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Abstract: Load and resistance factor desigrRFD) is the standard structural design practice. In order for foundation design to be
consistent with current structural design practice, the use of the same loads, load factors, and load combinations would be required. In th
paper, we review the load factors presented in various LRFD codes from the United States, Canada, and Europe. A simple first-orde
second-momentFOSM) reliability analysis is presented to determine appropriate ranges for the values of the load factors. These values
are compared with those proposed in the codes. The comparisons between the analysis and the codes show that the values of load fact
given in the codes generally fall within ranges consistent with the results of the FOSM analysis. However, it would be desirable for the
successful development and adoption of the geotechnical component of LRFD codes to have uniformity of load-factor values acros:
different codes for the loads that are common for virtually all civil structures.
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Introduction tent with current structural practice. Through the use of the same
load factors, not only can a consistent design between superstruc-

Over the past four decades, a load and resistance factor desigtures and substructures be attained, but also the design process
(LRFD) method was brought into practice in the United States itself may be significantly simplifiedwithiam et al. 1997.

with the adoption of the American Concrete Institute Building The successful unification of the structural and geotechnical
Design Code(ACI) in 1963 (Goble 1999. In structural design  design processes may be achieved through the use of appropriate
practice, LRFD is currently accepted worldwide along with a tra- resistance factors in foundation LRFD, such that for the given set
ditional design method, allowable stress degigBD), or as it is of load factors and load combinations, LRFD produces a design
also known, working stress design. With the trend toward the consistent with current practice, or even a more economic design
increased use of LRFD, new LRFD codes in the United States, for a desired reliability level. Compared with structural design,
Canada, and Europ&MOT 1992; AP| 1993; AASHTO 1994; however, LRFD in foundation design is still new. To facilitate its
ECS 1994; NRC 1995have included the implementation of general use in practice, continuous calibration efforts to determine
LRFD for geotechnical design over the past several years. Addi- the appropriate resistance factors, as was done for structural de-
tionally, an ACI document in preparation also advocates LRFD Sign codes, are desirable. While attempting to develop the resis-
design of shallow foundations. The AASHT@994, 1998 code tance factors, a general understanding of the load factors pro-
proposes the use of the same loads, load factors, and load composed in current LRFD codes may provide a means to easily
binations for foundation design as those used in structural design.compare and evaluate resistance factors proposed recently or in
The resistance factors in the AASHTO code were calibrated for the future. In this paper, load factors presented in various LRFD
the same load factors used in the design of structural memberscodes from the United States, Canada, and Europe are reviewed,
Since the load and resistance factors for structural design haveand the similarities and differences between the values of load
been calibrated and adjusted through their use in practice overfactors are assessed. A simple reliability analysis is conducted to
many years, it would be appropriate to use the same loads, loadletermine an appropriate range for the values of load factors. The

factors, and load combinations in foundation design to be consis-results of this analysis are then compared with the values pre-
sented in the reviewed codes. We conclude with recommenda-
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Table 1. Load Factors

United States Canada Europe
Loads AASHTO (1998 ACI (1999 AISC (1999 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 1.1-15 1.25 1.0 1.0-1.35
(0.65-0.9 0.9 0.9 0.9 (0.65-0.9% (0.89 (0.8H (0.95
Live 1.35-1.75 1.7 1.6 1.1-15 1.15-14 15 1.3 1.3-15
0.8

Wind 14 1.3 1.3 1.2-1.35 1.3 15 1.3 1.3-15
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.

such that the factored load effects do not exceed the factoredStates. In Denmark and other European countries, the load and
resistance for predefined possible limit states. Here, the termresistance factors in the codes have been mainly derived from
“limit state” refers to any set of conditions that may produce fitting with previous codes and adjusted through their use in prac-
unsatisfactory performance of the structural or geotechnical sys-tice. In Denmark, limit states desigi.SD) has been used for
tem. The limit states would be associated with the various loads geotechnical applications since the 1960s.
and load combinations considered in the design. In general, limit  There are many differences in the types of limit states consid-
states are grouped into two categories, ultimate limit staies) ered for design and in the load types and load combinations de-
and serviceability limit state€SLS). Ultimate limit states are as-  fined for each limit state when comparing the bridge and offshore
sociated with the concepts of dander lack of safety, usually codes to the building codes. Usually, a greater number of limit
involving structural damage that may lead to instability or col- states and load types apply to the design of special structures such
lapse of the structure. An ULS may involve, for example, the as bridges and offshore foundations. However, certain types of
rupture of critical parts of the structure, progressive collapse of a loads appear in most design situations for all types of structures.
structural member, or instability due to deformations of the struc- These are dead loads, live loads, wind loads, and earthquake
ture (MacGregor 199) For foundations, the classical notion of a loads. In this study, load factors for these four major load types
bearing capacity failure is clearly an ULS. are considered. Some load types that are not considered include
Serviceability limit states are defined as conditions that may collision loads, snow and ice loads, and earth pressure loads.
undermine the function or service requiremefusrformancg of
the structure under expected service or working loésiscker
1996. Examples of serviceability limit states include cracking o
architectural finishings or walls, excessive deformatidifferen-
tial movemenk of the superstructure, rupture of utility lines, or
pavement cracking or undulatigwhich would lead to a “rough
ride” on a bridge.

f Load Factors for Ultimate Limit States

Table 1 shows the ranges of values of load factors for ultimate
limit states(ULS) in the codes discussed earlier. In general, for
the bridge code&MOT 1992; AASHTO 1998 and offshore foun-
dation code(API 1993, the range of load factor values is rather
wide compared with that for building or onshore foundation
codes. For example, the range of values of load factors for dead
loads in AASHTO and MOT extends from 1.25to 1.95 and 1.1 to
1.5, respectively, whereas the range for the building codes, except
ECS(1995, is 1.2 to 1.4. The values of live load factors in the
To review the load factors proposed by various LRFD codes, a bridge and offshore foundation codes lie between 1.1 and 1.75.
total of eight bridge, building, and on-shore and offshore founda- The values of live load factors for the building codes, except ACI
tion LRFD codes from the United States, Canada, and Europe(1999, are in the range of 1.3 to 1.6.

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

were collected. These were the following: “AASHTO LRFD
bridge design specificationd’/AASHTO 1998; “Building code
requirements for structural concretéCl 1999); “LRFD speci-
fication for structural steel buildings{AISC 1994; “Recom-
mended practice for planning, designing, and constructing fixed applied to each of these load types. For example, in AASHTO
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

Many different dead load types are considered in AASHTO
(1998 and MOT (1992. These include the weight of the struc-
tural members, the weight of wearing surfaces such as asphalt,
and earth pressure loads. A different value of the load factor is

(1998, while the value of the load factor for structural compo-
nents is 1.25, the load factor values for the weight of wearing
surfaces and the vertical earth pressure applied to flexible buried
structures are 1.5 and 1.95, respectively. The relatively high val-

the above codes have been determined through calibration pro-ues of the load factors for the wearing surface weight and the
cesses either before or after the codes adopted LRFD for imple-earth pressure applied to buried structures reflect high variability
mentation in design practice. Code calibration may be done inin estimating the magnitude of the corresponding loads. On the
several ways: using judgment and experience, fitting with tradi- other hand, the dead loads in the building codes such as ACI
tional design code.e., ASD), using reliability analysis based on (1999 and NRC(1995 consist mostly of the weight of structural
rational probability theory, or using a combination of these ap- components, partitions, and all other materials incorporated into
proachegBarker et al. 1991 The load and resistance factors in the building to be supported permanently by the structural com-
the LRFD codes of the United States and Canada have been priponents. The same load factor is used for all of these loads as they
marily calibrated using probability theory, which has provided a are all treated simply as dead loads. The rather wide ranges for
theoretical basis for LRFD since the late 1960s in the United the dead load factors in the bridge codes, therefore, are associated
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Table 2. Load Factors and Gravity Load Combinations range, 1.0 to 1.4 and 1.3 to 1.75, respectively. Excluding the

Code Representative gravity load combination values in the Danish foundation cod@Gl 1985 from the com-
parison, the range of values for dead loads becomes even nar-
AASHTO (1998 12D +1.75 rower (i.e., 1.2 to 1.4
ACI (1999 140+1.1 For wind and earthquake loads, the values of load factors for
AISC (1994 1D+1.6 the different codes show comparatively better agreement than for
API (1993 1.3D+1.49 gravity loads. The values of wind load factors vary from 1.2 to
MOT (1992 1.2D0+1.4 1.5. For earthquake loads, the values of the load factors are 1.0 in
NRC (1995 12D +1.5 most codes. Earthquake loads are site-dependent loads, which
DGI (1985 1.0D+1.3L means that there may exist regional variations for design loads.
ECS (1995 1.3D+1.5. Therefore, most codes state that nominal earthquake loads should

be determined relatively conservatively and a value of 1.0 should

be used for the earthquake load factor. This is done in order to

with the various types of dead loads accounted for in the designavoid a load factor value that varies from site to site.

of bridges. In summary, the comparisons show that the values of load
For the live loads in Table 1, the values for the load factors factors for ULS are generally consistent for all the codes re-

that are less than 1.0 apply when the load is used together withviewed. A major difference appears in dead load factors between

other transient load§.e., live, wind, or earthquake loads a the building codes and bridge codes. Compared with the building

load combination. This is based on the assumption that the simul-codes, the bridge codes subdivide dead loads into more specific

taneous occurrence of the maximum value of each load is notload types(e.g., vertical earth pressure applied to flexible buried

likely, and some loads may counteract other loads when theystructurey for which different values of load factor are used,

occur together. To account for this, most codes, except the bridgeresulting in wide ranges of load factor values. However, when

codes(AASHTO and MOT), apply a load combination factor less  considering a gravity load combination, the values fall within

than 1.0 when more than two different transient loads are used inrather narrow ranges for all the codes.

a load combination. As an example, NRT®95 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 fac-Load Factors for Serviceability Limit States

tored load effect for both the live and the wind loads are consid-

ered in design. That is Though ULSs are the focus of the current research, serviceability

limit states(SLS) must be considered as well. Table 3 shows the
S=(LF)pSp+0.1(LF) S+ (LF)wSw] (2) values of load factors for serviceability limit states in the codes
The load combination factor usually varies with the number of reviewed. SLSs are treated differently from ULSs. Load factors
transient loads that are present. That is, in the case where only on&r€ applied in both cases, but resistance factors are not used for
transient load applies, the value of the load combination factor is SLS checks. Instead, the settlements resulting from the factored
unity. loads must not exceed the allowable settlements. Load factors of
In the bridge code$AASHTO and MOT), different values of ~ Unity are typically prescribed for SLS checks. The bridge codes,
the load factors are defined in different load combinations, insteadSuch as AASHTQ1998 and MOT (1991, use load factor values
of multiplying the proposed load factors for each load by the load €SS than 1.0 for wind and live loads. In MOT, values of 0.7 and
combination factor. As an example, AASHTO defines one load 0-75 apply to wind and live loads, respectively, while AASHTO

combination when live load is present, but wind load is not uses a value of 0.3 for wind load factor. _
The use of values less than 1.0 is derived from the reasoning
S=1.255,+1.755, ®3) that the time-dependent loads such as live and wind loads are not
but defines another load combination when both live load and likely to remain at their maximum value for significant periods of
wind load are present time and therefore, factored loads for SLS checks will be less

than the design loads. Furthermore, live loads considered in
S=1.255,+1.355 +0.4Sy, @) bridge designs are traffic loads that may be highly dependent on
To make comparisons between the values easier, the values ofime compared with live loads in buildings that are mostly occu-
load factors for a representative load combination will be used. pancy loads. Using a live load factor of 0.75, the MOT code
The load combination will be a gravity load combinati@re., accounts for the time-dependent characteristic of the traffic loads.
dead load plus live load Table 2 shows a comparison of the However, the use of a load factor value of 1.0 may be more
gravity load combinations for the different codes. From Table 2, it appropriate for SLS checks for foundations on granular soils, as
can be seen that the variations among the codes for the values ofhe settlement of granular soils is immediate. This is not a prob-
load factors for dead and live loads fall into a relatively narrow lem for most codes, as load factors of 1.0 are used for SLS checks

Table 3. Load Factors for Serviceability Limit States

United States Canada Europe
Loads AASHTO (1998 ACI (1999 AISC (1999 MOT (1992 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/A 1.0
wind 0.3 1.0 1.0 0.7 1.0 N/A 1.0

a/alues for transient loads are given in the structural code.
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in all of the codes, except the two bridge codes. Earthquake loadsrepresents the product of several positive random variables, even
are not considered for SLS in the codes. if these variables are not themselves lognormally distributed. In
load modeling, the nominal load itself may be modeled as the
product of several components, each of which may also be mod-
Simple Reliability Analysis eled as a random variable. For example, wind loads are usually
modeled as the product of wind speed and other empirical or
A simple reliability analysis was conducted to determine the ap- experimental parameters that are treated as random variables
propriate ranges of the load factor values in ULS for the four (ASCE 7-95 1995 Occasionally, an engineer on a project will
different types of loads considered in this study. The method em-have detailed load information specific to that project. In this
ployed was the first-order second-mom¢éROSM method, as-  case, specific load factors could be developed or a more complex
suming lognormal distributions for the design variabies., load analysis could be used, if the effort is justified by the economics
and resistange This method was developed largely by Cornell of the project.
(1969 and Lind (1972). An overall resistance is frequently modeled as the product of
Loads may not be distributed lognormally; in fact, the exact nominal resistance and several parameters to account for the dif-
distribution characteristics of loads are never known. The distri- ferent sources of uncertainty. In the design of a bridge structure,
bution used to model the loads should be the least biased distri-the overall resistance of a structural member is commonly mod-
bution, using the given information. This given information is eled as the product of nominal resistance and a material factor, a
typically the mean and the varianter coefficient of variatiopof fabrication factor, and an analysis factor, which are used to ac-
the loads. In order to determine which distribution is in fact the count for the uncertainties for the material strengths, component
least biased, the principle of maximum entropy may be employed. dimensions, and analytical models, respectivéyowak and
This principle states that the least biased distribution is the distri- Grouni 1994. This can be expressed mathematically as
bution that maximizes entropy subject to the constraints imposed

by the given informatior{Jaynes 1957 EntropyH for a discrete R=Rmmnma ()
random variable is given bfHarr 1987 wheren,,= material factor that accounts for the uncertainty of the
strength of the materiak;=fabrication factor that accounts for
H=—2> piinp (5) the uncertainty of the size of the fabricated membeqg., the

N ] ) ~variability of the size of formwork for cast in place concretend
where p; = probability of eventi. For a continuous random vari- m,=analysis factor that accounts for the uncertainty of the ana-

able, entropy is given byHarr 1987 lytical model used to calculate resistance. Soil resistance for foun-
b dation design may also be modeled in several cases as the product
H=- f f(x)In f(x)dx (6) of nominal resistance and several components that account for the
a

uncertainties of inherent soil variability, measureméesting,
wherea andb=lower and upper limits, respectively, of the vari- and analytical methods. Perhaps this is best illustrated by consid-
able. The negative sign in each of these equations makes entropring the general bearing capacity equation for clays
positive. If the only data available about a variable are the values .
of the upper and lower limit, the principle of maximum entropy GbL= (Scdcicbcc) CNe (®)
states that the uniform distributidithe distribution such that all  which uses a series of multiplicative correction factors to model
values within the range of possible values are equally likedy  the bearing capacity of a shallow foundation. Measurement un-
the least biased distributioiiarr 1987. certainty would be seen iny as cohesion is a soil strength param-
In geotechnical engineering, information about the mean and eter that must be measured using in situ testing, lab tests, or
variance of a load or resistance is typically available, even though correlations with other measured parameters. Additional variabil-
the exact distribution may not be known. The lower and upper ity due to the inherent uncertainty of the bearing capacity equa-
limits of the load or resistance may be unknown. In this case, the tion itself would result in the analysis uncertainty.
principle of maximum entropy states that the normal distribution |n this context, the lognormal assumption for both loads and
is the least biased distribution. However, the magnitudes of load resistances appears to be reasonable, as both can be treated as the
and resistance found in geotechnical problems cannot take negaproduct of several random variables. The load effects and resis-
tive values. This flrmly establishes a lower limit for both loads tances of a structural or geotechnica| System may then be ex-
and resistances. The upper limit of the load or resistance is typi- pressed as shown in Fig. 1. Let the load efféand the resistance
cally unknown. This is especially true for transient logids., live R be random variables; then, failutéhe attainment of an ULS

loads, wind loads, and earthquake logdishich can assume val-  occurs when IRR—In S<O (represented by the shaded area in Fig.
ues that are extremely large, though quite improbable. These tran-), The probability of failureP; can be written as

sient loads are typically modeled by load specification commit-
tees using more precise distributions, namely, the Type | or Type Pi=P[(InR—=In$)<0] 9)
Il extreme-value distributioné&Ellingwood et al. 1980 but these

distributions require more knowledge of the variable than simply
the mean, variance, and minimum value. Therefore, these distri-
butions do not represent the least biased distribution for the loads

Assuming that the random variables,Rrand InS are statis-

tically independent, the mead and standard deviationr, of
U=InR—In Sare given by

for the information generally available. Accordingly, the lognor- U=InR-InS (10)
mal distribution better models transient loads, as it is fully char-
acterized by its first two moments, allowing easier implementa- ou= /_2—2_(rln atolg (11)

tion in FOSM analysis. This leads to a distribution that is not only
relatively simple to implement, but also gives reasonable results The safety index or reliability inde, which is a relative
(MacGregor 1976 Moreover, the lognormal distribution better measure of safety for a given system, can be expressed as a func-
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fu= probability density of U
A

Pou f : reliability (or safety) index

Pr=shaded area §

0 mR-InS=U InR-IS=U

Fig. 1. Load effects, resistance, and reliability

tion of the mean and standard deviatiorlbfFig. 1) (Allen 1975;
MacGregor 1976; Becker 1996

InR-InS
B=T—=— (12)

VOnrT Oins

For a lognormal distribution
o2 s=In(1+V3), oZz=In(1+V3) (13)

where Vg and Vg=the coefficients of variation 06 and R, re-

spectively, defined as the ratio of the standard deviation to the

mean. For smalVg or Vg (say, less than 0)6 the following
expressions are acceptable approximatidviacGregor 1978

Vi=ols VE=02n (14)

The mean load effect and resistanc® can be defined as
S=Sks, R=R.kr (21)

whereS,, R,, ks, andkg=nominal load, the nominal resistance,
and the bias factor6.e., the ratio of mean to nominalor load
and resistance, respectively. Using E21), Eq. (20) can be re-
written in a form analogous to the LRFD fundamental equation

Rokr(e™PVR) =S kg(eP*Vs) (22)

or
RF-R,=LF-S, (23)

where LF and RFEload factor and resistance factor, respectively.
From Egs.(22) and (23), the value of the load factor and the
resistance factor can be calculated by

LF=kgePVs (24)
RF=kge PoVr (25)

With Eq. (24), if appropriate values of the parameters(,
ks, andVg are known, the value of the load factor for each load
type can be obtained in a simple manner. In most cases, however,
the estimation of these parameters is difficult. This is so not only
becausex is a function of both the load effects and the resistance,
but also because the valueskgfandVg are not well known due
to limited statistical data.

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

P;=P[(R—S5)<0] (26)

According to MacGregof1976), the error in Eq(14) is less
than 2% forVg=0.3, increasing to about 10% f&z=0.6. For
comparison, the reported values 8§ for various geotechnical R-S
properties and resistances lie in a wide range of about 0.05 to 0.85 p= \/ﬁ
(Becker 1996 Considering the mean values of the reported val- ROTS
ues, the range varies from about 0.1 to 0.5. The assumption of EqUsing the separation coefficient Eq. (27) can be written as
(14) overestimates the uncertainty of the resistance, and is there- R-S

The reliability indexp is given by

27)

fore slightly .conservative. Based on E@%3) and(14), Eq. (12 = ——— (28)
can be rewritten as follows: a(ortos)
ﬁ—ﬁ?ﬁm (15) Rearranging Eq(28) gives
Lind (1972 has shown that R-aBogr=S—apos (29)
NZHV2=aVe+aVn (16) Noting thatVg=0g/R andVs=0s/S
wherea = separation coefficient having values between 0.707 and R(1-aBog)=S(1-aBos) (30)
1.0 (depending on the value of the ratéy/V,), and MacGregor T =
(1976 has shown that With S=S:ks andR=Rqkr
_ LF=kg(1+aBVs) (31)
— — (R
InR—In Szln(:) 17) RF=Kg(1—aBVg) (32)
S
which can be used to approximate Efj5). Taking Eqs(16) and ) . )
(17) into Eq. (15) Selection of Parameters Used in Analysis
|n(§/§)>BfXVs+ BaVy (18) From Eq.(16), the separation coefficient can be written as
V14 (VR/Vg)?
or - . (Vr/Vs) (33)
R/S= e(BaVs+BaVr) (19) 1+(Vg/Vy)

The separation coefficient is a function of the ratip/Vs. In
other words, it is a function of the uncertainties in both the loads
and the resistances. To derive a load factor based on(Zy.

Rearranging Eq(19) gives
R(e PeVr)=5(eBaVs) (20)
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1.00 Table 5. Values ofkg andVg Assumed for Analysis
0951 Loads ks Vs
oor Dead 1.0-1.05 0.07-0.16
o8t Live 0.95-1.05 0.2-0.3
@ osf Wind 0.85-0.9 0.15-0.25
075 \\\ Earthquake 0.25-0.35 0.9-1.1
070
0.65 1 suggested that, for gravity load, gravity plus wind load, and grav-
0.60 - . s p . ity plus earthquake load combinations, the representative target
reliability indicesB+ are 3.0, 2.5, and 1.75, respectively. These
VRVs target reliability indices have been established after consideration

of the reliability associated with current designs. Establishing tar-
get reliability indices based on current designs will lead to load
factors that produce designs that are similar to current designs.
This is desirable because the reliability indices can be refined
later, if there is a need to refine them at all, in a cautious manner
as the codes evolve. To derive the load factor for a particular load
type using Eq(24), therefore, the selection of different values of
B for each load type would be required. In this analysis, based on
Ellingwood’s work, the values of equal to 3.0 for dead load,
2.75 for live load, 2.5 for wind load, and 1.75 for earthquake
loads were assumed.

For the evaluation of the values &f and Vg, extensive re-
search has been performed over several decades of use of LRFD
in structural design. For the time-variant loads such as live, wind,
and earthquake loads, the valueskgfand Vg are normally ob-
tained from time-stochastic modeling processes based on avail-
able recorded datée.qg., traffic survey data, wind speed data, or
seismic acceleration coefficigniTable 4 shows the values &f
and Vg reported by several researchers. As expected, the biases
for gravity loads(i.e., dead load and live loadare relatively
small. This means that gravity loads tend to be estimated rather
yr;lccurately. Also note that the coefficient of variation for dead
loads is quite low. On the other hand, values/gffor earthquake
loads are significantly higher than for other loads. Based on the
data presented in Table 4, ranges of valueskigrand Vg are
determined for each load type for use in the analysis of the
d present paper. The ranges of values used are presented in Table 5.

Fig. 2. Variation of separation coefficient

therefore, a representative value\gf/V¢ should be chosen. Val-
ues of Vg range from about 0.1 to 0.5 as presented previously.
The representative values dfs reported in the literature range
from 0.1 to 0.25 for dead, live, and wind lodtlowak 1994;
Ellingwood and Tekie 1999 Hence, the corresponding ratio
Vr/Vg for the reported ranges &fg andVg range from 0.4 to 5.
For values oiVz/Vg between 0.4 and 5, the separation coefficient
o takes values within the rather narrow range of about 0.7 to 0.85.
Accordingly, a value of 0.75 was assumed &oin our analysis.
This value has also been used by Bedde96 and is consistent
with the range as presented in Fig. 2. For comparison, load factor
values obtained using ranging from 0.7 to 0.85 are also exam-
ined.

The reliability indexp is a relative measure of the degree of
safety. As shown in Fig. 1, higher valuespfire associated with
smaller probabilities of failure, and vice versa. By using EQ8)
and(25), one can calculate the value pffor given values of the
load and resistance factors and statistical parameters. Conversel
the load and the resistance factor can be determined for a fiven
(i.e., for a target reliability indexand for given statistical param-
eters. In fact, code calibration is the process in which the load and
resistance factors are adjusted to obtain a desired level of reliabil-
ity. The load effectsSin 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, a
load effectSwill be the combination of dead load effects and live
load effects. In this case, the reliability indg¢xis commonly
calculated using the reliability equations, where statistical param-
eters such a¥g andVpg are the statistical parameters representa-
tive of the combined load effecis.e., dead load and live load

Comparison Between Results and Load Factors
in Codes

Table 6 and Fig. 3 show the comparisons of the values of the load

d th I . q hi h Eli dfactors between the analysis and the codes. The load factors for
and the overall resistance. Ba;e on this approach, Ellingwoodyoeficial dead loads were obtained using equations similar in
et al. (1980, after careful examination g8 for common struc- form to Egs.(25) and(32), namely

tural members, such as concrete, steel, and timber, reported that
the representative values of reliability indBxtend to fall within LF=kge *FVs (34)
the range of 2.5 to 3.0 for both the gravity load and the gravity ¢y, the lognormal distribution, and

plus wind load combinations. These values foare representa-

tive of the reliability associated with existing designs. He also LF=ks(1-aBVs) (35)

Table 4. Ratio of Mean to Nominal Loatts and Coefficient of VariatiorVg

Loads kg References Vg 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. 1980Nowak 1994

Note: kg and Vg in transient loadsi.e., live, wind, and earthquake logdsre maximum 50-year values.
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Table 6. Comparison of Values of Load Factors from Analysis and from Codes

Dead load Live load Wind load Earthquake load
Analysis (0.K«a<0.85) 1.16-1.581.34); 0.66—0.9% (0.79 1.40-2.12(1.79) 1.11-1.53(1.29 0.75-1.80(1.17
Analysis (@=0.75) 1.17-1.5@1.33; 0.70-0.96 (0.79 1.44-1.95(1.68 1.13-1.44(1.28 0.81-1.48(1.12
All codes 1.0-1.2(1.24; 0.65-0.95(0.80 1.3-1.78 (1.53 1.2-1.5(1.36 0.9-1.4(1.08
AASHTO, ACI, and AISC only 1.2-1%(1.28; 0.65-0.9(0.86) 1.6-1.78 (1.68 1.3-1.4(1.33 1.0-1.4(1.13

Note: Values in parentheses represent average values.
®Beneficial dead loads.
bRange for a representative gravity load combination, as presented in Table 2.

for the normal distribution, based on the reasoning that beneficial along with the fact that the loads cannot be negative. The codes
dead loads resist failure. These equations are similar to the resisare based on more precise, and therefore more biased, distribu-
tance factor equations, except that the bias factor and coefficienttions of the loads, using more information about the particular
of variation are for the beneficial load effects, not the resistances.loads being considered. Upon considering this extra information,
These equations also differ from the standard load factor Eqgs.the code developers can arrive at a more precise load factor for a
(24) and (31) in that they are expressed in terms ofaBVg particular case. As can be seen from Fig. 3, these values always
instead ofa Vg. This accounts for the beneficial nature of these lie within the range determined by the current research.

loads. The values for load factors given in the codes are found to
be reasonably consistent for all loads considered. A relatively
wide range in earthquake load factors is mainly due to the values
of Vg used in the analysis, which lie within a wide range. In the
same table, for comparisons, average values for the ranges ofAs demonstrated by Eq§23), (24), (25), and(33), load and re-
each load are shown. For dead and live load, the values by thesistance factors are inexorably linked through the value§,of
analysis are somewhat higher than those in all the codes. It isVg, and V. This means that each code will assign different
interesting to note, however, that when a comparison is made withvalues to resistance factors, because of the different load factor
the U.S. codesi.e., AASHTO, ACI, and AISQ, the average val-  values adopted. This adds to the complexity of LRFD compared
ues from the analysis show relatively good agreement with the with ASD. In ASD, engineers need only to understand the concept
values from the codes, although the ranges given in the analysisof the global factor of safety, which has been in use for at least a
are rather largéTable 6. For o varying from 0.7 to 0.85, the  century. The safety factor for a footing, for example, typically
ranges become somewhat larger, but the only load factors affectedvould be in the range of 2 to 4, and the engineer selects the value
significantly are those for earthquake loads. In some cases, thao use in a design based on general guidelines. In LRFD, it is
analysis supports the use of load factors that are higher than theessential to use the values of LF and RF prescribed in the code, as
load factors currently used in the codes. This can be seen in Fig.well as a nominal resistance consistent with the LF and RF val-
3 for earthquake loads especially. This apparent unconservatisimues. This requires an understanding of more complex concepts.
in the current codes is due to the underlying probability distribu- ~ Acceptance of the LRFD approach hinges on making the
tion for the loads. The current research uses the least biased dismethod understandable to and usable by geotechnical engineers.
tribution considering only the mean and variance of the loads The large array of different load factors currently in existence,

Future Development of Geotechnical Load and
Resistance Factor Design
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Fig. 3. Comparison of analysis and codes
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which leads to a large number of different resistance factors, addswhen considering only the U.S. codéAASHTO, ACI, and

to the overall complexity of LRFD for the practicing engineer and AISC). The values presented in the U.S. codes lie in the middle of
ultimately discourages the use of this design method. Our analysisthe acceptable range determined by the analysis, as summarized
shows that, in general, the load factors proposed by different by Fig. 3. As the analysis uses the least biased distribution to
codes are all acceptable from a theoretical standpoint. Ideally, inmodel the loads, load factors for use in geotechnical LRFD
order to facilitate the use of LRFD in routine practice, the lead- should not lie outside the range determined by the current re-
ership of the organizations responsible for each code would join search unless that load factor applies to a specific type of load that

in adopting a single set of load factors, at least for the primary
loads, such as the four load types discussed in this paeer
dead, live, wind, and earthquake loadé/e recognize this is dif-
ficult to accomplish, as it involves overcoming nontechnical, po-
litical hurdles. The alternative is for engineers to become used to
using different load and resistance factors when designing the
same type of foundation element depending on the code control-
ling design.

Summary and Conclusions

The load factors proposed by various current structural and foun-
dation LRFD codes were reviewed. Usually, a larger number of
limit states, load types, and load combinations are considered in
the bridge and offshore foundation design codes, compared with
building and onshore foundation design codes. In this study, the
load factors for four major load typdse., dead, live, wind, and
earthquake loadghat control most design cases were examined
and compared between the codes.

For ULSs, the load factor values fall within rather consistent
ranges for most load types considered. Differences appear in th
dead and the live load factors between the building and the bridge

codes. For the bridge codes, the values of dead load factors ”e(LF)W

within a relatively wide range. This is because, for bridge design,
more types of loads are usually defined as dead loads, for which
different values of load factors are used to account for the differ-
ent degrees of uncertainty inherent in each load. While the use of
a large number of different load factors adds to the complexity of
a code, it also adds to the utility of the code. When a greater

number of load factors are used, the uncertainties due to each load
type are better separated. This separation of uncertainties is the

ultimate goal of LRFD. The bridge codes also define different
values of live load factors for different load combinatioe.,
different limit stateginstead of using load combination factors to
account for the reduced probability of a simultaneous occurrence
of maximum values of several transient loads. When considering
a gravity load combination, however, the values for the dead and
the live load factors are reduced to a rather narrow range for all of
the codes, resulting in ranges consistent with other load types
examined.

For SLSs, some differences appear again between the bridge

and building codes. While most codes prescribe the use of unfac-
tored loads, AASHTO(1998 and MOT (1991) use values less
than 1.0 for wind and both wind and live load factors, respec-
tively. This reflects the differences in how each code prescribes
the determination of the characteristic wind load, as well as the
transient nature of the live load for bridges. However, an argu-

is not considered in this research.
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Notation

The following symbols are used in this paper:

H = entropy;
kr = bias factor of resistance;
ks = bias factor of load effect;
LF = load factor;
p = dead load factor;
LF), = live load factor;

wind load factor;

P; = probability of failure;

p; = probability of event;

R = resistance;

R = mean resistance;
RF = resistance factor;

R, = nominal resistance;

S = load effects;

S = mean load effect;

Sp = nominal dead load effect;
S, = nominal live load effect;
S, = nominal load effect;
Sw = nominal wind load effect;
Vg = coefficient of variation of resistance;
Vg = coefficient of variation of load effect;
a = separation coefficient;

B = reliability index;

Bt = target reliability index;
m, = analysis factor;

m; = fabrication factor;
M, = material factor; and

o = standard deviation.

ment can be made against using load factors less than one, excepteferences

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 consid-

ered in this study. The analysis produced results consistent with
all the codes reviewed, although the values produced lie in rather
wide ranges due to the relatively wide range of the input param-
eters. The analysis shows even better agreement with the code
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