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Synopsis

The paper was presented to the ASCE Specialty Conference on
Probabilistic Methods in Engineering held at Stanford University in
U.S.A. on June 24 - 26, 1974,

In this paper, fatigue strength of steel plate deck bridges is dealt
with and recommendation has been made to the method for estimation

of fatigue life and to the allowable stresses for fatigue design.
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Summary

Fatigue design of steel plate decks must be made taking into account
the magnitude and the frequency of repetition of working stresses in the
members. This paper deals with the estimation of probabilistic
distribution of the magnitude of stresses likely to occur in the design life
of the steel plate deck. The probabilistic distribution of the magnitude of
stresses can be derived from the probabilistic distribution of the vehicular
loads and their passage positions observed in the survey on the major
highways,

1. Introduction

In conventional design of highway bridges, the effect of fatigue due to
repeated loads has not been taken intn account so far in Japan. But it is
becoming increasingly more important to take the effect of fatigue into
consideration, because of the factors listed below.

1) The increasing use of high strength steel in bridge construction has
inevitably resulted in increased design stresses in various parts of bridge
structure. But the fatigue strength particularly in welded joints is not so
high as conmpared to increased static strength,

2) The ratio ~f the design dead load stress to the entire design stress
has decreased as compared with the increased ratio of the design live load
stress recently, because the design of very light weight bridges has now

become possible from the use of high strength steel and progress in the
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method of analysis. This means that the stress range due to live load has
increased.

3) The frequency of repeated live load is increasing due to markedly
increased traffic volume.

4) The weld joint are now more frequently used even in members of the
floor system which are directly subjected to wheel loads.

The concept and procedure of fatigue design of highway bridges shall be
described below. |
2. Members requiring fatigue design

The ratin of dead load to the entire load is quite high in highway
bridges. The stress range to which the main member shall be subjected
during the service life of the bridge is small.

According to the results of stress measurements made on several bridges
in service, the live load stresses in steel main girder as well as in cord
and diagonal members of truss bridges are 320 kg/cm2 or less, These data
of stress are obtained from the bridges on national highways ~f high traffic
volume with high percentage of heavy vehicles. From this, no consideration
tn fatigue of the main member of highway bridges seems to be needed because
of the small stress range.

Because of the technical difficulties involved in actual measurement of
stresses in slabs and floor system, there are little available data nf stress
measured for these members. But as any simple design calculation shows
the ratio of the dead load stress to the entire stress is in general smail
compared with the live load stress. This means that the stress range in
slab and floor system is far greater than those in the case of main member.
As a result, the effect of fatigue can not be ignored here.

3. Assumptions made in fatigue design

As to the fatigue fracture, it is now widely accepted that the fatigue
life of a structure depends only on the stress range and not on the effect
of mean stress.

Now let Sy denote the stress range and N the frequency of repeated
loads at which fatigue crack starts. S, and N are related as

10g Sp = A =K 108 N . et e et et (1)
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where A is a constant, K is a slope of the S-N line. Namely, when the
ordinate and abscissa are graduated in log., we have a linear relation

between the stress range and the frequency of loads for fatigue crack (see

Fig. 1).
20
17.5 2 i -
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(a) Crack initiating S-N diagram for transverse fillet welds with
interrupted loaded plate.

(b) Crack initiating S-N diagram for transverse fillet welds with
continuous loaded plate,

(c) Fracture S-N diagram for transverse fillet welds with contin-

uous loaded plate.

Fig. 1 S-N Diagram for SM 41

The values for A and K can be determined from results of fatigue tests

and depend on the types of materials and joints used, However, as far as

the initiation of fatigue cracks is concerned, K may be taken as 0. 18 with-
out involving much error. Now it is said that the strength in fatigue
fracture obtained by general fatigue test at the frequency of 2 x 196 can be
regarded as equivalent to the strength in the fatigue crack initiation at the
frequency of 108,

Strictly this linear relation is realized, when the repeated loads
(stress range) are constant. But working stresses in actual structures
are random. In the case of random loads, it is assumed that the modified

Miner's theory is applicable in estimating the fatigue damage effect. In
s

the modified Miner's theory, the fracture is assumed to initiate at Wl = 1.
i




Here nj is the total frequencies of loading at the stress range S;, Nj is the

frequency of loading when fracture is observed for the stress range Sj to

which the structure is subjected. In deriving this relation, it is specifically

assumed that the fatigue damage on one cycle of stress range 5 is l/Ni.
Now if the total frequencies of repeated loads applied is N¢, P(Sy) is
the probability of the stress range S, and N(S;) is the fracture frequency

at the stress range S, we have the following relation,

f EE'—P(S—r)- dSy = 1 (2)
NG, r=1 . 0. ceeen Ceiteee e
From equations (1) and (2), we have the following relation;
L . o
Ny r’ gy P oovrconeacnennacns

where Sy, is called as the basic stress range and is equivalent to the stress
due to specified live load, and Neq is called as an equivalent fracture
frequency of repetition of the basic stress range.
4. Range and frequency of repeated stresses applied

(1) Life of bridges

The first item to be determined in fatigue design of bridges is the
expected life of the bridge., Now, there is no settled view to the life of
highway bridge in any country. A survey result on the life of highway
bridges in Japan shows that the life of most bridges is 30 - 40 years. The
reason of reconstruction of bridge is not due to structural defects of
bridges but rather to resolve the inadequacy of bridges for the increasing
traffic volume or to improve the road alignment. This particular situation
implies that unnecessarily long life is not much meaningful.

The Ministry of Construction recommends a expected service life of
50 years for bridges, The life of 50 years is widely accepted in Japan.

(2) Traffic volume

Let N(Y) (Y being the year) be the daily traffic volume per lane. The
total traffic volume on the bridge during the service life, Ny, can be
expressed as

Nia = [ 365.N(Y) ¥
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In practice, it is extremely difficult to estimate N(Y) accurately at the
design stage of bridges. The maximum hourly traffic volume per lane is
2500 vehicles however, because of considerable differences in the volume
depending on the time bands of the day, 20, 000 vehicles seems to be a
maximum daily traffic volume per lane.

To determine N(Y) at the time of design, some suitable values below
20, 0170 will be selected for the class of roads concerned.

(3) Eguivalent frequency of repetition of the specified load

The Ministry of Construction conducts an annual survey on the traffic
load. All data measured at many observation sites spread all over Japan
from 1970 to 1973 are shown in Fig. 2, This is therefore considered as
an average wheel load distribution in Japan,

The equivalent frequency of repetition of the T-load which is the
specified truck load in the highway bridge design (see Fig. 3), can be
obtained as follows.

According to the steel highway bridge design specification, the weight
of rear wheel of T-load is 8 ton. Now regarding this 8 ton as a basic
wheel load, the equivalent frequency of repetition of 8 ton can now be
obtained. Assuming the validity of the modified Miner's theory in this

case, equation (3) can be rewritten as

Tmax

1 .
Neq - K
N f P(T)- () e 5 A (4)

min
where Neq : equivalent frequency of repetition
T : wheel load
P(T): probability for applied wheel load
K : slope for S-N curve (K is taken as 0. 18, see Fig, 1)
This equation shows clearly that fatigue crack initiation depends
strongly on the magnitude of wheel load. For example, the relation
between T and (T/8)1/K is illustrated in Fig. 4,
This relation shows that the fatigue damage due to one loading of 12 ton,

which is 1.5 times of the basic wheel load, is equivalent to that due to
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Fig. 4 Accumulated fatigue damage rate due to wheel
load (on the basis of 8 ton loading with K=0, 18)

9.5 loadings of the basic 8 ton. The equivalent frequency of repetition is
calculated from equation (4), in which P(T) is obtained by using the actually
measured data of frequency distribution of wheel loads (shown in Fig. 2),
Now let us consider some member of a bridge. Obviously, the effect
of a live load on the particular member, depends greatly on its loading
position. In design calculations, we place always the specified load at the
position whereby the member under consideration is subjected to the
largest stress. Now knowing the probability of loading position of basic
load on actual bridge and the subsequent stress in member, the effect of
repeated load, on a particular member, due to the entire traffic volume
can be evaluated by computing the equivalent frequency of repetition of
basic loads placed at the loading position of design calculation. Now if the
pasic load is assumed to be a T-load and frequency distribution of vehicles
are known for each passage position, the correction factor Cq to be
multiplied the equivalent frequency of repetition Neq can be obtained from

the following equation.

1
K
R(x)
C1 =/ (=7) cP(x)dx L ceeiean.. (5)
1 / Rg ,
where Cjp : the correction factor multiplying Neq

Ry : stress in the member due to the basic load applied at a

basic loading position considered in the design calculation
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R(x): stress in the member due to the basic load applied at
arbitrary loading position x
P(x) : probability of the stress R(x)
K : slope of S=N diagram
The equivalent frequency of repetition taking the effect of passage
position of vehicles can be found as Cl- Neq'
By examining the results surveyed on major highway, it is found that
the frequency distribution of heavy vehicles for the rear wheel's passage
position forms a normal distribution curve with standard deviation of 31.5
cm for 2 lanes highway and 45,5 cm for 4 lanes highway having 3. 5 m lane

width (see Fig. 5). The relation between R(x) and P(x) of equation (5) can

now be determined based on measured data of passage position of vehicles.
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Fig. 5 Influence line of longitudinal rib and passage position
of wheel load
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5. Proposal of allowable stresses for fatigue design of steel plate decks

Tensile strengths, yield points and ordinary allowable stresses of
various grades of Japanese structural steel are indicated in Table 1. For
each grade of steel, we proposed the allowable stresses for the design of
steel plate decks, Table 2 indicates our proposal, We set the allowable
stresses for each effect due to the action as a part of main girder, due to
the action as floor deck and due to combined action of these. The allowable
stresses for the action as floor decks were given based on numerous
fatigue tests, which were carried out to obtain the fatigue strengths at the
crack initiation at 2x108 cycles,

When the number of repetition is not 2x108 cycles, the allowable

" stresses must be modified according to the number of repetition. The

modification can be done using the following equation;

g K
_ 2x10
Oeq = Ol ClNeq)

where, o© eq modified allowable stresses for the action as floor decks
Of : allowable stresses for the action as floor decks specified
in Table 2
ClNeq: equivalent frequency of repetition, this can be obtained

using the method given in the previous sections.
Figure 6 shows the relationships between bridge service life, traffic
. volume per day per lane and equivalent frequency of repetition obtained
from the method given in the previous sections. When the bridge life and
the traffic volume to be considered in the design are given, the equivalent
frequency of repetition for the longitudinal ribs can easily be obtained
from Figure 6,
Figure 7 shows the relationships between modification factor
-, (2x1 06/C1Neq)K in the above equation and equivalent frequency of repetition
ClNeq- Using this figure and Equivalent frequency of repetition ClNeq
which could be obtained above, we can get the modification factor easily,

And finally we get the modified allowable stresses for the action as floor

decks by the above equation,




-8'[—

Table 1 Specific values of strength and allowable stresses for the tested steel
tensile yield allowable str.esses allowable
. for the combined
strength point . stress
grade of action as apart of ou ou cu| oy oy le)
steel main girder and oy o oa o oa 0a
ou Oy . 0 a
bridge deck
(kg/cm2) (kg/cmz) o (kg/cm?2) (kg/cmz)
SS 41
SM 41 4100 2400 2000 1400 1.71 1 2.05] 2.93 | 1.20 | 1.71 | 1.43
SMA 41
SM 50 5000 3200 2700 1900 1.56 | 1.85| 2.63 | 1.19 | 1,68 | 1.42
SM 50Y
5000 1.39 | 1.67| 2.38
SMA 5 3 . .
0 5300 600 3000 2100 La7 [ 17712 52 1.20 | 1,71 | 1.43
SM 53
SM 58
5800 4600 3700 2600 1,26 | 1.56| 2.23 [1.24 | 1.77 | 1.42

SMA 58




Table 2 Proposed allowable stress for steel plate deck

T allowable allowable stresses for the action of bridge deck allowable stresses
ype of .
stresses for 2 for the combined
allowable , (kg/cm*®) :
stress the action action as apart
as apart of butt weld transverse continuous of main girder
Grade main girder base finished fillet weld ey s and bridge deck
. longitudinal
of steel 2 metal smooth by on continuous . 2
(kg/cm®) A fillet weld (kg/em®)
grinding loaded plates

1
= SS 41, SM 41
@ ’
. SMA 41 1400 1400 1400 900 1100 2000

SM 50 ' 1900 1600 1600 900 1100 2700

SM50Y, SM53

SMA 50 2100 1600 1600 900 1100 3000
SM 58
SMA 58 2600 1600 1600 900 1100 3700
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6. Conclusion

In this paper, the authors have presented a basic concept on the
fatigue design for steel plate deck bridge briefly.

Fatigue design of steel plate decks must be made taking into account
the magnitude and the frequency of repetition of working stresses, The
probabilistic distribution of the magnitude of stresses can be derived from
the probabilistic distribution of the weight of vehicles and their passage
positions observed in the survey on the major highway.

The fatigue effect due to passing vehicles on a bridge with arbitrary
weight, frequency of repetition and passage position can be substituted by
the effect due to specified vehicles with the equivalent frequency and the
basic passage position considered in design calculation. By inducing the

concept of equivalent frequency, fatigue design of steel plate decks can be

considerably simplified for practical use.
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