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CHAPTER 2 LOADSAND LOAD COMBINATIONS

2.1 Loads

Temperature load cannot be ignored in addition to loads for ordinary buildings, i.e., dead, live, snow,
wind and earthquake loads and soil, hydraulic pressure, since larger buildings have been built and build-
ings with special use have been generalized recently. Therefore, these recommendations incorporate the
temperature load since the previous version in 1993. Alphabetica symbols for each load are adopted
in the main text in order to harmonize with international standards. Other loads includes load from
mechanical equipment, which is not covered in the live load, vibration or impact load from them. Vibra-
tion when a building is being used, temporary load during construction of buildings may be taken into
consideration, depending upon construction sites, size, use and the way of construction of buildings.

2.2 Basic Load Values

A load denoted by I may be, in general, described using both coefficients Cq, Cs, - - -, C,, and aphysical
quantity X asin the following.
L=Cy-Cy---Cp- X (2.2)

X isan random variable with inherent uncertainty related to natural phenomenaand Cy(k = 1,2,---,n)
are a so random variables whose uncertainty may be possibly reduced by accumulation of information,
research findings etc. Examples of X are ground snow depth for snow load, a squared wind speed for
wind load, peak ground acceleration on the engineering bedrock for earthquake load. CY, is a parameter
such as the roof shape factor for snow load, wind pressure coefficient for wind load. Furthermore,
analytical errors, errors associated with modeling, error due to insufficient statistical data may be taken
into account.

When considering various loads in adesign, it is possible to evaluate each load on a common basis,
by using the common rule for determining X . A basic value of load L, is now described as

where X, is an r-year return period value of load X and C}, is either a most likely value for Cj, from
engineering judgment or amean of Cy, in case its statistical datais available.

The design load in these recommendations is basically a product of the basic value of load thus
specified and load factors. Consequently, it isrecommended that appropriate load factors be used not only
for limit state design but also for allowable stress design and ultimate strength design. For application to
allowable stress design, a return period conversion factor is introduced by which design return periods
are modified.

Since 1993, the basic value of aload has been the 100-year return period value. For general accep-
tance, a maximum observed load is prefered as the basic value. It is easy to adopt the maximum-level
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event in the past for a design, since snow, wind and earthquake loads come from natural phenomena.
As maximum levels, for example, the 1963 or 1981 great snow falls, the Muroto typhoon and the great
Kanto earthquake can be used. It is more rational, however, to objectively evaluate load intensity on
the basis of past many events or an ample statistical database, rather than a single past event. Although
Poisson, Markov, and various extreme-val ue distribution models are possibly selected as a probabilistic
model, it is preferable to evaluate load intensity with disregard to selected models. Then, it is concluded
that it would be natural to specify the basic value of load as the value corresponding to a specified return
period r (equal to the annual exceedance probability 1/7).

For future diversification of design methods, it is desirable to adopt the same return period for snow,
wind and earthquake loads. It is not so rare that the maximum level load in the past exceeds the 50-year
return period value. In addition, earthquakes as great as the Kanto earthquake are said to occur once
within 60 to 200 years. It seems to be reluctant to regard a 50-year return period value as a maximum
level of load. Under this circumstance, attention to statistical data of annual maxima has been paid in
the last forty years and the historical data has been accumulated, from which the 100-year return period
value can be estimated without abrupt extrapolation.

It could be generally acceptable to some extent to set a value occurring once within 100 years as a
“maximum level” value, considering the life of human being is 70 to 80 years. From the past experience
of the Hanshin-Awagji disaster and the Tottori-ken seibu earthuake, it would be expected to have safer
buildings in a modern Japan. From the above, it can be considered that the social environment is ready
to accept the safety level based on the 100-year return period.

Note that the above discussion will not be made since dead load, live load and soil, hydraulic pres-
sures are stationary load, conceptual compatibility is kept by adopting the same annual exceedance prob-
ability. In other words, the load value with 99 percent non-exceedance probability is adopted for dead
load, live load, and soil, hydraulic pressures. This probability coincides with the probability that the
annual maximum load does not exceed the 100-year return period value.

2.3 Load Combinationsand L oad Factors

2.3.1 Basisof load combinations

Regarding the load combination in these recommendations, the load combination specified in conven-
tional design methods, the states where a few loads are applied such as“G + P, “G + P + K" and
“G+ P+ 0.355 + W” are, respectively, described as normal state, earthquake state and strong wind
state for high snow-proneregion , and these descriptionsimply the states when various | oads are imposed
simultaneously. These descriptionsimply “states’ and it would be inadequate to include a figure such as
“0.35".

Considering the above shortcomings, “load combination” denoted in these recommendations is un-
derstood as “combination of load effects’. Borrowing the description from the Japanese building stan-
dard law, “G + P” exactly implies combined stress in a structural member of interest in which both
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the stress due to the dead load “G” and that due to the live load “ P” are applied simultaneously. If so,
“G + P” nolonger describes some state and it is meaningful to adopt the description with afigure.

Since “G + P” represent alinear sum of stresses or deformations, superposition of each load effect
can be justified rigorously only in the case that a building behaves linearly against external loads. The
stresses or deformations within a structural member under combined loads are equal to the ones which
are obtained by applying the loads all at once when the superposition rule holds. Note that when a
building is in the plastic range of response or the stress state changes due to different order of loading,
the superposition of load effects does not hold.

1) Required performance level

It is not an easy task to determine design loads and intensity of combined loads. Asis described in
each chapter of these recommendations, each load can take various values; that is, they can be expressed
in terms of probability distributions. In these recommendations, the basic value of each load is defined
in such away that the basic value is the value corresponding to a 100-year return period for time-varying
loads, and it is the value of 99 percent non-exceedance probability for time-invariant loads. By this
treatment, the basic value of aload is specified to achieve equality among different variable loads in a
probabilistic sense. As will be shown in the next section, this basic value of aload can provide good
reference for determining a design load, but cannot be a design load straightforward.

These recommendations clearly state that the magnitude of the design load should be determined
according to the performance level required in the building to be designed. The design loads here are
not “design loads’ prescribed as minimum level in conventional standard or recommendations, but rather
should reflect the use and importance and design service life of the building. It then follows that it would
be nonsense that design loads already exist before the performance levels required for abuilding or parts
of building are discussed. The higher the required performance level is, the larger the design load should
be. The above way of thinking leads to building performance-clarified design ,i.e., performance-based
design in short. Note that although it is widely practically used to adjust allowable criteria on a building
capacity side under the constant design load, it is needed to relate with the required performance level.

How the required performance should be treated and which level should be taken does begin with
clarification of the performance required for a building. The performance considered in a structural
design is in genera divided into safety and serviceability, but more sub-divided performance exists.
Classification of performance will be studied and identified in the future. The most important issue
herein is that building designers should be responsible to design a building with direct attention to the
performance and to let building owners properly understand this performance.

The performance required for a building is diverse. How should the performance be quantified?
What kinds of measure to represent degree of the performance should be desirable? The ordinary way
of assuring the performance is that the degree of performance most often is expressed in terms of the
building behaviour or physical state of a building under the specified design load. For example, the
way is based on checking that a building does not reach the specified state under the predetermined
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design load. In this case, how the design load is determined is often out of concern. This checking
procedure is quite simple; however, the background on how to determine the design load and what kind
of performance can be assured are very vague. The design criteria that the stress in a structural member
isless than the alowable stress does not clearly aim at the required performance of the member.

The above indicates that in a conventional design method, consistent design margin is not assured
not only when the design load is specified, but also when the allowable capacity criteriais set. The limit
state design is the method in which these design margin are allocated in an integrated manner, based on
rational reasoning. The margins on the design load and on the capacity are quantified by means of the
probability theory, and the required performance level is expressed in terms of allowable probability of
failure or atarget reiability index. Both load and capacity sides are equally treated. This treatment can
facilitate to quantify the degree of limit state exceedance and eventually can help structural designersto
explain the performance level of buildings.

The design loads are determined by selecting the return periods, as can be seen in Vision2000[ 1] and
adraft of performance-based design in Al1J[2]. Table 2.3.1 shows the required performance matrix made
by SEAOC, in which return periods from 75 to 475 years or equivalently, exceedance probabilities in
30 or 50 years are the key parameters to determine the earthquake loads. Some committees of AlJ have
proposed earthquake design loads based on the return periods. The use of return periods for determining
the design load may be somewhat related to design life of a building; the capacity criteria of parts or
structural members are not directly linked with design limit states. Therefore, the performance level
under the above procedure is still unclear.

Table2.3.1 Oarequired performance matrix for seismic design in Vision2000

Ground mcotion intensity Damage level
Frequency Exceedence Negligible Light Moderate Severe
(Return period) probability {Fully operational) | (Operational) (Life safe) (Near collapse)
Frequent (43 yrs) 50% in 30yrs

Occasional (72 yrs) 50% in 50yrs

Rare (475 yrs) 10% in 50yrs

Very Rare (970 yrs) | 10% in 100yrs \, \- \.

il

2) Determination of performance level

A method of determining the magnitude of the design load or the performance level of a building
is stated below. The performance level of a building should be determined by a building designer with
great responsibility. Before determination, consensus between the building owner, users and the building
designer has to be reached through extensive discussion. To do this, the possible state of the building
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under the specified loading state should be anticipated, and the use of a building, required state have to
be clarified. Furthermore, the service life during which the building isto be used from the time of design
is also an important parameter for determining the performance level. This is a trade-offs between the
performance level and economical issues, and assessment of economy during the service life (so-called
life-cycle cost management) will become more important, where the balance between the economy and
the performance level should be studied. As one of the determination methods of the performance level,
the reference value for the levels are often used by assessing the levels of buildings which follow the
existing design standards or guidelines. This method is called “a code-calibration method” for existing
design methods. In this chapter, reference levels are set by this method.

It is noted in the beginning of these recommendationsthat in an actual building design, itisillegal to
adopt a performance level lower than the minimum level required in current building design standards.
However, the recommendations would be extremely useful when a performance level greater than the
one of the current design standard levels.

3) Loading state

The loads which are taken into consideration in a structural design are carefully selected by ade-
guately judging the use of a building, building environment and site conditions. In these recommenda-
tions, using the term “loading state,” which is newly introduced, the state of exposure of a building or
structural members, the structural design is carried out for each state.

The loading state can be defined either for structural members or a whole building. Thisis closely
related to how the required performance is specified and how the performanceisverified. When verifying
the performance, the loading state has to be selected for the structural member according to the actual
condition. To adequately satisfy the required performance, the corresponding cost is needed. Since there
isno way of determination of the performance level with disregarding the economical consideration, the
required performance level, as atrade-off relationship with economy, has to be clarified, and eventually
rational performance levels from economic as well as performance perspective has to be sought.

2.3.2 Load combination for Limit State Design (L SD) for mat

This section discusses |oad combinations to be considered in Limit State Design. Although “limit state
design” has broader meanings, it is considered as a reliability-based Limit State Design in this recom-
mendation.

Except for dead load, which can be predicted fairly accurately based on a building's weight, a great
deal of uncertainty/variability exitsin the intensity of loads such as live load, snow load, wind load, and
earthquake load. These loads depend, for instance, on the size and the location of a building, wheniitis
to be designed or constructed, etc.

Limit State Design is a fairly flexible structural design method. In Limit State Design, alimit state,
that isthe border between a favorable state and an unfavorabl e state of a building or a structural member,
is explicitly determined. The performance of a building is measured quantitatively by accounting for
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the variability in structural model, resistance, strength of materials, etc., and thus, it can be controlled
intentionally. The performance is often measured by alimit state probability, (Py), the probability that a
limit state is exceeded during a reference period, or areliability index.

Limit states can be classified into two categories, a safety limit state and a serviceability limit state.
A safety limit stateis the border after which human lives arein danger. It includes an ultimate limit state
such as building collapse, or partial collapse, due to alack of load carrying capacity and/or ductility. A
serviceability limit state isthe border after which there exists some difficulty in daily use of the building.
It includes damages that decrease inhabitability, durability, and/or appearance such as cracking, excessive
deformation or vibrations that create discomfort of the occupants and affect non-structural members and
equipment. It also includes the initiation of non-reversable behavior such as yielding of members of a
building.

Recently, longer building service lives such as 100 years have been sought due to concerns about
environmental issues, while temporal commercial buildings are al so expected for economic reasons. The
longer the service life of a building, the higher the possibility that the building is subjected to a larger
loading and accordingly the larger the design load shall be. However, the concept of a service lifeis not
explicitly considered in the past design method, the design load intensity for ordinary buildings are also
employed for such buildings without considering the difference in design service life. Although there
are some cases that design load is determined based on the return period, it is not clearly stated how the
return period is determined considering the service life.

On the contrary, the limit state probability for a reference period is used as a quantitative measure
of structural performance, and accordingly, a building can be designed considering the difference in the
length of service life by alternating the reference period with the same target limit state probability.

Note herethat the reference period isused to estimate the limit state probability: that isthe probability
of exceeding alimit state during a reference period. There are other “periods/lives’ in structural design

such as “servicelife,” “design servicelife,” and “(expected) return period.” These are the periods during
which a building is physically in use, the service life assumed in design stage, and the mean interval
that loading larger than a certain intensity occurs, respectively. These “periods’ should be distinguished
from one ancther. Also, it should be noted that either the same reference periods or the same limit
state probahilities should be considered in the comparison of structural performance, as the limit state
probability varies depending on the reference period.

A reliability index, 3, isameasure of reliability for aconsidered limit state, and can be defined using

limit state probability, Py, as

B=a"11-Py) (2.3.1)

in which ®(e) = the standard normal probability distribution function. Fig.2.3.1 illustrates the relation
between areliability index, 3, and alimit state probability, Py.
Knowledge of probability and statistics is required to estimate a limit state probability. However,
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Fig.2.3.1 Relation between areliability index, 3, and alimit state probability, Py

reliability-based Limit State Design can also be carried out in a similar manner to past deterministic
design procedures by using load and resistance factors determined using probability and statistics by
considering the variability in strength of materials and load intensity and the target performance level.
Such design procedures have aready been used in practice in North America and Europe [3][4][5]etc.,
and the following recommendations have aready been published from AlJin Japan: Standard for Limit
State Design of Steel Structures (draft) (1990)[6], Recommendations for Limit State Design of Steel
Structures (1998)[ 7], and Recommendations for Limit State Design of Buildings (2002)[8].

It has been recognized among researchers and engineers that load intensity should be treated as
random. In Recommendation for Load on Buildings, wind load and snow load have been treated as
random since the revision in 1981, and live load and earthquake load has been treated as random since
the revision in 1993. The current revision also has a database of statistical characteristics for each load.

1) Load combination

The design requirement in Limit State Design is that the limit state probability of a building and/or
a structural member during a reference period shall be equal to or smaller than the target (or acceptable)
probability. The design format can be expressed generally as

Py =Prob{g(X) < 0; 0 <t < T} < Pra=1—®(fr) (2.3.2)

in which X = the vector of basic random variables, T;¢ = the reference period, Pra = maximum ac-
ceptable limit state probability, ®(e) = the standard normal probability distribution function, 5t = target
reliability index, and ¢g(x) = the limit state function. A limit state function indicates the state of abuilding
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and/or a structural member; g(x) >0, g(x) <0, and g(x) =0 indicate that the building isin afavorable
state, in an unfavorable state, and at the boarder (limit state) between the favorable and unfavorable
states.

A building is subjected to more than one load processes which vary in time. Let's consider the
combination of al loading (load combination) as follows:

G(t) + Q(t) + S(t) + W(t) + E(t) (2.3.3)

in which G(t),Q(t), S(t), W(t), and E(t) are load effect due to the dead load, G, live load, @), snow
load, S, wind load, W, and earthquake load, E, at time t. Other load effect due to such as temperature
load shall be combined considering the site conditions.

A limit state function can be expressed as,

g(R,S(t)) = R—{G(t) + Q(t) + S(t) + W(t) + E(t)} (2.3.4)

inwhich R = resistance (either in strength or deformation) and S(t) is a vector consist of the load effect
of each loading at time ¢ under load combination. When the possibility of simultaneous occurrence of
two loadingsis small, one of them can be excluded from the load combination.

At aglance it seems cumbersome to evaluate Eq.(2.3.2) with Eq.(2.3.4). However, when the change
of resistance in time can be neglected, the limit state probability can be simply expressed by Eq.(2.3.5).

Py = Prob{R — Oglg%ief {GH)+Q)+SHt)+W({t)+ E(t)} <0} <1—(Fr) (2.35)

The probability distribution of the maximum load combination during areference period can be estimated
directly [10, 11, 12]etc. or approximated by Turkstra's rule[9]. Turkstra's rule states that this maximum
value can be approximately estimated as the sum of the maximum load effect of the principal load
during the reference period and the arbitrary-point-in-time intensity of the other (secondary) load effects.
Applying Turkstra's rule, the combination of time-variant loads can be treated as the combination of
time-invariant loads as,

o0 {7:1 S,;(t)} ~ Sp+ Zk: Sh, (2.3.6)
in which S;(t) = the load effect of the i-th load (including both the principal load and the secondary
loads) at time ¢, Sp = the maximum load effect during the reference period due to the principal load, and
Sk = the annual maximum load effect due to the k-th secondary 1oad.

Neglecting the casesthat the possibility of coincidenceisvery small, thefollowing load combinations

are considered in design.
(1) Whenliveload, @, isthe principa load: G + @
(2) When snow load, S, isthe principal load: G + Q + S

(3) When wind load, W, isthe principal load: G + Q + W (ordinary region), G+ Q + S + W (heavy
Snow region)
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(4) When earthquake load, F, isthe principa load: G + @ + E (ordinary region), G + Q + S + E
(heavy snow region)

Notethat it isnot appropriate to apply Turkstra's rule to the cases when more than two load processes
are intermittent or impulse. Also, the rule could provide erroneous estimates when the principal load is
not dominant (approximately, when the standard deviation of the principal load < the standard deviation
of the sum of the secondary |oads).

2) Load factors

In theimplementation of Limit State Design, limit state probabilities can be evaluated directly; how-
ever, this is cumbersome in practice. Alternatively, the load and resistance factor format has been pro-
posed. The load and resistance factors can be determined based on the target performance levels deter-
mined by the clients, users, and structural engineers. The design format employing load and resistance
factorsis expressed as,

¢ Ry > Tp Spn + 27k Skn (237)
k

inwhich S;,;, and Sy, are load effect due to the basic value of the principal load and the k-th secondary
load, respectively, and ~,, and ;, are the corresponding load factors.

It is difficult to evaluate directly the load factors for time-variant loads[12]. However, applying
Turkstra's rule, the combination of time-variant loads can be approximated as the combination of time-
invariant loads. The flowchart of the load factors are shown in Fig.2.3.2.

‘ Determine Target Performance Level ‘

|

‘ Determine Target Reliability Index ‘

Determine Type of cdf and Statistics || Data from Each Chapter
for Each Load of this Recommendation

Evaluation of Load and Resistance Factors ‘

Fig.2.3.2 Flowchart for Load Factors

Fig.2.3.3 schematically illustrates the concept of load and resistance factors. In structural design, the
nominal value of resistance R,, is determined so that the target reliability index is satisfied. If theratio of
the nominal value and the mean value is constant, the location of the joint probability density function
of resistance R and load effect S, frs(r, s), isdetermined adjusting frs(r, s) in the horizontal direction
o that the limit state probability, that is the volume of frg(r, s) in the domain of (r — s < 0), shall be
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smaller than the maximum acceptable limit state probability. Once frs(r, s) isfixed, the design point is
determined as the most likelihood point of frg(r, s) along the limit state surface r — s = 0, and the load
factor and the resistance factor are defined as the ratio of s* to the basic value of load .S,, and the ratio of
r* to the nominal value of theresistance R,,.

S" Design Point (7*, s%)
r-s=0
r
y=s*Sul T -s<0 AN
’ /' Jis)
[ 3
Sn wl7.8) Jer)
Z
e & 145)
s K
%\ r-s>0
Hr or Hg SnIRn Hr >I’, s
¢ =r*/Rn Design Point (r*=s*)
)
(a) Load and resistance factors and (b) Projection of pdf's and
design point in 2-D space design point on r-5=0

Fig.2.3.3 Load and Resistance Factor and Design Point

Load and resistance factors can be evaluated using AFOSM[13]; however, it requires probability
analysis and is cumbersome in practice. In “Recommendations of Limit State Design for Buildingg[8],’
tables of load and resistance factors are presented considering representative statistical characteristics of
loads. When the conditions are different from the assumptions used to evaluate these factors, the factors
should be evaluated using an approximation method such as Third Moment Method[14] or the simpli-
fied method[15] presented in “Recommendations of Limit State Design for Buildings.” The simplified
method is briefly described in the following.

3) Simplified method for load factors

When load effects (both the maximum of the principal load effect during the reference period and
the arbitrary point-in-time effect of the secondary load) and resistance are lognormally distributed and
statistically independent of one another, the load and resistance factors can be estimated by[13]

1 )
vi = ——= exp(asg, B1 Oms;) /;S‘ (2.3.8)
+J1+ Vgi n;

1 R
——— exp(—agr 1 OmR) %
1+ VE n

10

¢ = (2.3.9)
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in which g7 = target reliability index, ux, ox, and Vx are the mean, standard deviation, and coefficient
of variation of arandom variable X, respectively, o1, x isthe standard deviation of In X (caled aloga
rithmic standard deviation), and a.x is the sensitivity factor, that shows the relative importance of each
random variable and expressed as,

as, = OInS; Vi KS; (2.3.10)
\/(UmR ¢ pr)?> + > (oms, Vi 1s,)?

OmR ¢ R

apRp —
\/(UlnR ¢ pr)?+ Y (oms, vi ps;)?
7

(2.3.12)

o, vi, and pr in Egs.(2.3.10) and (2.3.11) are unknown variables; they can be evaluated analytically
when a building or a structural member is subjected to asingle load.

g g
ag =5 op ="k (2.3.12)
Oln M Oln M

inwhich o1, 7 = /(O r)2 + (Ol g)2.

When the load effects are not lognormally distributed, load and resistance factors can be estimated
by the simplified method, which does not require probability analysig[8, 15].

For a considered limit state, the load factors for the load effect due to the basic load intensity (basic
load effect) and the resistance factor for the nominal resistance are evaluated by the following three
equations.

The load factor for the principal load, vp:

1 ~ :u’Sp
Yo = ——= exp(asp 01 Gmsp) o (23.13)
P 1/1+V§p P P Spn
The load factor for the k-th secondary load, ~x:
1 - LS,
=— exp(a ﬂ Oln —r 2.3.14
Vi m (as, Bt Gms,) S, ( )
The resistance factor, ¢:
1
b= (2.3.15)

——— exp(—aR T OmR) /;%—R
A/ 14 VR2 n

in which

Ot Target reliability index during the reference period, (that is 50 years for an ultimate limit state
and one year for a serviceability limit state),

psp: The mean value of the maximum load effect of the principal load during the reference period,
Sp (Sp isthe 50 year maximum value for an ultimate limit state and the annual maximum value for
a serviceability limit state.),

11
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its,: Themean value of the annual maximum load effect of the k-th secondary |oad,
wr. Themean value of the resistance of a structural component, R,

Spn: The load effect due to the basic load intensity of the principal load,

Skn: Theload effect due to the basic load intensity of the k-th secondary load,

R, Thenominal value of the resistance of a structural component, R,

f/gp: The coefficient of variation of alognormal random variable, Sp, of which statistical parameters
are determined based on the probability distribution of .Sp. Such arandom variable as S}, iscaled
as the lognormally approximated random variable of Sy,

Vski The coefficient of variation of, S, that is the lognormally approximated random variable of
Sk,

Vr: The coefficient of variation of the resistance of a structural component,
O1n Sp' The standard deviation of the natural logarithm of Sp,

Oins,. Thestandard deviation of the natural logarithm of Sk,

omg. Thestandard deviation of the natural logarithm of R,

agsp: The sengitivity factor of the principal load, Sp,

ag,: Thesengtivity factor of the k-th secondary load, Sy,

ar: The sensitivity factor of the resistance of astructural component, R.

The sensitivity factors are evaluated by the following equations. Note that S; represents either Sy, or
S, and S; represents the lognormally approximated random variable of S;.

VR
aR = — U
\/VVR2 + Z(Cj Vsj)2

Ci VS,L-
ag, = — U
\/VR2 + Z(Cj Vsj)
in which u is the safety factor considering the approximation error of the simplified method and 1.05 is

(2.3.16)

(2.3.17)

generally considered for u. ¢; isthe ration of the mean value of S; to the mean value of the total sum of
S;’sand evaluated by

(2.3.18)

12
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in which pg, is the mean value of the annual maximum of S;, S\j‘gi is the mean value of the naturd
logarithm of gi/usi (called as the normalized logarithmic mean in the following).

Especially when the ratio of the mean value of the principal load to that of the dead load, 115,/ 1p, IS
larger than unity, when the ratio of the mean value of the sum of the secondary loads excluding the dead
load to the mean value of the dead load is about 0.2 - 0.7, and when the coefficient of variation of the
dead load is about 0.1, the sensitivity factors can be ssmply evaluated by the following equations.

(2+2 psp/pup +m) Vg y

aRp = v (2.3.19)
sy = ; ZS" u (2.3.20)

ap = % u (2.3.21)

ag, = % u [ excluding dead loadd (2.3.22)

in which ap is the sensitivity factor of the dead load and m is the number of the secondary loads
excluding the dead load. A in Egs.(2.3.19)-(2.3.22) is the normalizing factor so that > o2 = «2, and
expressed as,

A= J {242 psp/up +m) VRY2 + (3 V)2 + >V +0.04 (2.3.23)
k=1

The statistics of .S; (normalized logarithmic mean, :\*i, logarithmic standard deviation, &y, 5,, and
coefficient of variation, Vsi) can be evaluated by the following equations, as presented in “ Recommen-
dations of Limit State Design for Buildings”

S\Ei =eg+e1 Vs, + e Vs, 2 +e3 Vg? (2.3.24)
Oms; = S0+ 51 Vs, + 52 VsiQ + s3 VSiS (2.3.25)
Vs, = \/ exp {(Gms,)"} — 1 (2.3.26)

The coefficients e;’s and s;’s to be used in Egs.(2.3.24) and (2.3.25) are presented in Table 2.3.1 for
the secondary loads and the principal load for a serviceability limit state, and in Table 2.3.2 for the
principal load for an ultimate limit state. The coefficients are given for different types of the probability
distribution function that the annual maximum of the considered load is described. Note that 1.5, and Vs,
in the tables are the mean value and coefficient of variation of the annual maximum of the load effect S;
(beforeit islognormally approximated).

The load and resistance factors can be evaluated more accurately using the coefficients sq, - - -, s3 in
Eq.(2.3.25) estimated by Eq.(2.3.27) as a function of G using the coefficients in Table 2.3.3 or Table
2.3.4[15].

1 1

1
S, =0byp+by — +by — +b3 — (2327)
G B B
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For an ultimate limit state the ratio of the mean value of the maximum load effect of the principal
load during the reference period of 50 years (50 year maximum value) to the basic load effect is estimated
by

’U'Sp N * 1 ~2 ) HSa
- = A = - 2.3.28

in which s, and s, are the mean value of the 50-year maximum and the annua maximum of the
principal load, respectively. S\’gp and o1, sp, arethe normalized logarithmic mean and logarithmic standard
deviation of the 50-year maximum value of the principal load, respectively, and can be evauated by
Eq.(2.3.24) and Eq.(2.3.25), respectively, substituting the coefficient presented in Table 2.3.2.

For wind load, the statistics of BASIC wind velocity rather than the load effect are generally given.
For such acase, the statistics of the annual maximum and those of the 50-year maximum of the wind load
effect are estimated based on the logarithmic standard deviation of the corresponding (annual maximum
or 50-year maximum) BASIC wind velocity, o1, ¢/, as,

Ny = =268 (2.3.29)
Omw = 20mu (2.3.30)
Viv = \/exp (4 512nU) —1=~2Vy (2.3.31)

Eq.(2.3.31) provides a good approximation when V; < 0.2.

The ratio of the mean value of the annual maximum wind load effect, uyy,, to the basic load effect,
Wh, can be approximately estimated using the ratio of the mean value of the annual maximum wind
velocity, 7, , and the BASIC wind velocity, Uy, as,

piw, /Wa = (v, /Us)” (2.3.32)

When wind load is the principal load and an ultimate limit state is considered, the ratio of the mean
value of the maximum value during the reference period (50-year maximum value) to the basic load
effect can be evaluated by

M%ZO P {2 (5\’&50 - 5‘?]a> +2 (5-12n Uso — 5'12n Ua>} IL;/IV;? (2.3.33)

in which pw,, and puyw, are the mean value of the 50-year maximum and the annual maximum of the
wind load effect, respectively, S\*US , and 61,1, are the normalized logarithmic mean and logarithmic
standard deviation of the 50-year maximum of the wind velocity, respectively, and S\*Ua and O 61, p, @re
the normalized logarithmic mean and logarithmic standard deviation of the annual maximum of the wind
velacity, respectively.

Generally, the uncertainty exists not only in the load intensity, P, which is the most basic physical
parameter of load such as ground snow depth and basic wind velocity, but also in the estimation of the
force based on load intensity and the estimation of the load effect through a structural model. Such
uncertainties are often called as model uncertainties. If the bias in model uncertainty can be neglected,

14
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the ratio of the mean value to the basic value remains unchanged, while the variahility in the load effect

Vs, , isincreased as
Vs, ~ VA 4D Vi, (2.3.34)
J

inwhich Vg, andVp, are the coefficient of variation of load effect, S;00 and load intensity, 7, and Vo,
is the coefficient of variation of modeling error, Mo;;, in estimating load effect, S;, from load intensity,
P;. Note that the coefficient of variation of the maximum load intensity during the reference period is
used for the coefficient of variation of the principal load, and the value estimated by Eq.(2.3.31) is used
for the coefficient of variation of wind load.

Table 2.3.1 For lognormal approximation of the annual maximum value

Cdf of annual max. | Coefficientsin Eq.(2.3.24) | Coefficientsin Eq.(2.3.25)

€0 ‘ €1 ‘ €2 ‘ €3 S0 ‘ S1 ‘ S92 ‘ S3
Normal 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.85 | -0.49 | 0.14
Gumbel 0.00 | -0.16 | -0.01 | 0.00 | 0.02 | 1.13 | -0.67 | 0.20

Fréchet | /7 <2.5 | 0.00 | -0.28 | -0.05 | 0.07 | 0.00 | 1.44 | -0.98 | 0.26
Bt >25]000|-028|-005|0.07| 000|168 |-114 | 0.30

Table 2.3.2 For lognormal approximation of the 50-year maximum value
Cdf of annual max. | Coefficientsin Eq.(2.3.24) | Coefficientsin Eq.(2.3.25)

€o ‘ €1 ‘ €2 ‘ €3 S0 ‘ 51 ‘ 52 ‘ 53
Normal 002 {189 |-105| 030 | 002|034 | -032 | 0.11
Lognormal -001 | 234 | -1.07 | 0.16 | 0.00 | 0.61 | -0.13 | 0.00
Gumbel 004 | 232 | -143 | 043 | 0.05 | 1.59 | -0.60 | 0.22

Fréchet | s/t <25 | 001 | 282 | -215 | 0.62 | 0.00 | 1.44 | -0.98 | 0.26
Or>251] 001 | 282 | -215| 062 | 0.00 | 1.68 | -1.14 | 0.30

4) Target performance level

The performance level (target reliability index) required in a building or component should be de-
termined considering the consequence and the nature of failure, importance of the building, usage, type
of loading, type of building, minimum requirement prescribed in regulations, economic losses, social
inconvenience, and the amount of expense and effort required to reduce the probability of failure.

In some cases a building as a whole has arequired reliability level, while in the other cases required
levels are different from part to part in abuilding.

The reliability indices of a building designed based on the current Building Standard Law and en-
forcement orders in Japan vary depending on the site of construction, the type of a building, the type of
a component, the load combination and limit state considered, etc. Examples of reliability indices for
columns subjected to aload combination of G + Q + E are asfollows:

15



- C2-16 - Commentary on Recommendations for Loads on Buildings

Table 2.3.3 OFor lognormal approximation of annual maximum value for Eq.(2.3.27)

Cdf of annual max. Coefficientsin Eq.(2.3.27)
Se| bo | b | by | b
sop | 003 | -012 | 022 | -0.19
Normal s1 | 054 | 239 | -489 | 394

sy | 006 | -7.09 | 21.67 | -18.84
s3 | -1.23 | 12.34 | -33.21 | 28.25

so | 0.01 | 0.01 -014 | 011

Gumbel s1 | 203 | -4.16 6.61 -3.25
sy | -3.81 | 15.82 | -24.06 | 10.63
s3 | 222 | -10.79 | 17.06 | -6.07

so | 001 | -011 | 018 | -0.07
Fréchet s1 | 324 | 7.7 9.88 | -4.47
s | 0.76 | -627 | 843 | -3.72
s3 | -056 | 252 | -267 | 094

Table 2.3.4 For lognormal approximation of 50-year maximum value for Eq.(2.3.27)

Cdf of annual max. Coefficientsin Eq.(2.3.27)
Sk ‘ bo ‘ b1 ‘ by ‘ b3
so | 001 | -0.01 | 0.03 | -0.01
Normal s1 | 047 | -035 | 045 -0.2

s9 | -0.59 078 | -1.21 | 0.58
s3 | 0.26 -043 | 0.75 | -0.37

so | -0.03 | 013 | -0.14 | 0.06
Lognormal 81 1.08 -2.2 279 | -1.24
s3 | -0.32 | 151 | -212 | 1.02
83 0.1 -0.75 | 1.03 | -0.48

so | 0.094 | -0.283 | 0.383 | -0.166
Gumbel s1 | 0844 | -0.361 | 0.324 | -0.121
sg | -1.195 | 1.305 | -1.78 | 0.803
s3 | 0564 | -0.774 | 1.141 | -0.526

so | 0.01 -012 | 024 | -011
Fréchet s1 | 321 -719 | 897 | -3.97
sy | 0.26 -581 | 938 | -4.36
s3 | -0.76 | 4.69 -7 3.16
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e RC column: Sy =1.4for an ultimate limit state with reference period of 50 years, and S5 =0.90
1.1 for aserviceability limit state with 1 year reference period.

e Stedl column: fy =1.90 2.4 and s =1.30 2.4

2.3.3 Load combination for allowable stress design and ultimate strength design

Design loads for allowable stress design and ultimate strength design are determined by selecting the
design return period of loads. The design loads based on the return period is effective because either an
exceedance probability or a non-exceedance probability of the load can be always taken into account.
This treatment has the great advantage of possibility of relatively comparing with other load intensities.
In a conventional design method, however, qualitative adjustment of design loads has been made based
on the service life, importance and failure consequence of a building.

Let usconsider the service life of abuilding. The degree of occurrence of large earthquakesincreases
asthe servicelife of the building becomeslonger. Thisimpliesthat on the basis of probahility, the longer
the service life of a building is, the larger seismic design load is needed. When the probability that
a certain load exceeds the magnitude ) within an arbitrary one year P;, the probability that the load
exceeds the magnitude within the service life T\, Pr can be written as

Pr=1-(1-P)i~P T, (2.3.35)

Where each exceedance event is assumed to occur independently. If the annual probability P, is
small, Pr is approximately equal to P, T, .

Determination of design loads based on return periods has not been done explicitly in the conven-
tional allowable stress design and ultimate strength design. The service life, however, has been paid
attention to in alife cycle cost management and life of buildings. Therefore, even though conventional
design methods are used, it is necessary to account for design loads based on the service life of the
building.

Importance and failure consequences of a building are mentioned in the following. The concept of
importance and consequences is very vague. If loss of human lives and property and external influence
due to building failure can be assumed to quantify, buildings with larger loss must have higher degree of
importance and larger failure consequences. It then follows that in a conventional design, the procedure
that larger design loads are used for buildings with greater importance. To increase design load, “an
importance factor” or “a factor of building use” has been introduced. These factors are the ones by
which abasic load intensity is multiplied. The adjustment of design loads by these factors is equivalent
to that based on selecting the return period. In other words, the longer the return period is, the larger the
load intensity is, as isincrease of the above factors. Furthermore, it is recently adopted that besides the
importance or building use factor, factored design loads are introduced to easily achieve the performance
grading in the current provision on securing quality of housing in Japan. In the Vision 2000 shown in
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2.3.1, design loads are specified based on the return period. The return period concept has been playing
an extremely important role in performance-based design.

Itisnot easy to select and justify an appropriate return period in allowable stress or ultimate strength
designs. If the uncertainty associated with building capacity could be small enough to neglect, a recip-
rocal of the selected return period is approximately equal to the performance level, i.e., a probability of
failure. Since the uncertainty, however, cannot be neglected, a load and resistance factor designh (LRFD)
is preferably adopted, which is based on the probability of failure or reliability index closely related to
the importance of a building.

(1) Loading statesto be considered

Loading states in a conventional design are determined according to conditions where a building is
located. In general, long- and short-term loading states are used. The long-term loading state implies
the ordinary state under the normal state of a building, while the short-term loading state, which rarely
occurs during the service life, are states of, large earthquakes, typhoons, extraordinary snow falls, etc.
The loading states should follow prevailing rulesin a conventional design method.

(2) Return period conversion factor

L et the cumulative distribution function of an annual maximaof load X benoted F'x (). Theinterval
between the events that the annual maximum value X exceeds x is aso arandom variable. An expected
value of theinterval Tk istaken. The probability that X exceeds x just after oneyearisp = 1 — Fx(x),
and the probability that X exceeds x for the first time just after two years is (1 — p)*~!p, and the
probability that X exceeds x for the first time at exactly i-th year isy just after two yearsis (1 — p)*~!p,
Using these expressions, the expected value of thetimeinterval tg can be estimated as follows.

To= BlTR) = 31 (1= p) lp= 2o
P p 1—Fx(x)

This tr is called “mean return period” or simply “return period”, the value corresponding to this

(2.3.36)

period z isreferred to as the val ue corresponding to the return period z(tr). x(tr) isthe value by solving
Eq. (36) with respect to = and can be obtained using an inverse function of F'x (z). The longer tg is, of
course, the larger x(tRr) is.

z(Tg) = Fx ! (1 — i) (2.3.37)
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