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INTRODUCTION

In aseismic design, a dynamic analysis is usually required to evaluate the
performance of important structures subjected to earthquakes that are likely to
occur at a given site. The response of a lightly damped system depends strong-
ly on the history of recorded motions; but since the time histories of future
motions corresponding to a given intensity are unpredictable, present seismic
design is based on earthquake environments prescribed in the form of a smooth
(maximum) response spectrum. The available rules for estimating the responses
of multi-degree-of-freedom elastic systems from a given response spectrum,
however, are based on heuristic arguments and limited comparisons with results
obtained through integration of recorded motions for certain responses [ 1].
Moreover, these rules do not give a direct procedure for taking the dispersion
of the maximum response into account.

A stochastic approach to aseismic design, in principle, could provide a
consistent and systematic means for designing against a set (or ensemble) of
motions of prescribed intensity. With this approach, all responses of interest
can be considered and explicit consideration can be given to the observed dis-
persions. Recognition of this fact has attracted much attention to the devel-
opment of stochastic earthquake models £2], and to the formulation of approxi-
mate methods for calculating the distribution of maximum response under random
earthquake-type motions [3, &, 5, 6, 7, 8, 9].

For the stochastic approach to be of practical value, however, it is nec-
essary to clarify the earthquake models that should be used and the technique
of maximum response evaluation that is adequate for certain categories of
structures. For linear structures considered herein, the resuits obtained
thus far are quite encouraging and indicate the feasibility for practical im-
ptementation of certain random vibration results to aseismic design.

"Bracketed numerals refer to the corresponding references cited.
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DISTRIBUTION OF MAXIMUM RESPONSE

Poisson Assumption for Up-Crossings

For structures subjected to earthquake-type ground motions, the exceed-
ance of a high response level can be approximately described as a nonhomogen-
eous Poisson process with an exceedance rate equal to the rate of the up-
crossings. This approximation yields the survival probability as

r‘t
-2 v, (6) dg
0

Ps(t)=P[,X('r)l<b;o_<_'r§t_i=e (1)
with ®
v, () =jo % fy o (b, % €) d X (2)
in which f, ¢ is the joint density of the random response of interest X and

X, X
its derivative X at time t= E. The probability of exceeding the response level
X = +b at lteast once within (0,t] is then obtained from

t
-zf v, €) dE (3)
Pe(t) =1 - PS (t) =1 -e "o

If the response is a stationary process throughout (0,t], v, (E) becomes a
constant vV, ; ignoring a small probability of premature failure, Eq. (1) be-
comes, in ?his case,

P () =e? b " (4)

Eq. (4), which will be referred to as the homogeneous Poisson approximation,
has been applied to the response of single-degree-of-freedom systems by a
number of authors [8, 9].

For long durations and high response
levels, Eq. (4) is asymptotically cor- -30
rect [10]; otherwise, up-crossings are
correlated and the homogeneous Poisson
assumption would not strictly be valid.
Also, for small values of the integral,
Eq. (3) gives results very close to the
upper bounds in [5, 7]; however, the
homogeneous Poisson assumption may not
always provide an upper bound. This
is particularly true for small values
of t.

To examine the applicability of
the Poisson assumption in practical sit=-
uations of interest, the values of P_(t)
for the displacement response of a
linear single-degree-of-freedom system
subjected to a base motion described as
a Gaussian white noise excitation are
compared in Fig. 1 for a system with a
2-second period and for two values of
damping, B = 0.02 and 0.08. For this
type of excitatior, the response and 5 1o 15 20 25
its derivative form a Markov vector Time, sec.
and the numerical scheme described in FiG. | COMPARISON OF CALCULATED PROBABILITIES
[4] was used to obtain accurate re- ﬁ&gfﬁ;ﬁﬁ?ﬂﬁgb’zs°°'°‘3”°'W“”E
sults which are then compared to those
obtained from the homogeneous and

T T T
Homoger?eous Poilsson (Any B) -

.20

Excursion Probability, Pe(t)
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nonhomogeneous Poisson assumptions. The response level is b = 3 o in which
co is the rms value of staticnary response, i.e.

Cf 2 —, o T =2 (5)
3 "n'n
28 wn
It is seen that for durations of 25 seconds or so the nonhomogeneous Poisson
assumption improves the results over that of the homogeneous Poisson assump-
tion. This is particularly true for the lower damping value. Zero initial
conditions were assumed; hence, the response of a 2-second system with 2%
damping is quite nonstationary for the durations considered, which is the
reason for the need for a nonhomogeneous Poisson procedure. For higher damp-
ing values and systems with shorter periods, the difference between the homo-
geneous and nonhomogeneous processes becomes less significant for durations
of the order of 25 seconds.

Another measure of the reasonableness of the above Poisson process ap-
proximation can be seen in terms of the response levels corresponding to a spe-
cified probability of exceedance P_ in a given duration. For a 2-second sys-
tem with B = 2% and P_ (25) = 10%, the required response levels are respec-
tively, 3.3 0 , 3 0 , and 2.6 o_ for the homogeneous and nonhomogeneous Poisson
approximations,and the accurate Markov scheme of calculation.

Probabilistic Response Spectra

On the basis of Eq. (1) the median pseudo velocities, V = w_ b corres-
ponding to P_ (25) = 0.5, computed for a Gaussian excitation with spectral den-
sity

, ;02
l+l+(3f (wf,> —m L L
1 1
GY'(Q) =S, Ty - (_9_)-2]2 . 4 B2 (_&_)2 , Bfl = 0.642 p (6)
L W f. \w w, = 15.5 sec
F] 1 f] f]

are compared in Fig. 2
with the average pseudo
velocities obtained by | I | | [ [ |
Housner [”] . The value 2.01 >~ < Median of Calculated Maximum Response, Eq. (1) '
of SO used to compute o~-cMean Based on Stationary Response ( After Davenport)
thﬁse rgsu}ts is 0.0052 | —— Smoothed Average of Real Earthquakes {After Housner ) ]

ft“/sec’. 1In [11, 12], b
which used simulation. - B=2% -
techniques to generate - d - 3>r_,-—-‘*7 o

- 1.0 S ! = — RPN { SRS (P,
member functions from s P I
Eq. (6), it was found, = 5% —
thaty S_, = 0.006t4 ft°/ mevnn 5 DI DT SN NN

ol . A el

sec” provides a good fit
with Housner's spectra.
It should be remembered
that when using simula-
tion studies, the aver- Period, sec.
age spectra calculated do
not correspond to a spe-
cific value of probabil-
ity of exceedence; rather, the spectra obtained from a simulation approach are
simply the averages of the observed maximum responses at each damping and fre-
quency. Furthermore, in | 12] some sensitivity of § ., required for good fit,
to the time interval used for generation of artificial earthuakes was reported.
In view of these observations the value of S _, = 0.0052 ft“/sec” which gives a
good fit between median pseudo velocity spectra and the Housner spectra is

fi./sec

b -

B Y : TN [0 1 R N S I —

20 3.0 40

FiG.2 SMOOTH VELOCITY SPECTRA
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considered to be a good agreement between the Poisson assumption and simula-
tion studies. Of course, by adopting the Poisson process approximation, the
tedious process of simutation is avoided.

In Fig. 2 are also shown the mean response values computed from an ex-
pression due to Davenport [8], which assumes a homogeneous Poisson process.

A duration of 25 seconds was used throughout.

Thus, for purposes of earthquake engineering design of linear systems,
the significant maximum response statistics can be adequately determined on
the basis of the nonhomogeneous Poisson process described above for a reason-
ably wide range of frequencies. If the excitation, system period, and damping
are such that the nonstationarities in the excitation and response can both be
ignored, the exceedance process may also be approximated by a homogeneous
Poisson process as has been suggested previously [8, 9].

DESCRIPTION OF GROUND MOTIONS

Influence of Nonstationarity
In Fig. 4 are presented the first:- ;passage time probability dens1ty, f (t),

and reliability function Ps(t) =1 - Jo T (t) d T, corresponding to the shot

noise and truncated white noise inputs shown in Fig. 3. These results were de-
termined with the computationa!
method of [ 4] for a system with a

2-second period and B8 = 0.02; b = 1,:27S,
3 0,. The comparison shown in Finite Segment of White Noise
Fig: 4 is of interest because the I, [

shot noise excitation has been
shown to represent quite well the
nonstationarity observed in strong- -Iohnsf
motion records such as El Centro,
Taft, and Olympia [147]. Moreover,
it is known that long-period sys-
tems are more sensitive to input
nonstationarity []2] and that for FIG. 3 INTENSITY FUNCTIONS FOR UNCORRELATED
such systems the earthquake exci- EXCITATIONS ‘CONSIDERED

tations can be treated as an un-

correlated process since the ef-

fective correlation time of earth-

quake motions is approximately T
0.1 sec,

The, comparison of the proba-
bility densities in Fig. 4 shows
that the inftuence of input non-
stationarity is controlled by the
tail portion of the shot noise;
therefore, for long duration re-
sponses the computed reliabilities
may appreciably be in error. How-
ever, for durations of 25 sec. or
so which apply to earthquakes of
the type considered, the difference
in the system reliabilities does
not appear to be significant. o 3 10 5 20 25
This is further substantiated by Time, Sec.

the results of Table 1, which FIG. 4 FIRST-PASSAGE TIME PROBABILITY DENSITY
gives the response levels corre- AND RELIABILITY FUNCTIONS-— T,= 2 sec.,

sponding to an exceedance proba- B8 =002, b= 3 a,, Excitations in Fig. 3
bility of P_(25) = 5% in a 25~
second duration.

Time, sec.

5 10 ] 20 25

— 1.00

T I
Shot Noise

s

fr(t) x 10

Reliability , p (t)

First- Passage Probability Density.f_r(t)
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The insensitivity of the maximum response

TABLE 1: RESPONSE LEVELS FOR 5% PROBABILITY OF EXCEEDENCE of linear damped systems to nonstationarity in
the earthquakes of the type considered indicates
EYdscic SEATem Ash 20 dMpings SiRation s 23 sec. that in specifying the earthquake environment
= for purposes of probabilistic design of such

o*
Period, Sec. Response Values

systems, primary attention should be given to
the specification of the input spectral density.

Shot Noise White Noise

1 3.00 a.25 It should be emphasized that the above
2 2.70 2.85 conclusion is restricted to damped linear sys-
3 2.2 2.60 tems. Some exploratory results for elasto-
plastic systems show that the effect of non-
% Heasured in terns of o, Eq. {5) stationarity tends to increase with increasing

values of the ductility factor [13].

Definition of Intensity

For dynamic seismic analysis, the earthquake environment is normally de=
fined in terms of a smooth response spectrum; for firm ground conditions, an
example would be the Housner's spectra [11]. Simulation studies [ 14, 15] have
also shown that smooth average pseudo velocity spectra may be obtained from the
spectral density of Eq. (6) or any of the following:

- o 2 < o
G.\? (Q) = SOZ - R 32 9 52 = 0-5 (7)
2 i £ ! 2 /0 =]
L} - ka-) ]+ 4 P, Ka-) w, 3.14 sec
2

and

]

G"’s(ﬂ) = Sy3 lQI < 62.8 sec” (8)

Fig. 5 shows these spectral densities with S_, determined so that the
density amplitudes are the same for periods ranginé from 2 to 4 sec. Clearly,
the shapes of these densities are
not the same. However, the median

pseudo velocity spectra computed 1.6 TTTT—

for the above densities using Eq. 14 Gﬂ“n J//ﬁ\\ J(&$
(1), and a low damping (B = .02), . N %

are fairly close to each other as ' ,/4_’,,/” N

shown in Fig. 6a. This is in _ o = 8 i \
agreement with the findings of € o8 G,(8) \
simulation studies and indicates ﬁhoe 1 } \\ |
that once a smooth response spec- SJJ=L25 s G 1 .
trum is selected for design, any 04— (o Approimatels The Same C
of several proposed spectral den- 0.2{— Ordinates at Low Frequencies PN
sities may be used with Eq. (1) and R ] N
the spectral density amplitude may c.l 02 03 0507 | 2 3 5 7 10
be obtained from the specified re- f= Q/zw, cps

sponse spectrum values.

Fig. 6b shows the pseudo
velocity spectra obtained from
the spectral densities of Eqs. (6), {(7), and (8) in which the constants §
are selected so as to yield the same rms ground acceleration. These pseugé
velocity spectra differ from each other.

Therefore, for purposes of consistency in practical aseismic design, the
environment should be defined on the basis of a smooth design response spectrum;
and from this, a corresponding spectral density can be obtained for use in

the stochastic approach.

FIG. 5 NORMALIZED POWER SPECTRAL DENSITIES
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T ] T T Y PRACTICAL IMPLICATIONS

The stochastic approach de-
scribed above is intended to improve

4" L4 . -
o5l - S,; Chosen for Input Spectral Densities ] practical design against earthquake
to Hove Same Ordinates of Low forces; the implications are especial-
Frequencies ly significant with reference to the
0 : i < ' . design of multi-degree-of-freedom
.0 10 20 30 3 .
$ (a) systems as illustrated below. An im-
> portant aspect of earthquake motions
- " T T T r that seems to be neglected in present

designs, or at least is not explic-
itly considered, is the fact that the
response to actual earthquakes of the
same intensity has a wide dispersion
as will be illustrated in Table 2.

for Ground Acceleration

00 : {B - éo - 30 An Illustrative Applicat%on )
(b) For the purpose of illustrating

Period, sec. the practical implications alluded
FIG. 6 MEDIAN PSEUDO VELOCITY SPECTRA to above, the system shown in Fig. 7
CORRESPONDING TO TWO NORMALIZATIONS OF is considered and the relative story
POWER SPECTRAL. DENSITIES- 8 = 2 % distortions are studied. The ratio

k/m is selected to give fundamental
mode period of lsec., and 5% damping is used in all the modes. All the 5
modes are considered in the results reported in Table 2, which provides a com-
parison for three sets of calculations.

Ug m
TABLE 2: RESULTS FOR SYSTEM IN FIG, 7
Response
Normalized Records Random Vib. Spectrum
Response
100, Second
i Ft. Average Range Hei;z:st Pz"s Pe- 9..10 SRSS ABS
1y (2) (3) (a) (s) (6) (7} (8)
Y 353 243 to 587 442 380 434 310 380
(u,-u)) 32t 216 - 548 402 341 389 282 EIT]
(uy-u,) 283 190 - 476 333 290 330 236 292
(uy-uy) 221 158 - 351 248 224 251 179 246 ;‘l“)
(us-u4) 133 109 - 187 152 130 145 102 159
FIG. 7 SYSTEM CONSIDERED
. . . 2 3
The power spectral density of Eq. (6) is used with S., = 0.0052 ft™/sec”.

On the basis of Fig. 2, stationary response assumption is acceptable for the
period and damping values considered. Assuming Gaussian response, V_ of Eq. (4)
is

o, I (b 2
5 ol Mo =
Vp = Mo, © 2 o-)( (9)
X
in which o, and o, are the standard deviations of the response X and its

X X
derivative X, respectively. For example, if X is taken to be the second story
deformation, then

"1t has been numerically verified that the coupling effect of modes can be
ignored in this structure because of separation in modal frequencies.
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-4

-2
8 (@ -5 (] | oy, @) W, @) ¢a (10)
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2 2
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i [~

=1

in which v, is the participation factor of mode k, @k (i) is the amplitude of
point i in mode k, and H, () is the modal frequency response function. The
integral in Eq. (10) is adequately approximated by the following:

(T GVIGDk)
_____g___ H wk <2 wf
® 2 28 wp ]
j & @) H @) do = 2 (11)
% frrG';, w,) we (1 +hp.)
1 + il ! TS ;s w > 2w
3 [N 017 "k f
L_Z_Bwk 2 Bf wk 1

1
Similar simplifications are possible for o.

Resuits of such calculations are tabu*ated in columns 5 and 6 of Table 2,
representing the median and the 90 percentile response values.

The results for the normalized records, in Table 2, were obtained through
a step-by=-step integration of the equations of motion for the two horizontal
components of the following records: EIl Centro (1934, 1940), Taft (1952), and
Olympia (1949). Before processing, however, the records were normalized,
following Housner L11], to have the same area under the undamped spectrum
curve (from T = 0.1 sec. to T m 2.5 sec.); the responses thus normalized were
averaged and fitted to the Housner's spectrum with zero damping. This gave
the appropriate factors by which each record was multiplied and then used
to obtain eight different responses for the muiti-degree-of-freedom system.
The average, the observed range of each response, and the second highest among
the eight values are given in columns 2, 3, and 4 in Table 2. For this struc-
ture the highest values of all responses came from the same earthquake, NS EI
Centro 1934, but different records gave second highest values listed for the
five response quantities summarized in Table 2.

The results listed under '‘response spectrum,'' columns 7 and 8 of Table 2,
were obtained using the median response spectrum of Fig. 2 with g = 5%. The
absotute sum (ABS) and the square root of sum of the sguares (SRSS) of the
peak modal responses thus obtained are given in the columns indicated.

Discussion

For the example structure, almost all of the response U, (measure of base
shear) is due to the first mode whereas the higher modes increase in importance
for the response U -Uh' With this in view, the agreement between the U, responses in
columns 2 and 5 mé%ely indicates that a reasonable normalization of the rec-
ords has been achieved since it is intended that the collection of records and
earthguake model used produce roughly the same average effect on a single~
degree-of-freedom system. On the other hand, the agreement between the
(U. - U) values in columns 2 and 5 verifies the applicability of Eq. (1)
tosmult1-degree-of-freedom systems.

Clearly there is a wide range in the responses of the structure to the
normalized records; the proposed stochastic procedure with proper selection
of P_ provides a consistent means for taking this range into account.

®The values in columns 7 and 8 should be compared with those in column 5
because these are all responses to the same average base motion, described
by the median response spectrum in Fig. 2. Note that the values of column 7
consistently underestimate those of column 5 whereas the values of column 8
are not consistent for all the responses in the structure.
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CONCLUSIONS

The main conclusions of the paper may be summarized as follows:

1. The Poisson approximation for up-crossings, Eq. (1), provides a flex-
ible means for obtaining maximum response statistics under random earthquake-
type motion; for single-degree-of-freedom systems, the differences with theory
are not targe enough to be significant, Fig. 1, and the results thus obtained
are in agreement with those from simulation studies, Fig. 2. For the multi-
degree-of -freedom system considered, Eq. (1) appears to produce results in
fair agreement with those obtained from a normalized set of recorded accelero-
grams.

2. Responses to a set of normalized recorded motions having the same
average response spectrum, which are commonly pooled together, vary in a wide
range, Table 2. Unless quantitative means become available to separate dif-
ferences among these records, it is necessary to take this variability into
account. A random vibration approach provides a consistent manner for im-
plementing this goal in practice.

3. For damped linear systems, the influence of nonstationarity of the
input motions analogous to El Centro, Taft, and Olympia records can be ig«
nored, Table |. Starting from an average smooth response spectrum it is then
possible to arrive at an appropriate spectral density to be used in a sto-
chastic procedure for design.
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SUMMARY

Responses to a set of normalized recorded motions vary in a
wide range. It is shown that for linear systems, approximate but
adequate methods are available for systematically applying a
stochastic approach to aseismic design. For certain commonly used
accelerograms nonstationarity of the motions can be ignored when
considering linear systems; in these cases the spectral density
to be used should be selected after a design intensity is defined
by a smooth response spectrum,

RESUME

Le comportement d'un systéme soumis & un ensemble normalisgé
de mouvements enregistrés varie énormément. Il est démontré que,
pour les systémes linéaires, il existe des méthodes approximatives
mais adéquates pour appliguer systématiquement 1'approche stocha-
stique dans les analyses paraséismiques. Ia non-stationarité des
mouvements peut 8tre négligée pour certains accélérogrammes large-
ment utilisés et appliqués aux systémes lindaires. Dans ces cir—
constances, la densité spectrale utilisée doit B8tre déterminde
& l'aide de l'intensité définie par une réponse spectrale lisse.

ZUSAMMENFASSUNG

Das Verhalten eines Systems gegeniiber einer Reihe von beobsch-—
teten und normalisierten Bewegungen variiert iiber einen weiten
Bereich. Es wird gezeigt, dass fiir lineare Systeme ausreichende
Néherungsmethoden vorhanden sind, um systematisch stochastische
Methoden auf den Entwurf von Konstruktionen gegen Erdbebenbean-
spruchung anzuwender, Flr bestimmte, hiufig verwendete
Beschleunigung-Zeit-Beziehungen kann fiir lineare Systeme die Ver-
gnderung des Ruhepunktes der Bewegungen vernachlédssigt werden. In
diesen Fdllen sollten die zu verwendenden Spektraldichten (PSD)
gewdhlt werden, nachdem die Intensitdt durch ein ausgeglichenes
Verhaltenspektrum definiert ist.

7. Ba. Schlussbericht
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I Introduction

The current design procedures in structural engineering involve the use of
load factors to account for uncertainties that may exist in the applied loads
and in the resisting strength of the structural members. The associated level
of reliability depends on the probabilistic character of both loads and resis-
tance. A procedure leading to the determination of load factors is formulated
based on the following criteria: 1) The load factors should provide a desired
level of structural safety with respect to all loading configuration. 2) This
desired level of reliability may be determined by economic factors such as cost
of construction and the cost of failure of the structural system. 3) Load fac-
tors for individual element design may be determined by the desired level of
reliability of the whole system. 4) Additional information about the loading
environment and the material strength characteristics can be systematically
incorporated into the procedure to obtain a better set of load factors. 5) The
procedure to evaluate load factors should be simple in form and easy for appli-
cation. In the formulation that is presented here, dead, live, wind and earth-
quake loads are included. First, the load factors for a given reliability
level for a structural element are calculated and second, the optimal reliabil-
ity level of the structural system, its relationship with element reliability
and the economic considerations in determining optimal reliability are consid-
ered. Step by step procedure is outlined and numerical example is worked out
to illustrate the simplicity of the procedure.

II Determination of Load Factors for Dead, Live, Wind and Earthquake Loads

In addition to dead and live load, a structure may be subjected during its
life span to loads like earthquake and wind. In previous works, Tang (7),
Niyogi (3), Shah and others (4) have initiated such studies under dead and live
loads. Incorporation of high wind loads and earthquake loads are especially
important for structures with long service life and located around regions
where occurrences of earthquakes or hurricanes or both are frequent. Given the
location and the desired life span of a structure, the maximum magnitude of
earthquake and wind loads that will act on the structure are random variables.
In the formulation presented here, only the largest magnitudes of wind and
earthquake loads are considered. The effects of repeated occurrences of minor
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earthquakes and hurricanes are neglected. If we exclude the possibility that
earthquake and wind would occur at the same time, then the possible loading con-

figurations are:

W, = DL+ LL; W, = DL+ WL ;
Wy = DL+ EL; W, = DL+ LL + WL ; 1
W = DL + LL + EL .

where DL, LL, EL and WL represent dead, live earthquake and wind loads respec-

tively. If the mean values of these loads are taken as nominal loads to which
load factors are multiplied, the corresponding design load values are:

'f = o * -
WP = aggty ¥ty 50 WE S 0y ayaug

% = s Wk = .
WE T Oggy T Qg 5 WE S Oyt ooy an, ¢
% =
WS = oMy T o5ty Fagm,
where Mot 4 and b, are the mean dead, live, wind and earthquake loads respec-
14y
tively. ©Note that load factors
P13 7 Y14 T Fp T U4 T O3p T g3 T Oy T g3 = 0 :
In general, for the ith combination of loading, we can write:
4
W= ) oL, 4

L4y 13

Stochastically, if all the load components are assumed normally distributed, the

design load for the ith loading configuration 1s

W, = U ) L/2 5

i My + kiUW ) uJ + k ) G + 7,

i j [ )

k%z

where pkﬂ denotes the coefficient of correlation between the k-th and #th compo-

Pre “x

nent. The index j depends on the ith loading configuration. Thus,
1,4 when i = 3

1 j
j=1,3 wheni=2; j=1,2,3 when i = 4 6
j=1,2,4 wheni=5.

j=1,2 when i =

In terms of the component loads, this design load may also be written as

= ? Ly = z uy(l+ kg v.) 7
where Vj = coefficient of variation of the jth load component. Equating 4, 5 and
7 and assuming that the resistance is Gaussian with coefficient of variation VR
and reliability coefficient ki, (ki measures the number of standard deviations in

the standardized Gaussian distribution corresponding to the ith load), a general
expression for the load factor can be obtained

a
(= o% 1, Pk z)
i+ 3
L
P) k,V,
1 ij ZUj 1] 3
aon = k 4 =
ij 1 Vs Iy T kivR

If kf denotes the level of the overall reliability for the ith loading com-
bination, the relation between ki and kf can be shown to be (ref. 7)
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2 2
J(VRuR) + a

Li
k, = k¥ 9
i VRMR + ULi i
2 1/2
where Oti = (2 Uj + RZZ pkﬂckgﬁ) 10

k#4
For any desired level of overall reliability corresponding to kf, ki is

determined from equation 9. Load factors are then computed by equation 8. 1In
order to test for the sensitivity with respect to the type of distribution that
is assumed, Extreme Type II (largest value) distribution has been assumed for
the wind and earthquake loads, keeping the dead load and live load distribu-
tions Gaussian. It was observed that the values of design loads and load fac-
tors obtained for any desired reliability level does not change appreciably
from the all-Gaussian model.

II1 Summary of Procedure

A step by step procedure is outlined below for the evaluation of load fac-
tors under dead, live, wind and earthquake loads. (1) Compute the magnitudes
of dead, live, wind and earthquake loads acting on the structure, based on the
empirical formula in the existing code. (2) Through structural analysis,
obtain the design moments (stresses) due to each load component. Select the
critical section for the member to be designed. (Numerical example is given in
section 6.) Let Hps> Moo Hg and by, be values of such design moments (stresses)

at the critical section due to dead, live, wind and earthquake load respec-
tively. (3) Based on the available data, determine the coefficients of vari-

ation Vl, V2, V3 and V4 for each load component. Compute Oys Tps Oy and % by

using equation Ul = ini, i=1,2,3,4. (4) From available data, determine
coefficient of variation of resistance (VR). (5) Choose the value of the

overall reliability for the member to be designed, say u. Determine the corre-
sponding reliability coefficient k* from tables of normal integrals. (6) Com-
pute the values of Ogs My UL’ VL and k for each loading configuration. All
pij except p14 may be assumed to be zero. The value of each ki (Ll =1 to 5 1is
determined from the values k%, VR and VL’ by using equation 9 or from charts
similar to that in Figure 4. (7) For each loading configuration i, compute
load factorsaCij by

Q.
1+ (—L kv .)
o i,
- ] 1
%55 I - kV

R

Note that %y X0 a22’ 024, a32, a33, a44, a53 are zero. (8) Compute the

design load

4
W, = 2, o, .u. i=1to5

The example given in Section 6 would help to illustrate the above procedures.

IV System Analysis

In general, a structure is made up of structural components called members
or elements. For a floor system consisting of four T-beams, each beam is called
an element. The reliability of the floor system depends on the reliability of
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each beam as well as the type of framing of the system. We will consider two
types of systems, namely series system and parallel system.

(A) Series System - The series system is defined as one which fails if any one
of its elements fails. When any element fails, that is, when its strength
capacity is exceeded by the applied load, it does not continue to deform suffi-
ciently so that its adjacent elements can take on the extra load. If we further
assume for the four-beam floor system that (i) The probabilistic properties of
each T-beam are identical. (ii) The event that any one beam fails is independent
of that of the others. (iii) The loads are evenly distributed to each beam.

Then the probability of failure of the floor system is

4
Ppg = L - (1 - pp) " =~ 4p, (for small pF) 11

where Pp = probability of failure of each element. This may be generalized such

that for a series structural system of N elements, its probability of failure is
N times that of the individual element, that is

Ppg = N- Pp 12
(B) Parallel System - On the other hand, if all the elements are designed with
sufficient ductility such that they do not lose their load capacity until all
elements reach ultimate conditions, the structural system is called a parallel
system. Ideally, this system will fail when all the elements fail. However in
practice, even for the most ductile system, the structural system will fail when
only a fraction of the total number of elements fails. In addition to the
assumption listed in Case (A), if we assume for the same floor system that the
system will fail if two or more beams fail, then using the concept of Bernoulli
Trials,

2 2 4
Prg = (Dpa(l - pp)° + (Dpa(l = b)) + (py 13

For small value of Pp> then

42 2

This may be generalized for a parallel structural system with N elements, if the
failure of M or more elements lead to system failure, then the probability of
system failure is approximately

N, M
A 1
Ppg ~ GO Pp =]
Since reliability is defined as
u.=1- u=1- 16
ug= L - Ppg» u=1-rpg

we can see from equatioms 12 and 15 that simple relations do exist between sys-
tem reliability and element reliability.

V Cost Analysis

Tt is known that the total design load increases as the desired level of
reliability for one design increases. If we assume that cost of construction is
linearly proportional to this value of design load, and let c, be the loss when
the structure fails, and assume all other costs negligible, an expected total
cost function can be defined as

TC

cost of construction + expected cost of failure

clw*(ﬁ) + ey (1 - GS> 17

where W% = total design load which is a function of reliability; ¢ = construc-

tion cost per unit design load for the system; and u = reliability of an element.
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For a series structural system, applying Equations 12 and 16, this becomes
TC(u) = cl[w*(l}) +C(L - u] 18

cost of failure
cost of constructlion per element per unit design load

where C =

In other words, the cost coefficient C is a measure of how important the
consequences of structural failure are relative to the unit cost of construc-
tion. Thus, a large value of C corresponds to a case where failure involves
great losses. In the numerical work which follows, the mean dead load is
assumed not as a constant but to be 1 psf per 5 psf of the total design load.
The expected total cost function is evaluated for the sample data used for the
Gaussian model. Figure 1 shows, for a given value of C, that a distinct minimum
cost does exist at a certain level of reliability. As C increases, the optimal
design should have a higher level of reliability so that the expected loss due
to failure is decreased. The optimal reliability level as a function of the
cost coefficient for various coefficients of variation of lcads and resistance
is shown on Figure 2. The variation in the load does not seem to affect this
optimal relation. However as the coefficient of variation of resistance
increases, the optimal reliability level does decrease for any given cost coef-
ficient C. This implies that the optimal decision, when the resistance is
highly uncertain, is to cut back the cost of construction by using smaller load
factors and to risk a higher probability of failure. The analysis is similar in
the case of a parallel system. The total cost function for the four-beam floor
system example is computed to be

TC(u) = cl[w*(E) +1.56(1 - 2] 19

The relation between the cost coefficient and the optimal level of element
reliability is given in Figure 3 for various values of the coefficient of varia-
tion of the resistance. This relation is again very insensitive to the statis-
tical variation in the applied loads. For a given value of cost coefficient C,
the optimal level of element reliability is much less for the parallel system
than for the series system. Therefore, for the two types of systems, namely,
series and parallel, once we know the values of C and V_, the optimal level of
reliability for element design may be easily determined.

VI Numerical Example - Dead, Live, Wind and Earthquake Loads

A one-story plane frame structure is chosen to illustrate how load factors
can be determined in a step by step procedure for a desired level of reliabil-
ity. The frame's dimension and member stiffness are shown in Figure 5. Assume
that only bending moment failure is of interest. (1) Compute the magnitudes of
dead, live, earthquake and wind loads acting on the structure. Assume a tribu-
tary span of 20 feet perpendicular to the frame. The dead load is represented
by a uniform load acting on the girder BC. 1Its magnitude is given by
1 DL x 20' = 60 x 20 = 1.2K/ft. Similarly, the magnitude for the live load

is w, = LL x 20" = 80 x 20 = 1.6/ £

Engineering Association of California (SEAOC) recommends the following equation
for the equivalent static lateral load. (Ref. 8)

w

For the earthquake load, the Seismic

Q =KCWZ_ 20

-

We may assume Zo = 1 (in California), D = I for the type of framing and Co = 0.1
for a one-story structure. Then Ql = DL x floor area x Z0 xKxC =
)

60 x 20 x 20 x 1 x 1 x 0.1 = 2.4K. For the wind load, an equivalent static
force is given by (ref. 9) 2

F = .00256 Cd AV 21
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We may assume Cd = 1 for flat wall, V = 80 mph for a 50-year occurrence period

in San Francisco for a building height of 50 feet, and A = 10 x 20 = 200 square
feet for a tributary span of 20 feet and an exposed height of 10 feet. Then
Q2 = ,00256 x 1 x 200 x 802 = 3.3k. (2) Compute bending moments due to each

load. The moments (in kip-ft.) at critical locations are

DL LL EL WL  DL+LL DL+EL DLHWL DL+LL+EL DL+LLHWL
A 13.4 18.0 34.3 47.1 31.4 47.7 60.5 65.7 78.5
B -26.7 -35.7 -~25.7 -35.4 -62.4 -52.4 -62.1 -88.1 -97.8 *
C -26.7 -35.7 27.7 35.4 -62.4 -1.0 8.7 -36.7 -27.0
D 13.4 18.0 -34.3 -47.1 31.2 -17.9 -33.7 - 3.1 =159
E 33.3 44.5 0 0 17.8 33.3 33.3 77.8 77.8

Take location B for our further analysis. (3) Compute mean and standard devia-
tion for each component.

V2 = V2 + V2 + V2 + V2
3 z k c w
(o} o o

= 0.2 + (0.08)% + (0.2)% + (0.08)% = 0.0628 (say)

b =267 V =0.08 g =2.22
b, = 35.7 Vv, =0.25 a, = 8.93
by =354 Vv, =0.2 Lo, =7.08
b, = 25.7  V, =0.25 0, = 6.43

The index 1, 2, 3, 4 correspond to dead, live, wind and earthquake load contribu-
tions respectively. The values of the coefficient of variation Vl, V2, V3, VQ
are assumed for numerical illustration. The correlation coefficients pij are

assumed zero, except for Pig = 0.5. (4) Assume coefficient of variation of

resistance, say, 0.1 in this case. (5) Choose the desired overall reliability

u=0.9999. (6) Compute the values of O s Wgo GL, VL, k*, k.
Loadin
Case Combinat?on Ts Mg GL VL L ke
1 DL + LL 11.15 62.4 9 2 0.147 3.72 2.68
2 DL + WL 9.3 62.1 7.41 0.12 3.72 2.7
3 DL + EL 8.65 52.4 7.8 0.15 3.72 2.68
4 DL + LL + WL 18.23 97.8 11.6 0.12 3.72 2.7
5 DL + LL + EL 17.58 88.1 11.85 0.134 3.72 2.7
(7) Compute load factors “ij and design load W,
Loadin
Case Combinat?on %1 “12 %i3 A wi(k-ft)
1 DL + LL 1.61 2.13 0 0 119
2 DL + WL 1.61 0 1.96 0 113
3 DL + EL 1.61 0 0 2.08 96.8
4 DL + LL + WL 1.57 1.97 1.85 0 177
5 DL + LL + EL 1.58 1.97 0 1.97 163

VII Conclusion

An approach is presented in this paper to formulate a procedure for quanti-
tative evaluation of load factors for dead, live, wind and earthquake loads.
Various models which describe the statistical characteristics of the loads and
resistance are studied under the formulation. Load factors obtained in each case
for any desired level of reliability do not differ appreciably. The Gaussian
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model for both the loads and resistance appear to be the most convenient one to
work with. Step-by-step procedure are outlined to illustrate the simplicity in
the evaluation of load factors. From system and cost analyses, the optimal
level of reliability for the structural member design are mainly determined by
two parameters. They are the cost coefficient C which represents the ratio of
cost of failure and the cost of construction, and the coefficient of wvariation
of resistance V_. Once this desired reliability level is given, together with
the coefficients of variation of each load component, the corresponding load
factors may be computed by the procedures formulated.
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On Fatigue Damage Estimation of Railway Bridge Members Through Actual Train Loading
Sur I'estimation des dommages causés aux éléments de ponts-rails par la fatigue due aux essieux

Uber die Schatzung von Ermidungsschiden an Eisenbahnbriicken-Teilen durch Zuglasten

FUMIHITO ITOH
JAPAN

INTRODUCTION

The major load acting on railway bridges is the train load which
makes a short-term variation. Its amplitude of variation is considerably
wide, therefore in discussing the safety of railway bridge members it
is important to consider not simply the maximum value of load but also
the decline of strength due to repeated loading, i.e., the fatigue
damage. It is for this reason that in many countries the specifications
or codes for designing the railway bridges set an allowable unit stress
for fatigue in bridge members, and information on how to decide the safe
limit of fatigue strength is being eagerly sought by engineers.

Fatigue life depends on the number of repeated stress cycles as
well as on the maximum value of stress. Therefore the thing to be
known is not only what is the maximum value of stress developed under
passage of a train but also to what number of stress cycles with an
amplitude of the maximum stress in that condition corresponds the
fatigue damage occurring in bridge members under passage of that train.

According to Prof. Pelikan, who investigated German trains, the
number of repeated stress cycles mentioned above depends on the span
length of a railway bridge. This trend must be the same with the
Japanese railways, too. JNR has constructed Tckaido SHIN KANSEN as a
line devoted to the operation of multiple-unit electric railcar trains.
On this line, the train load is uniformly distributed but with a larger
wheel base than in locomotives, the number of repeated loadings tends to
be large. In case of bridges on SHIN KANSEN, with the above fact taken
into account, the designing was so made as to let the bridge bear a
larger load than really encountered but the difference due to bridge
span length was ignored.

The purpose of this paper is to investigate the situation in'more
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detail, The points to be elucidated are: How best to analyze the
stress-time relation; how best to utilize the results of this analysis
for estimation of fatigue life; how to relate these resulis to train
category or span length of a bridge; or what are the best statistical
quantities for checking the safety. The present paper sums up what has
so far been achieved on this problem by the author in his own way which
is even short of the statistical approach.

STRESS~-TIME RELATION UNDER TRAIN LOAD

The stress-time relation developing in bridge members under train
passage has different features from those of airplane wings in turbulent
air or of axles in running cars. The stress in a wheel axle varies
randomly on both sides of the mean level which is virtually constant,
with no definite correlation existing between maximum and minimum.
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Fig. 1 Theoretical stress-time relations
under Tokaido SHIN KANSEN N-load train.

By contrast, the stresses in bridge members are, though short in
duration, characterized by mean stress variation which has a stress-time
relation depending on train category, span length of the bridge and
functions of members, and a relatively small oscillation added around
this stress. Figure 1 illustrates the theoretical wave form appearing
Tokaido SHIN KANSEN passes over simple supported girders of several
different span lengths, the wave form is broadly similar to the ambove=
menitioned mean stress variation. From this it is realized how influen-
tial is the span length,

STATISTICAL COUNTING METHODS FOR ANATYZING LOAD-TIME HISTORIES TO BE
APPLIED FOR ESTIMATION OF FATIGUE LIFE

In the discussion of fatigue 1ife, it is not enough to find simply
the magnitude of maxdmum stress intensity and its probability of occur-
rence, Because the fatigue strength is not associated with the magni-
tude and frequence of maximum stress intensity only, but, more important,
with those of stress amplitude. Thus, the counting method for this

purpose must be one that can permit conversion to the magnitude and
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frequence of stress amplitude so that the counted stress waves appear-
ing in railway bridge members may be related to the fatigue strength.
If several such methods are available, the most reasonable and most
practicable one must be selected from among them.

The author checked the following nine as such counting methods:
a) Peak Count Method.
b) Mean-Crossing Peak Count Method.
¢) Level-Crossing Count Method.
d) Fatigue Meter Count Method.
e) Range Count Method.
f) Range-ilean Count Method.
g) Modified Range Count Methog.
h) Range-Pair Count Method.
i) Modified Range-Pair Count Method.

Out of these nine, the four (a)~(d) are rejected for the present
purpose because they cannot give stress amplitude from counted result on
stress-time relations such as developed in railway bridges. The methods
(e) and followings, which deal with stress amplitude from the first, are
satisfactory in this respect, but the other three except (h) and (i)
have the drawback that not only the results vary depending on the
position and number of artificially selected counting levels, but also
a major amplitude is apt to be overlooked as the result of minor
vibration components, if any, being counted. Since it is undesirable
to adopt for the solution of a scientific problem a method whose data
depend on something artificial, the author thinks it advisable to
refrain from use of such methods.

The remaining two methods (h) and (i) produce sbsolutely the same
results. The instruments available for Range~Pair Count Method have a
slow response, and to count the stress so rapidly changing as those in
railwgy bridge the instrument becomes too large to be fit for field use.
Thus, liodified Range-Pair Count Method has been found best for this
purpose.

This is a method devised by Shiraishi; in this method the maximum
and minimum values in stress-time relation are arranged in the order of
their occurrence and they as reduced to a pulsating load are counted.
Shiraishi performed the reduction graphically, but the author changed
the procedure to do it numerically with no resort to the counting level.
Measured stress-time relations are recorded on magnetic tape and, after
reduced by the data processor to a series of extreme values, are fed to
the electronic computer for necessary conversion.

METHOD TO Bi USED FOR ESTIMATION OF FATIGUE LIFE

Numerous studies have been made to search for a damage law that can
predict the number of repeated cycles to failure of members subjected to
variable load such as to be able to agree with experimental results, but
there is yet no theory established about which of these studies can give
the most re liable results.

Here the author is going to discuss not in terms of determining
which of these studies is generally the most accurate but in those of
finding which of them will be the most convenient for the practical
purpose. In this line of thinking certain errors would be tolerated.
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From this standpoint the so-called Miner's method or its improvement,

for instance, method of Corten & Dolan seems to be the most preferabdble
one, As steel, when corroded, has its endurance limit reduced, here

for the purpose of simplifying the calculation, the endurance 1limit of
steel is to be disregarded.

Then putting the stress in a material as 6, , its number of cycles
to failure at this stress level as N; and k as a constant, it is
assumed that the following holds:

6}Nik:6j N!(_

Under this assumption a fatigue failure occurs when the following holds:
n.

Y)ero.

Nj

If the number of stress amplitudes §; appearing under passage of
one train as live load is n , the number of trains, N, , to a fatigue
failure will be:

): ( )”k=1.0.

Therefore, if

N, will be given as the ratio of repeated numbers N; and Ny, to the
representatlve stress 6. If the maximum stress due to a train load
is taken as representative stress 6; and if the values of a different
reference stress 6™ and the repeated number N*¥* corresponding to this
stress are known, N, will be given by
o* 17k
iy
N 10y /.

el 1

If the number of trains in category J passing over the bridge in
one year is Nyj o 6’1 for jth train category isG"] , etc., and the number
of train categories are s, the serviceable number of years T for the
bridge will be given by

N*
1/ k
Zn S
tj o]( G’*) *
or flndlng the equiva lent maximum stress intensity for each train, i.e.,
6 = 1N§1 " T will be given by

n (ﬁ]_)Vk
j=1 .

If O"t follows a logarithmic normal distribution with O as median,
putting the total number of trains in a year as No and using the
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standard deviation So of log 6, the following is calculated:

_ S
th_ No exp[;i%} ,

and accordingly will be found as
N* [ 6% )7k
T )
Cm) .

-Neq

ESTIMATION BY STATICAL CALCULATION

As mentioned above, the fatigue damage under train passage depends
on the equivalent repeated cycles N, as well as on the magnitude of
maximum stress. Much attention has been paid to the maximum stress, but
Ngy 18 an entirely novel conception and the following discussion will
center around N,

(1) Bridge Span vs. Train Categories.

Calculations were made with four categories of train and the
relations between the number of 10
trains in each category that can
be passed until failure of bridge
members and the span length of
bridge was established as in
Fig. 2. The categories of
trains adopted for calculation
and their symbols were as follows:
a., 30 xN; Standard freight

electric railcar train for
designing Tokaido SHIN KANSEN,
composed of 30 cars. b
b, 12 xP; Standard passenger A
electric railcar train for
designing Tokaido SHIN KANSEN,
composed of 12 cars. Fig. 2. Span-life relations by
¢. 12xP'; Revenue passenger statical calculation.
electric railcar train operated
on Tokaido SHIN KANSEN, composed of 12 cars.
d. K18+ 30F; A locomotive of K18 standard construction load in Japan
hauling 30 four-axle freight cars 10m long with 15 ton axle weight.

an
Py
T

«

Span Length L(m)
3\

K18+ 30F

104 * 108 " — 108
Number ot Trains

Bridge members considered in this calculation were cord members at
span center or flange with k = 0.20 taken on assumption that they were
designed to be able to stand just 2 million loadings at nmaximum stress.

From these calculations it may be concluded:
a) Ng of a girder with shorter span length than the shortest wheel
base is practically equal to the number of axles and constant regardless
of span length.
b) For a train hauled by a heavy locomotive, practically Ngy = 1.0 will
hold, if the span length of the bridge is longer than 4m.
c) For an electric railcar train, too,Ng 3z 1t .0 will hold, if the
bridge span length is more than 1.3~ 1.5 times the car length.
d) Under an electric railcar train, Ny is approximately equal to the
number of car couplings on a girder with a span longer than the wheel-
base at the coupling and shorter than the wheel-base between the
second and the third axles of a car.

8. Bg. Schiussbericht
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(2) Difference Depending on Position of Section Under Consideration.

So far as the bending moment m
is concerned, the wvalue .
depends little on the position of ad

the member considered in the axisal
direction of bridge. The results
of calculations about 7 sections
in a span under passage of JNR
series 181 10-units electric car
train fitted all into the shaded
region in Fig. 3.

-
<

SPAN LENGTH L{m)

w (5]
T rT T

Sr.181
{ 10 Units )

(3) Load-Spreading Effect of Rails.
In JNR, there has never been -
‘a single case of even a short-span
bridge developing a fatigue failure e
in its members. This may raise a ! 10°
doubt about the reliability of the NUMBER OF TRAINS N
above theory. Fig. 3. L ~H_ curve of simple
girder un&er 10 units car
If the bridge is supposed to train (Series 181).
have been designed to have a strength
that ¢an stand for 2 million repetitions of loading in accordance with
the castomary practice and the axle weight is assumed to be spread
actually as Fig. L4 on account of rail- and sleeper rigidity, the calcu-
lation about the same train as in Fig. 2 produces the results as
~indicated in Fig. 5.

L PO I T S S 1

108

P=1
E 5=
o
3
o
z K
I —1 o
' i Bl -
=
L4 1 N
Co% oy %
/—-600 60 0——f-—500 ﬂooJ ot BT o
NUMBER OF TRAINS N
Fig. 4. Assumed distribution Fig. 5. L -~ N, curve under
of load under sleepers. effect of ‘'rail and sleeper

rigidity.

Namely, so long as the bridge has been customarily designed and
the rails supported by the sleepers, the hazard of fatigue failure in a
span shorter than L mmay be rather discounted. Thus, it may he prac-
tically presumed that a train hauled by a heavy locomotive necessarily
developes a maximum stress intensity only once in its passage. Concer-
ning the electric railcar trains, bridges calling for the most elaborate
checking exist in the range of span lengths hetween L mand 20 m.

ANALYSIS USING MEASURED WAVE FORM

Real stress waveforms emerging in bridges are not always in agree-
ment with the results of customary calculations. As well known, all
stress-time relations make a smooth charge with no inflections such as
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observed on calculated curves. Meanwhile, an increased train speed is
accompanied with a vibration which is not susceptible of routine calcu-
lation. Thus it becomes necessary to ascertain to what extent the
above-mentioned calculation is applicable te the real wavefornms.

Here
are to be cited a few examples in recent times.
K ( or 11 Sr.115
NE 10 Units ) "I’ _CALCULATED r
o '\._CALCULATED e UPPER FLANGE \ (8 Units) FLANGE STRESS
LR o LOWER FLANGE = o 8 UNITS
o b x WEB PLATE g, o v 8 Upirs
- | i i by x10 UNITS
2‘ 4 Fee {1 g\
2f 2f =“\
- 8 o
g 1o z6 36 D 50 0 m 0 '

L " L " n
10 20 30 40 60 m

SPAN LENGTH L {m)
Fig. 7. L-—Ne.l relation by

e¢lectric railcar train
(Series 115) measured on
flanges of girder.

50

SPAN LENGTH L(m)
Fig. 6. L-Nelrelation by

electric railcar train
(Series 181, 10 units).

Fig. 6 and Fig. 7 illustrate the L~ N 1 relations as obtained from
a similar analysis to the above of measured ' stresses in three plate
girders, respectively with span lengths of 16.0m, 22.3m and 45.5m, in
these figures, in addition to the data on the main girders, data using
the measured stresses in 3.2m and 5.1m stringers as well as cross beams
6.im and 10.2m long in the influence line are entered. Cross beam may
be equated to main girder, but the curve for stringer characterized by

continuity cannot agree with the curves plotiing the results zbout main
girders or cross beams,

goF @© NTLCOI6UNITS) @ Sr.115(8 UNITS)
__F @ sr.ss(10uNITs) () LOCAL EC.TRAIN( 4 UNITS)
Eank @ sr.185(12uN1TS) (B) LOCAL E.C.TRAIN( 2 UNITS)
~ @ sr.181(10UNITS) (7) LOCO.+ 30FREIGHT CARS
- -
-
©
=
Gaof
|
=
& /
W g
104 5
N ‘
i !
© $
] OO W ® O 6
i 1 ) S TV T | i A 1 | LSS TR S () ]
5

i0 106

NUMBER OF TRAINS N,
Fig. &. Relation between span length and number of
train passage to failure.
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Figure 8, summerizing the results of such measurements, illus-
trates the relation between span length and number of train passages to
failure Jjust like in figure 2. Thus it can be said that the results
of analysis based on measured waveforms are in the same tendency as the
results of static calculations. So far as the range measured here is
concerned, a slight difference in the stress-time relation and the small
amount of vibration seem to have no large bearing on fatigue.

This, however, does not mean that Ne is not sensitive to the
speed. The author has some data which sﬂow extremely great influence
beyond certain critical speed. In spite of these results, nothing
conclusive can be said about the general tendency in the effect of speed

on Hei’ because even among girders looking similar, some are influenced

heavily by the speed, and others are little influenced by it, while
still others are almost free from the influence of speed.

After all, above-mentioned equivalent numbers of loading, instead
of crude statistical distributions of counted data on stress«time
relations in railway bridges, seems to have a merit or possibility to
be used as one of statistical guantity to measure the remaining life to
fatigue failure under actual train loadings.
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SUMMARY

A kind of fatigue life estimating method combining that of
Cortern and Dolan with modified range-pair count method is sugge-
sted, which is practical to calculate the fatigue damage of
existing railway bridge members.

The result of the illustrative applications of this method
on simply supported girders shows that equivalent numbers of
loading cycle depend on the span length of the girder and the
arrangement of the wheel axles.

RESUME

L'auteur présernte une méthode pour prédire la résistance &
la fatigue des éléments de ponts ferroviaires. Il s'agit de la
combinaison de deux méthodes; 1'une permettant d'évaluer la
limite de fatigue, proposée par Corten et Dolan, et l'autre étant
une modification de la "range-pair count method".
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Les résultats d'application de cette méthode & la poutre
simplement appuyée nous montre que la fréquence équivalente des
charges dynamiques dépend ccnsidérablement de la portée de poutre
et de la répartition des essieux du train.

ZUSAMMENFASSUNG

Flur die Ermiidungsdauer wird eine Schitzmethode, Jjene von
Corten und Dolan mit dem abgednderten Verfahren des "Schwingungs-
weite-Zdhlens" kombinierend, vorgeschlagen, die erlsaubt, das
Ermiidungsversagen fir BEisenbahnbriickenteile einfach zu berechner.

Das Ergebnis der Anwendungen auf einen einfaclk aufgelegten
Tréger zeigt, dass die Anzahl Lastwechsel von der Trégerspann-
weite und der Radachsenanordnung abhanger.
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Aspects statistiques concernant les surcharges climatiques et la sécurité des constructions
Die statistische Seite der Klimabelastung und der Bauwerkssicherheit

Statistic Aspects on the Climatic Loadings and the Safety of Structures

A. NEGOITA A. IANCAU
Prof. Ing. Conf. Ing.
Roumanie

L'étude de la sécurité des constructions [2], 57, [15] , 22J,
[19], et des surcharges climatiques [1],[3], [4],[6&],[9], [12],[13],
(14], [171,[20], [21] ont été l'objet de nombreuses recherches. Les
hommes de science ont cherché & déterminer avec exactitude les
surcharges qui agissent sur les bAtiments et les efforts dans les
éléments des bAtiments, pour pouvoir envisager un coefficient de
sécurité minimal, qui ne compromette pas la résistance, la sta-.
bilité et les conditions d'exploitation des baAtiments. :

Les nouvelles méthodes et les possibilitésd'exécution ont
permis de réaliser des toitures légeres ayant un petit rapport
poids propre sur grandeur des surcharges climatiques, ce qui aug-
mente 1l'importance relative des surcharges climatiques.

Quand on néglige la possibilité des accumulations maximales
de neige [9], [10], de son épaisseur maximale probable [13],[14],
ou de la vitesse maximale du vent [12],[15], on risque 1'écroule-
ment partiel ou total ou la perte de la stabilité lors de 1'ex-
ploitation. '

Dans notre pays, le Prof.Dr.Ing. Cristea Mateescu, membre
correspondant de 1'Académie, a entrepris des recherches tres in-
téressantes au sujet des accumulations de neige sur les toitures
par l'action du vent, en effectuant des essais sur modeéles dans .
un tunnel aérodynamique avec des matériaux pulvérulents et en
établissant les critéres des similitudes mécaniques [9].

En méme temps, le Dr.Ing. Horia Sandi a effectué des étudeés
concernant la sécurité des constructions soumises aux surcharges
temporaires & 1'aide du calcul des probabilités, spécialement
pour les toitures légéres avec différentes durdes d'exploitation

[19].

Dans le calcul des constructions & 1'état limite, on tient
compte de la variabilité dans la qualité des matériaux, les char-
ges et les surcharges, et dans les conditions de travail, en sé-’
parant le coefficient unique de gécurité en trois coefficients
divers, & savoir les coefficients de surcharge n, d'homogénéité
k, et des conditions de travail m (& l'aide duquel on réduit soit
la résistance des matériaux m_, soit la capacité portante de 1'é1é-
ment me). m '
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La liaison entre la valeur du coefficient unique (¢) et les
coefficients diversifiés (n, k, W me) peut étre exprimée par la
relation [ll] : '

n
€= my, mg K e
ou quand my = 1
n
g = g X (2)

Pour vérifier un élément constitué d'un matériau homogéne, on
peut employer la relation:

n Sﬂ.smemm]:cR;,1 (3)

dans laquelle F est la caractéristidue géometrique de la section de
1'élément considéré. Dans le cas de 1'éldément exdcuté & 1l'aide de
plusieurs matériaux, cette relation devient:

n n
XnngemmkiRiFi. (4)

Les résistances de calcul sont données dans les prescriptions
techniques et quand on tient compte des conditions de travail des
matériaux, cette relation a la forme:

Zn Sgm R, F, (5)

qui, dans le cas plus général ou m = 1, devient
n
Zn sCOR L. (6)

La somme des sollicitations normées multiplides par le coef-
ficient de surcharge, nommée sollicitation de calcul an sht = Sy
représente la sollicitation maximale possible.

Les normes frangaises "élaborées par la Commission des spécia-
listes frangais sous la présidence de Monsieur N. Esquillan" consi-
derent comme surcharge normale la surcharge qui peut &tre atteinte
une ou plusieurs fois dans l'année, et comme surcharge extréme la
surcharge atteinte une gseule fois pendant la durée de service de la
construction.

On a fait des études statistiques pour les surcharges climati-
ques (vent et.neige) [12] ,[13],[14], [15], en utilisant les obser-
vations météorologiques enregistrées [23/. Les fonctions de distri-
bution théoriques gqui correspondent le mieux & la distribution em-
pirique des surcharges climatiques sont celles de Fisher-Tippot, de
Gumbel, la fonction logistique, exponentielle, la 10i de Poisson et
de Pearson, On a obtenu des résultats convenables avec la méthode de
Gumbel, appliquée aux surcharges climatiques en utilisant les études
théoriques de Monsieur G, Demarre [3].

La vitesse maximale du vent & Bucarest-Filaret a été étudide
en utilisant une série d'observations de longue duréde (65 années);

la valeur maximale enregistrée est de 41,9 m/s et la moyenne de
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Fig. 1 La droite de Gumbel pour la vitesse du vent a Bucarest - Filgret
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13,74 m/s (fig. 1).

A l'aide de la droite de Gumbel, nous avons fait des extrapo-
lations pour différentes périodes de temps, en calculant & l'aide
de la formule de Newton les valeurs correspondentes de la pression
dynamique de base.

Dans la littérature spécialisée, on prend en général la valeur
1,2 pour le coefficient de surcharge n des bAtiments habituel [161
Pendant les 65 ans d'observation, cette valeur a été dépassée en
atteignant un coefficient de surcharges 1,57. On mentionne que les
normes francaises indiquent un rapport entre la pression dynamique
normale et extréme de 1,75 [18].

Pour la surcharge de neige, on a analysé deux aspects: 1l'épais-
sur maximale probable de la couche de neige et la densité volumé-
trique de la couche de neige.

On a évalué 1l'épaisseur maximale probable de la couche de neige
& Bucarest-Filaret en utilisant les observations effectuées pendant
48 ang. La valeur maximale enregistrée sur le terrain a été de 150
cm et la moyenne seulement de 47,5 cm. On prend pour la surcharge
due & la neige un coefficient de surcharge n = 1,4. Les normes fran-
caises [18] prennent 1,65 pour le rapport entre la surcharge extréme
et la surcharge normale. Le poids de la neige pour 1 m? de surface
horizontale dépend naturellement de la densité volumétrique de la
neige et de son épaisseur.

L'Institut Météorologique Central de Bucarest a effectué ces
derniéres annédes des enregistrements systématiques de la densité
volumétrique de la nelge. La moyenne de la densité max1male men-
suelle était 0,255 t/m>, le maximum maximorum de 0,74 t/m> étant en-
registré exceptlonnellement au mois de février 1968 Au mois de jan-
vier 1969, la densité volumétrique_de la neige sur les toitures &
Bucarest a atteint 0,30 - 0,55 t/m3. On peut accepter pour la neige
tombée 52009331vement pendant l'hiver une densité volumétrique de
0,22 t/m ll , en apportant des corrections & l'aide du coefficient
de surcharge n et en fonction de la durée de service de la construc-
tion et du mode de l'action (direct, indirect etc.) de la neige sur
1'élément de construction.

Les derniéres recherches astronomiques font une liaison entre
les éléments climatiques de la terre et le soleil; les éruptions du
soleil, etc. On remarque dans les phénomenes solaires l'existence
de cycles ayant des durées différentes: le plus connu est de 11 ans,
et son existence a été marquée dans notre pays par des hivers excep-
tionnels (fig. 2), 80 et 400 ans sont aussi des cycles dont 1'exis-
tence a récemment été étudide. Nos observations météorologiques ne
contiennent pas encore un si grand intervale de temps et on cherche
maintenant & utiliser les méthodes statistiques mentionnées plus
haut pour 1l'étude de la variation de longue durée de phénoménes so-
laires.

On emploie en général dans divers pays la classification des
bétiments d'apres leur durabilité; on distingue trois catégories de
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de batiments caractérisées
par des durées de 20, 50 et
100 ans. On peut calculer
différentes valeurs du co-
efficient de surcharge n,
selon la durée d'exploita-
tion de 20, 50 ou 100 ansg,
en fonction des enregistre-
ments statistiques.

T1 en résulte, par exem-
ple, comme surcharge maxi-
male extréme dans la zone de
la ville de Bucarest, un
coefficient de surcharge de
1,50 pour une durée de 80
ans, alors que la valeur u-
tilisée dans quelques pres-
criptions est de 1,2. Les
mémes considérations peu-
vent étre valables pour la
surcharge extréme due & la
neige. Il en résulte ainsi
la nécessité d'établir les
maexima maximorum (extrémes)
des surcharges climatiques
pour un b&timent, en fonc-
tion de 20, 50, 100 ans ou
plus, et de la valeur des
surcharges.

Evidemment 11 faut tenir compte du fait que les valeurs établies
4 l'aide des données statistiques doivent &tre appliquées différem-
ment selon 1l'importance de 1'élément de construction (principal ou
secondaire), c'est-a-dire en fonction du mode d'application ou de
transmission de la surcharge climatique, directement ou par l'inter-
médiaire d'autres éléments. Dans le cas des éléments de construc-
tion indirectement sollicitées, il faut faire des réductions cor-
respondantes, différentes dans le cas de la neige ou du vent.

Pour le calecul des constructions soumises & l'action des sur-
charges climatiques, le rapport entre la charge accidentelle (sur-
charge) et le poids propre de 1'élément (poids mort) présente aussi
une certaine importance. Les études effectuées par le Dr.Ing. Horia
Sandi [19] ont abouti & différentes valeurs du coefficient de sécu-
rité des toitures (fig. %), en fonction de la durée d'exploitation
de la construction T, et du rapport ZB/P? (poids de la neige/poids
propre de la toiture).

Dans le cas de la_ surcharge due & la neige, il faut aussi te-
nir compte de la possibilite de l'accumulation de 1a neige qui de-

pend de la forme de la toiture, de l'action du vent et des autres
facteurs. On notera que la forme architectonique des toitures 1é-
géres, qui peut trés largement varier, est importante pour la sur-
charge due & la neige; 1'étude sur modele établie par le Dr.Ing.
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Fig.3 Courbes des coéfficients de sécurités

Cristea Mateescu peut &tre appliquée avec une certaine exactitude
dans ce cas [9] .

L'étude statistique des phénoménes météorologiques permet de
déterminer les surcharges climatiques maximales probables pour 1la
durée convenable de 20, 50, 100 ans ou plus. On peut ainsi utili-
ser pour les baAtiments des coefficients de surcharges différents
pour 20, 50, 100 ans ou plus.
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