni 1994!. This can be expressed mathematically as

R5Rnhmh fha (7)

wherehm5material factor that accounts for the uncertainty of t
strength of the material;h f5fabrication factor that accounts fo
the uncertainty of the size of the fabricated member~e.g., the
variability of the size of formwork for cast in place concrete!; and
ha5analysis factor that accounts for the uncertainty of the a
lytical model used to calculate resistance. Soil resistance for fo
dation design may also be modeled in several cases as the pro
of nominal resistance and several components that account fo
uncertainties of inherent soil variability, measurement~testing!,
and analytical methods. Perhaps this is best illustrated by con
ering the general bearing capacity equation for clays

qbL5~scdci cbcgc!cNc (8)

which uses a series of multiplicative correction factors to mo
the bearing capacity of a shallow foundation. Measurement
certainty would be seen inc, as cohesion is a soil strength param
eter that must be measured using in situ testing, lab tests
correlations with other measured parameters. Additional varia
ity due to the inherent uncertainty of the bearing capacity eq
tion itself would result in the analysis uncertainty.

In this context, the lognormal assumption for both loads a
resistances appears to be reasonable, as both can be treated
product of several random variables. The load effects and re
tances of a structural or geotechnical system may then be
pressed as shown in Fig. 1. Let the load effectSand the resistance
R be random variables; then, failure~the attainment of an ULS!
occurs when lnR2ln S,0 ~represented by the shaded area in F
1!. The probability of failurePf can be written as

Pf5P@~ ln R2 ln S!,0# (9)

Assuming that the random variables, lnR and lnS, are statis-
tically independent, the meanŪ and standard deviationsU of
U5 ln R2ln S are given by

Ū5 ln R2 ln S (10)

sU5As ln R
2 1s ln S

2 (11)

The safety index or reliability indexb, which is a relative
measure of safety for a given system, can be expressed as a
ERING © ASCE / APRIL 2003
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tion of the mean and standard deviation ofU ~Fig. 1! ~Allen 1975;
MacGregor 1976; Becker 1996!

b5
ln R2 ln S

As ln R
2 1s ln S

2
(12)

For a lognormal distribution

s ln S
2 5 ln~11VS

2!, s ln R
2 5 ln~11VR

2 ! (13)

whereVS and VR5the coefficients of variation ofS and R, re-
spectively, defined as the ratio of the standard deviation to
mean. For smallVS or VR ~say, less than 0.6!, the following
expressions are acceptable approximations~MacGregor 1976!:

VS
2>s ln S

2 , VR
2>s ln R

2 (14)

According to MacGregor~1976!, the error in Eq.~14! is less
than 2% forVR50.3, increasing to about 10% forVR50.6. For
comparison, the reported values ofVR for various geotechnica
properties and resistances lie in a wide range of about 0.05 to
~Becker 1996!. Considering the mean values of the reported v
ues, the range varies from about 0.1 to 0.5. The assumption o
~14! overestimates the uncertainty of the resistance, and is th
fore slightly conservative. Based on Eqs.~13! and ~14!, Eq. ~12!
can be rewritten as follows:

ln R2 ln S>bAVS
21VR

2 (15)

Lind ~1971! has shown that

AVS
21VR

2>aVS1aVR (16)

wherea5separation coefficient having values between 0.707
1.0 ~depending on the value of the ratioVR /Vs), and MacGregor
~1976! has shown that

ln R2 ln S> lnS R̄

S̄
D (17)

which can be used to approximate Eq.~15!. Taking Eqs.~16! and
~17! into Eq. ~15!

ln~R̄/S̄!>baVS1baVR (18)

or
R̄/S̄>e~baVS1baVR! (19)

Rearranging Eq.~19! gives

R̄~e2baVR!>S̄~ebaVS! (20)
JOURNAL OF GEOTECHNICAL AN
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The mean load effectS̄ and resistanceR̄ can be defined as

S̄5SnkS , R̄5RnkR (21)

whereSn , Rn , kS , andkR5nominal load, the nominal resistanc
and the bias factors~i.e., the ratio of mean to nominal! for load
and resistance, respectively. Using Eq.~21!, Eq. ~20! can be re-
written in a form analogous to the LRFD fundamental equatio

RnkR~e2baVR!>SnkS~ebaVS! (22)

or
RF•Rn>LF•Sn (23)

where LF and RF5 load factor and resistance factor, respective
From Eqs.~22! and ~23!, the value of the load factor and th
resistance factor can be calculated by

LF5kSebaVS (24)

RF5kRe2baVR (25)

With Eq. ~24!, if appropriate values of the parametersa, b,
kS , andVS are known, the value of the load factor for each lo
type can be obtained in a simple manner. In most cases, how
the estimation of these parameters is difficult. This is so not o
becausea is a function of both the load effects and the resistan
but also because the values ofkS andVS are not well known due
to limited statistical data.

A similar derivation can be employed for determining load a
resistance factors if the underlying distributions are normal. T
will be useful for determining the load factor for dead load,
dead loads are typically modeled as having a normal distribu
~Ellingwood et al. 1980!. For normally distributed variables, th
probability of failure is given by~Haldar and Mahadevan 2000!

Pf5P@~R2S!,0# (26)

The reliability indexb is given by

b5
R̄2S̄

AsR
21sS

2
(27)

Using the separation coefficienta, Eq. ~27! can be written as

b5
R̄2S̄

a~sR1sS!
(28)

Rearranging Eq.~28! gives

R̄2absR5S̄2absS (29)

Noting thatVR5sR /R̄ andVS5sS /S̄

R̄~12absR!5S̄~12absS! (30)

With S̄5SnkS and R̄5RnkR

LF5kS~11abVS! (31)

RF5kR~12abVR! (32)

Selection of Parameters Used in Analysis

From Eq.~16!, the separation coefficienta can be written as

a5
A11~VR /VS!2

11~VR /VS!
(33)

The separation coefficient is a function of the ratioVR /VS . In
other words, it is a function of the uncertainties in both the loa
and the resistances. To derive a load factor based on Eq.~24!,
D GEOENVIRONMENTAL ENGINEERING © ASCE / APRIL 2003 / 291
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therefore, a representative value ofVR /VS should be chosen. Val-
ues ofVR range from about 0.1 to 0.5 as presented previousl
The representative values ofVS reported in the literature range
from 0.1 to 0.25 for dead, live, and wind load~Nowak 1994;
Ellingwood and Tekie 1999!. Hence, the corresponding ratio
VR /VS for the reported ranges ofVR andVS range from 0.4 to 5.
For values ofVR /VS between 0.4 and 5, the separation coefficien
a takes values within the rather narrow range of about 0.7 to 0.8
Accordingly, a value of 0.75 was assumed fora in our analysis.
This value has also been used by Becker~1996! and is consistent
with the range as presented in Fig. 2. For comparison, load fact
values obtained usinga ranging from 0.7 to 0.85 are also exam-
ined.

The reliability indexb is a relative measure of the degree of
safety. As shown in Fig. 1, higher values ofb are associated with
smaller probabilities of failure, and vice versa. By using Eqs.~24!
and~25!, one can calculate the value ofb for given values of the
load and resistance factors and statistical parameters. Convers
the load and the resistance factor can be determined for a givenb
~i.e., for a target reliability index! and for given statistical param-
eters. In fact, code calibration is the process in which the load a
resistance factors are adjusted to obtain a desired level of reliab
ity. The load effectsS in Fig. 1 are usually the combination of
load effects for several different load types according to the loa
combinations used. For instance, in a gravity load combination,
load effectSwill be the combination of dead load effects and live
load effects. In this case, the reliability indexb is commonly
calculated using the reliability equations, where statistical param
eters such asVS andVR are the statistical parameters representa
tive of the combined load effects~i.e., dead load and live load!
and the overall resistance. Based on this approach, Ellingwo
et al. ~1980!, after careful examination ofb for common struc-
tural members, such as concrete, steel, and timber, reported t
the representative values of reliability indexb tend to fall within
the range of 2.5 to 3.0 for both the gravity load and the gravit
plus wind load combinations. These values forb are representa-
tive of the reliability associated with existing designs. He als

Fig. 2. Variation of separation coefficienta
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.

r

ly,

-

-

at

suggested that, for gravity load, gravity plus wind load, and gra
ity plus earthquake load combinations, the representative tar
reliability indicesbT are 3.0, 2.5, and 1.75, respectively. Thes
target reliability indices have been established after considerati
of the reliability associated with current designs. Establishing ta
get reliability indices based on current designs will lead to loa
factors that produce designs that are similar to current desig
This is desirable because the reliability indices can be refin
later, if there is a need to refine them at all, in a cautious mann
as the codes evolve. To derive the load factor for a particular lo
type using Eq.~24!, therefore, the selection of different values o
b for each load type would be required. In this analysis, based
Ellingwood’s work, the values ofb equal to 3.0 for dead load,
2.75 for live load, 2.5 for wind load, and 1.75 for earthquak
loads were assumed.

For the evaluation of the values ofkS and VS , extensive re-
search has been performed over several decades of use of LR
in structural design. For the time-variant loads such as live, win
and earthquake loads, the values ofkS and VS are normally ob-
tained from time-stochastic modeling processes based on av
able recorded data~e.g., traffic survey data, wind speed data, o
seismic acceleration coefficient!. Table 4 shows the values ofkS

and VS reported by several researchers. As expected, the bia
for gravity loads ~i.e., dead load and live load! are relatively
small. This means that gravity loads tend to be estimated rath
accurately. Also note that the coefficient of variation for dea
loads is quite low. On the other hand, values ofVS for earthquake
loads are significantly higher than for other loads. Based on t
data presented in Table 4, ranges of values forkS and VS are
determined for each load type for use in the analysis of th
present paper. The ranges of values used are presented in Tab

Comparison Between Results and Load Factors
in Codes

Table 6 and Fig. 3 show the comparisons of the values of the lo
factors between the analysis and the codes. The load factors
beneficial dead loads were obtained using equations similar
form to Eqs.~25! and ~32!, namely

LF5kSe2abVS (34)

for the lognormal distribution, and

LF5kS~12abVS! (35)

Table 5. Values ofkS andVS Assumed for Analysis

Loads kS VS

Dead 1.0–1.05 0.07–0.16
Live 0.95–1.05 0.2–0.3
Wind 0.85–0.9 0.15–0.25
Earthquake 0.25–0.35 0.9–1.1
Table 4. Ratio of Mean to Nominal LoadkS and Coefficient of VariationVS

Loads kS References VS References

Dead 1.03–1.05 Nowak 1994; Ellingwood and Tekie 1999 0.08–0.15 Nowak 1994; Ellingwood and Tekie 1999
Live 1.0 Ellingwood and Tekie 1999 0.25 Ellingwood and Tekie 1999
Wind 0.875 Nowak 1994 0.20 Nowak 1994
Earthquake 0.3 Nowak 1994 0.7, Ellingwood et al. 1980; Nowak 1994
Note: kS andVS in transient loads~i.e., live, wind, and earthquake loads! are maximum 50-year values.
EERING © ASCE / APRIL 2003



Table 6. Comparison of Values of Load Factors from Analysis and from Codes

Dead load Live load Wind load Earthquake load

Analysis (0.7,a,0.85) 1.16–1.58~1.34!; 0.66–0.91a ~0.79! 1.40–2.12~1.71! 1.11–1.53~1.29! 0.75–1.80~1.17!
Analysis (a50.75) 1.17–1.50~1.33!; 0.70–0.90a ~0.79! 1.44–1.95~1.68! 1.13–1.44~1.28! 0.81–1.48~1.12!
All codes 1.0–1.4b ~1.24!; 0.65–0.95a ~0.80! 1.3–1.75b ~1.53! 1.2–1.5~1.36! 0.9–1.4~1.08!
AASHTO, ACI, and AISC only 1.2–1.4b ~1.28!; 0.65–0.9~0.86! 1.6–1.75b ~1.68! 1.3–1.4~1.33! 1.0–1.4~1.13!

Note: Values in parentheses represent average values.
aBeneficial dead loads.
bRange for a representative gravity load combination, as presented in Table 2.
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for the normal distribution, based on the reasoning that benefic
dead loads resist failure. These equations are similar to the re
tance factor equations, except that the bias factor and coeffic
of variation are for the beneficial load effects, not the resistanc
These equations also differ from the standard load factor E
~24! and ~31! in that they are expressed in terms of2abVS

instead ofabVS . This accounts for the beneficial nature of thes
loads. The values for load factors given in the codes are found
be reasonably consistent for all loads considered. A relative
wide range in earthquake load factors is mainly due to the valu
of VS used in the analysis, which lie within a wide range. In th
same table, for comparisons, average values for the ranges
each load are shown. For dead and live load, the values by
analysis are somewhat higher than those in all the codes. I
interesting to note, however, that when a comparison is made w
the U.S. codes~i.e., AASHTO, ACI, and AISC!, the average val-
ues from the analysis show relatively good agreement with t
values from the codes, although the ranges given in the analy
are rather large~Table 6!. For a varying from 0.7 to 0.85, the
ranges become somewhat larger, but the only load factors affec
significantly are those for earthquake loads. In some cases,
analysis supports the use of load factors that are higher than
load factors currently used in the codes. This can be seen in F
3 for earthquake loads especially. This apparent unconservat
in the current codes is due to the underlying probability distrib
tion for the loads. The current research uses the least biased
tribution considering only the mean and variance of the loa
Fig. 3. Comparison of analysis and codes
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along with the fact that the loads cannot be negative. The cod
are based on more precise, and therefore more biased, distr
tions of the loads, using more information about the particul
loads being considered. Upon considering this extra informatio
the code developers can arrive at a more precise load factor fo
particular case. As can be seen from Fig. 3, these values alw
lie within the range determined by the current research.

Future Development of Geotechnical Load and
Resistance Factor Design

As demonstrated by Eqs.~23!, ~24!, ~25!, and ~33!, load and re-
sistance factors are inexorably linked through the values ofb,
VR , and VS . This means that each code will assign differen
values to resistance factors, because of the different load fac
values adopted. This adds to the complexity of LRFD compar
with ASD. In ASD, engineers need only to understand the conce
of the global factor of safety, which has been in use for at leas
century. The safety factor for a footing, for example, typicall
would be in the range of 2 to 4, and the engineer selects the va
to use in a design based on general guidelines. In LRFD, it
essential to use the values of LF and RF prescribed in the code
well as a nominal resistance consistent with the LF and RF v
ues. This requires an understanding of more complex concept

Acceptance of the LRFD approach hinges on making th
method understandable to and usable by geotechnical engine
The large array of different load factors currently in existenc
D GEOENVIRONMENTAL ENGINEERING © ASCE / APRIL 2003 / 293
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which leads to a large number of different resistance factors, ad
to the overall complexity of LRFD for the practicing engineer an
ultimately discourages the use of this design method. Our analy
shows that, in general, the load factors proposed by differe
codes are all acceptable from a theoretical standpoint. Ideally,
order to facilitate the use of LRFD in routine practice, the lead
ership of the organizations responsible for each code would jo
in adopting a single set of load factors, at least for the prima
loads, such as the four load types discussed in this paper~i.e.,
dead, live, wind, and earthquake loads!. We recognize this is dif-
ficult to accomplish, as it involves overcoming nontechnical, po
litical hurdles. The alternative is for engineers to become used
using different load and resistance factors when designing
same type of foundation element depending on the code cont
ling design.

Summary and Conclusions

The load factors proposed by various current structural and fou
dation LRFD codes were reviewed. Usually, a larger number
limit states, load types, and load combinations are considered
the bridge and offshore foundation design codes, compared w
building and onshore foundation design codes. In this study, t
load factors for four major load types~i.e., dead, live, wind, and
earthquake loads! that control most design cases were examine
and compared between the codes.

For ULSs, the load factor values fall within rather consisten
ranges for most load types considered. Differences appear in
dead and the live load factors between the building and the brid
codes. For the bridge codes, the values of dead load factors
within a relatively wide range. This is because, for bridge desig
more types of loads are usually defined as dead loads, for wh
different values of load factors are used to account for the diffe
ent degrees of uncertainty inherent in each load. While the use
a large number of different load factors adds to the complexity
a code, it also adds to the utility of the code. When a grea
number of load factors are used, the uncertainties due to each l
type are better separated. This separation of uncertainties is
ultimate goal of LRFD. The bridge codes also define differe
values of live load factors for different load combinations~i.e.,
different limit states! instead of using load combination factors to
account for the reduced probability of a simultaneous occurren
of maximum values of several transient loads. When consideri
a gravity load combination, however, the values for the dead a
the live load factors are reduced to a rather narrow range for all
the codes, resulting in ranges consistent with other load typ
examined.

For SLSs, some differences appear again between the bri
and building codes. While most codes prescribe the use of unf
tored loads, AASHTO~1998! and MOT ~1991! use values less
than 1.0 for wind and both wind and live load factors, respe
tively. This reflects the differences in how each code prescrib
the determination of the characteristic wind load, as well as t
transient nature of the live load for bridges. However, an arg
ment can be made against using load factors less than one, ex
when the foundation soil is clay.

A simple FOSM reliability analysis was implemented to find
appropriate ranges of the load factor values for each load cons
ered in this study. The analysis produced results consistent w
all the codes reviewed, although the values produced lie in rath
wide ranges due to the relatively wide range of the input para
eters. The analysis shows even better agreement with the co
294 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGIN
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when considering only the U.S. codes~AASHTO, ACI, and
AISC!. The values presented in the U.S. codes lie in the middle
the acceptable range determined by the analysis, as summar
by Fig. 3. As the analysis uses the least biased distribution
model the loads, load factors for use in geotechnical LRF
should not lie outside the range determined by the current r
search unless that load factor applies to a specific type of load t
is not considered in this research.
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Notation

The following symbols are used in this paper:
H 5 entropy;
kR 5 bias factor of resistance;
kS 5 bias factor of load effect;
LF 5 load factor;

(LF)D 5 dead load factor;
(LF)L 5 live load factor;
(LF)W 5 wind load factor;

Pf 5 probability of failure;
pi 5 probability of eventi;
R 5 resistance;
R̄ 5 mean resistance;

RF 5 resistance factor;
Rn 5 nominal resistance;

S 5 load effects;
S̄ 5 mean load effect;

SD 5 nominal dead load effect;
SL 5 nominal live load effect;
Sn 5 nominal load effect;
SW 5 nominal wind load effect;
VR 5 coefficient of variation of resistance;
VS 5 coefficient of variation of load effect;
a 5 separation coefficient;
b 5 reliability index;

bT 5 target reliability index;
ha 5 analysis factor;
h f 5 fabrication factor;
hm 5 material factor; and

s 5 standard deviation.

References

Allen, D. E. ~1975!. ‘‘Limit states design-probabilistic study.’’Can. J.
Civ. Eng.,2, 36–49.

American Association of State Highway and Transportation Officia
~AASHTO!. ~1994!. ‘‘LRFD bridge design specifications.’’ 1st Ed.,
AASHTO, Washington, D.C.

AASHTO. ~1998!. ‘‘LRFD bridge design specifications.’’ 2nd Ed.,
AASHTO, Washington, D.C.
EERING © ASCE / APRIL 2003



ad

.,
-

.
:

he

d-
c-

iat,

. I:

A.
i-
ni-
au

ta-

’’

d

on,

.,

-

American Concrete Institute~ACI!. ~1999!. ‘‘ Building code requirements
for structural concrete (318-99) and commentary (318R-99).’’ ACI,
Detroit.

American Institute of Steel Construction~AISC!. ~1994!. ‘‘ Load and re-
sistance factor design specification for structural steel buildings.’’ 2nd
Ed., AISC, Chicago.

American Petroleum Institute~API!. ~1993!. ‘‘Recommended practice for
planning, designing and constructing fixed offshore platforms — lo
and resistance factor design.’’ API, Washington, D.C.

Barker, R. M., Duncan, J. M., Rojiani, K. B., Ooi, P. S. K., Tan, C. K
and Kim, S. G.~1991!. ‘‘Manuals for the design of bridge founda
tions.’’ Transportation Research Board, NCHRP Rep. No. 343, Na-
tional Cooperative Highway Research Program, Washington, D.C

Becker, D. E.~1996!. ‘‘Eighteenth Canadian Geotechnical Colloquium
Limit States Design for Foundations. Part II. Development for t
National Building Code of Canada.’’Can. Geotech. J.,33, 984–1007.

Cornell, C. A.~1969!. ‘‘Structural safety specifications based on secon
moment reliability.’’ Symposium Int. Association Bridges and Stru
tural Engineering, London.

Danish Geotechnical Institute~DGI!. ~1985!. Code of practice for foun-
dation engineering. DGI, Copenhagen, Denmark.

European Committee for Standardization~ECS!. ~1994!. ‘‘Eurocode 7:
Geotechnical design. I: General rules.’’ ECS, Central Secretar
Brussels.

ECS.~1995!. ‘‘Eurocode 1: Basis of design and actions on structures
Basis of design.’’ ECS, Central Secretariat, Brussels.

Ellingwood, B., Galambos, T. V., MacGregor, J. G., and Cornell, C.
~1980!. ‘‘Development of a probability based load criterion for Amer
can National Standard A58—Building code requirements for mi
mum design loads in buildings and other structures.’’ National Bure
of Standards, Washington, D.C.

Ellingwood, B. R., and Tekie, P. B.~1999!. ‘‘Wind load statistics for
JOURNAL OF GEOTECHNICAL AN
probability-based structural design.’’J. Struct. Eng.,125~4!, 453–463.
Goble, G.~1999!. ‘‘Geotechnical related development and implemen

tion of load and resistance factor design~LRFD! methods.’’ Transpor-
tation Research Board, NCHRP synthesis 276.

Haldar, A. and Mahadevan, S.~2000!. Probability, reliability, and statis-
tical methods in engineering design, Wiley, New York.

Harr, M. E. ~1987!. Reliability based design in civil engineering, Dover,
Mineola, N.Y.

Jaynes, E. T.~1957!. ‘‘Information theory and statistical mechanics, II.
Phys. Rev.,108.

Lind, N. C. ~1971!. ‘‘Consistent partial safety factors.’’J. Struct. Eng.,
97~6!, 1651–1669.

MacGregor, J. G.~1976!. ‘‘Safety and limit states design for reinforce
concrete.’’Can. J. Civ. Eng.,3, 484–513.

MacGregor, J. G.~1997!. Reinforced concrete mechanics and design, 3rd
Ed., Prentice-Hall, Englewood Cliffs, N.J.

American Society of Civil Engineers~ASCE!. ~1996!. ‘‘Minimum design
loads for buildings and other structures.’’ ASCE 7-95, ASCE, Rest
Va.

Ministry of Transportation~MOT!. ~1992!. ‘‘Ontario highway bridge de-
sign code.’’ MOT, Downsview, Ont., Canada.

Nowak, A. S.~1994!. ‘‘Load model for bridge design code.’’Can. J. Civ.
Eng.,21, 36–49.

Nowak, A. S., and Grouni, H. N.~1994!. ‘‘Calibration of the Ontario
highway bridge design code 1991 edition.’’Can. J. Civ. Eng.,21,
25–35.

National Research Council of Canada~NRC!. ~1995!. ‘‘National building
code of Canada.’’ NRC, Ottawa.

Withiam, J. L., Voytko, E. P., Barker, R. M., Duncan, J. M., Kelly, B. C
Musser, S. C., and Elias, V.~1997!. ‘‘Load and resistance design
~LRFD! for highway bridge substructures.’’ Federal Highway Admin
istration, Washington, D.C.
D GEOENVIRONMENTAL ENGINEERING © ASCE / APRIL 2003 / 295


