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SUMMARY

The procedure currently used in North America for considering fatigue of reinforcement in concrete
highway bridges was adopted in 1975, The procedure was based on an extensive experimental in-
vestigation to determine the fatigue strength of U.S. manufactured, hot rolled, deformed, reinforcing
bars. This paper summarizes results of the test program and presents the statistically developed design
procedure. Additionally, an example of the use of this provision in American practice is provided.

RESUME

La méthode couramment utilisée en Amérigue du Nord pour prendre en considération la fatigue des
aciers d'armature dans les ponts en béton fut adoptée en 1975. Cette méthode est basée sur une vaste
étude expérimentale, entreprise en vue de déterminer la résistance a la fatigue des barres d’armature
fabriquées aux USA, en acier laminé a chaud et déformé. Cet article résume les résultats expérimentaux
et présente la méthode de dimensionnement développée sur une base statistique. On présente en outre
un exemple pratique d’'application de cette méthode.

ZUSAMMENFASSUNG

Das zur Zeit in Nordamerika angewandte Verfahren zur Beriicksichtigung der Ermiidung der Stahlein-
lagen in Betonbriicken kam erst 1975 in Gebrauch. Das Verfahren wurde aufgrund einer umfangreichen
experimentellen Untersuchung zur Ermittlung der Dauerfestigkeit der in den USA hergestellten Rippen-
stéhle entwickelt. Die Ergebnisse der Versuche und das statistisch entwickelte Verfahren werden im
Aufsatz beschrieben. Im weiteren wird ein Beispiel zur Anwendung des Verfahrens fiir amerikanische
Verhattnisse angegeben.
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1. INTRODUCTION

Early bridge design specifications did not need to consider fatigue because
125 to 140 MPa allowable design stresses were too low to present a danger of
fatigue fracture. To date, no fatigue damage of a concrete bridge in regular
service has been identified. However, Grade 40 bars were placed in two rein-
forced concrete test bridges [1] in a Road Test conducted by the American
Association of State Highway Officials (AASHO) in the late 1950's. Some of
these bars- fractured in fatique after repeated application of very heavy loads
to the bridges following campletion of the planned field tests.

More recently, high yield stress reinforcing bars have come into usage, load
factor design methods are permitted, and heavier trucks are allowed on North
American highways. Together, these factors result in repeated stresses that
approach those known to cause fatigue fracture in reinforcing bars.

In 1974, American Concrete Institute (ACI) Committee 215 published a state-of-
the-art report on fatigue of plain and reinforced concrete [2]. Based on data
available at that time, the Cammittee recommended that the stress range for
straight deformed reinforcing bars be limited to 145 MPa. This limit was
adopted by AASHTO in the 1974 Interim Specifications [3].

In 1976, results of an extensive investigation [4] to determine the fatigue
strength of U.S. manufactured hot rolled deformed reinforcing bars were pub-
lished. This investigation was carried out by the Portland Cement Association
(PCA) and sponsored in part by the National Cooperative Highway Reseach Pro-
gram (NCHRP). The work included a review of the literature, 353 tests on bars
embedded as a single reinforcing element within a concrete beam, and a statis-
tical analysis of the resulting data.

2. TEST VARIABLES AND PROCEDURE

Bars shown in Fig. 1, from five U.S. manufacturers, were tested. One of the
manufacturers was represented by nominal 16, 25, and 33 mm bars having guar-
anteed yield stresses of 276, 414, and 517 MPa and by nominally 19 and 32 mm
bars having a guaranteed yield stress of 414 MPa. The other manufacturers

Bar Size

Manu-
facturer

Grade 60 No. 8
Manufacturer A Grade 60

Fig. 1 Reinforcing Bars Used in Test Program
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were represented only by nominally 25 mm bars having a guaranteed yield stress
of 414 MPa. Each manufacturer's bars had a distinctive rib pattern.

At the time that the investigation
was carried out, hot-rolled deformed
bars were made by approximately 50
manufacturers in the U.S. These
bars have a wide variety of deforma-
tion patterns. Typically, the pat-
terns include two longitudinal ribs
and transverse lugs either perpendi-
cular to the ribs or inclined at an
angle of not less than 45 degrees
with the longitudinal axis of the
bar. Bars that were tested repre-
sented a range of transverse lug
geometries. Lug gecmetry was
assessed by means of the ratio of
base radius to rib height, r/h,

(a) Lug Profile

defined in Fig. 2. This ratio :
ranged from 0.17 to 0.39 for the (b} Lugs and Rib
five manufacturer's bars. Fig. 2 Base Radius r and Lug Height h

Bars were tested by embedding them

in a concrete beam and subjecting the beam to repeated loads. Each test beam
was rectangular or T-shaped in cross section and had a nominal effective depth
of 150, 250, or 450 mm. In Fig. 3, one of the beam tests is shown.

Loads were applied to the test beams using either one or two 100 kN capacity
Amsler rams, depending on beam size. Loads varied sinusoidally and were
applied at fixed nominal rates of either 4.2 or 8.3 Hz. 1In each case, applied
loading produced a constant moment
region in the central 1/3 of beam
span. Each test beam was simply
supported on rollers.

Tests were carried out in two
series. In each series, order of
testing and selection of bars was
randomized to obtain a statisti-
cally valid test program.

Stress range in bars of Series 1
tests was varied to obtain an S-N
curve in the finite life region for
each test condition. Minimum stress
levels were nominally 41 MPa cam-
pression, 41 MPa tension, and 124
MPa tension in finite-life tests of
Series 1. When minimum stress in a
test bar was campression, external
post-tensioning was applied to the
test  beam. The post-tensioning
system consisted of a pair of steel
rods held at the level of the beam
reinforcement and passed through
steel springs butting against one
end of the test beam. Prestress
force was measured by load cells. Fig. 3 Test Setup
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In Series 2, stress range in bars was varied in increasing or decreasing steps
of 7 MPa to obtain a series of staircase results around a fatigue limit of 5
million cycles. Stress range and rib geometry were the only variables in the
staircase test series. All tests of Series 2 were conducted on nominally
25 mm bars, each embedded at an effective depth of about 250 mm and subjected
to a nominal minimum stress of 41 MPa tension. 1In the staircase tests, stress
range applied to a specific manufacturer's test bar depended in each case on
results obtained in the immediately preceeding test on that manufacturer's
bars. Thus, a runout at 5 million cycles resulted in a nominal 7 MPa increase
in stress range for the succeeding test. Conversely, a fatigue fracture in a
test bar resulted in a nominal 7 MPa decrease in stress range for the suc-
ceeding test. :

3. TEST RESULTS

3.1 Finite-Life Tests

Stress range was found to be the predominant factor affecting fatigue life of
each reinforcing bar. Statistical analysis of the test data showed that next
to stress range, minimum stress level was the variable of greatest signifi-
cance. Increasing minimum stress from compression through tension caused a
statistically significant reduction in fatiqgue 1life. Effects of these and
other test variables are presented in detail in Ref. 4.

Considering the effect of stress range alone, the relationship between the
logarithm of fatigue life and stress range was found to be:

log N = 6.9690 - 0.0383fr (1)
where: N = fatigue life
fr = gtress range at centroid of reinforcing bar during stress cycle

This relationship explained 76.8% of the variation in test data. The standard
deviation for the regression was 0.16557.

During the tests, 33 mm bars having a yield stress of 414 MPa fractured in
fatigue after 1,250,000 cycles when subjected to a stress range of 147 MPa and
a minimum stress of 121 MPa., This is the lowest stress range at which a fa-
tigue fracture has been obtained in a straight U.S. mamufactured bar, Fatigue
fractures have been obtained at lower stress ranges in bent or welded bars.

Tests conducted at low stress ranges indicated that there is a limiting stress
range, the fatigue limit, above which a bar is certain to fracture in fatigue,
and below which a long fatigue life is possible. Subsequent tests [5] have
confirmed that below the fatigue limit, a reinforcing bar may be able to sus-
tain a virtually unlimited number of cycles of loading without fracture.

3.2 Staircase Tests

For the five manufacturer's bars tested, mean fatigue limit at 5 million
cycles was found to range from 159 to 197 MPa., This variation had a strong
correlation to the rib gecmetry factor, r/h. Assuming a normal distribution
of data around each mean fatigue limit, upper and lower tolerance limits were
established, with 95% probability that 95% of all possible test results on a
particular mamfacturer's bars would fall within the limits. For the five
manufacturer's bars, the lower tolerance limit ranged from 136 to 184 MPa.
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A linear regression analysis performed on the results of the staircase
analysis, using fatigue 1limit, fg, as the dependent variable, resulted in
the following relationship:

ff = 7.88 + 52.85(r/h) (2)
However, this expression may place an undue emphasis on the effect of bar

geometry since the effects of other potential influencing factors such as mini-
mum stress level could not be considered.

4., FATIGQUE DESIGN PROVISION

The current design provisions [6] of the American Association of State Highway
and Transportation Officials (AASHTO) and the ACI-ASCE Committee on Bridge
Design [7] require that stresses at service loads in reinforced concrete
bridges shall be limited to the following:

4.1 Concrete maximum compressive stress shall not exceed O.Sfé at sections
where stress reversals occur caused by live load plus impact at service load.
This stress limit shall not apply to concrete deck slabs.

4.2 Reinforcement range between a maximum tension stress and minimum stress
in straight bars caused by live load plus impact at service load shall not
exceed:

h
]

145 - 0.33fmin + 55(r/h)

£
where: ff = gtress range, MPa
fmin = algebraic minimum stress level, tension positive, compression
negative, MPa
r/h = ratio of base radius to height of rolled on transverse deforma-

tion; when actual value is not known, use 0.3
Bends in primary reinforcement shall be avoided in regions of high stress range.

An example of application of these design provisions is given in the Appendix.
Provisions apply only to straight hot-rolled bars with no welds and with no
stress raisers (including manufacturers marks) more severe than deformations
meeting the requirements of American Society for Testing and Materials (ASTM)
Designation: A615.

5. DESIGN EXAMPLE
Application of the fatigue design provision is illustrated in the following

partial design calculations for the main reinforcement in a bridge super-
structure. For simplicity, a slab bridge was selected.
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9.75m

Stations

nr' —|z|;§rl.+‘ .

C ] 6.lm

Side 5~ Main 5
LSpan Span —l
Tae- ool F 3
10.2 12.2m 0.2

Cross—section Elevation

Fig. 4. Example Bridge

This 2 lane highway bridge is designed for HS 20-44 lcading 6 . Material
properties used in the design are £f' = 20 MPa for concrete and f = 413 MPa
for deformed reinforcing bars, assuffied to have a lug base radius to? lug height
ratio, r/h, of 0.3. A 450 mm slab thickness was selected on the basis of
maximum reinforcement and deflection criteria. PFrom this and the HS 20-44
loading with an appropriate impact factor, dead load and live load effects at
various stations along the span were calculated.

Concrete cover was 50 mm over negative moment reinforcement to account for
severe exposure and 25 mm over positive moment reinforcement to account for
moderate exposure. Reinforcement at maximum moment locations was selected on
the basis of:

A f
- = = -
a _"L_o.ss,f = M, = ¢AL (d - 0.5a)

where ¢ is a capacity modification factor equal to 0.90 for flexure. At the
centerline of the main span, station 2.50, the initial bar selection was:

25 c/c 195 = 2518 mnz/m

- 2518 X 413
0.85 X 20 X 1000

= 61.2 mm

M 0.90 X 2518 X 413 X (412 - 0.5 X 61.2) = 357.0 kNm/m

u

This selection was then checked against crack control requirements and found
to be satisfactory. Next, stress range at service loads was calculated:

Mvanax Mwmin
£ = f ~-f , = Y - x
sjda sjd

190.4 x 10° 20.7 x 10°

T 2518 X 0.902 X 412 2518 X 0.902 X 412

203.5 - 31.7 = 171.8 MPa

and checked agaist the allowable stress range:

= - +
ff 145 0.33 fsmin 55 r/h



‘ W.G. CORLEY — JM. HANSON — T. HELGASON 39

= 145 - 0.33 X 31.7 + 55 X 0.3 = 151.0 MPa < 171.8
The required reinforcement is:

_ 2518 X 171.8 _ 2
AS = 151.0 = 2865 mm /m

an increase of 14% from the requirement for strength alone:

Similarly, the required reinforcement in the side span was:

22 ¢/c 130 = 2923 nlnz/m

providing a moment capacity of 411.2 kNm/m. There, the allowable stress range
was exceeded at stations 1.3 to 1.6, for the original bar selection. Due to
lack of symmetry in the side span moment diagrams, the critical fatigue loca-
tion cannot be presumed to coincide with the critical strength location.

Selection of the reinforcement may be summarized in tabular form. Appropriate
extensions for development must be provided. Minimum reinforcement and bar
spacing considerations permit the main span positive moment reinforcement to
be reduced by thirds. Every third bar may be terminated for strength at sta-
tion 2.31. The cut bars are adequately developed from that point and crack
control criteria are satisfied. Service load mament reversal takes place at
station 2.31 with:

M, = 11.4 kNm/m M = 93,5 kNm/m
wmin or

Therefore, the stress state can be determined as:

M 6
_ _wmax _ 139.8 X 10 _
fomax = A .. ~ 1949 x 0.912 x 414 ~ 120:0 MPa
sjd
e o Mamin @ "M g0 x (-11.4) X (414 - 225) _, oy,
smin I 7594 :
g
£ =f___ -f__. =190.0 - (-2.8) = 192.8 MPa
sr smax sSmin
f. =145 - 0.33 X (-2.8) + 55 X 0.3 = 162.4 MPa  192.8

£

The location where the bar may safely be cut for fatigue can be determined by
trial and error or estimated from:

M M.

_WmaX ; _p.4n WM _ 145 + 55 r/h
A M

sid wmnax

which is derived by setting fg,. = fg and making liberal use of the approxi-
mation 4 = 0.9h. Using momemt from station 2.31:

M
wmax _2.4X10X 4.71 X (-11.4)
1949 X 0.912 X 414 1000 X 139.8 = 145 + 55 X 0.3
M = 117.8 kNm/m

wmax
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which is found, by linear interpolation, to occur at station 2.277. A check
shows that at station 2.275, fg5, exceeds f¢ by only 0.5%, which is
satisfactory. Other cut offs may be determined similarly.

In summary, checks for fatigue must be made at every stage of the design
process. Greatest econoany in design effort is obtained by bringing fatigue
control directly into the reinforcement selection process, as illustrated
here. Fatigue requirements may result in a need to increase reinforcement
area beyond that required for strength and/or to extend bar cutoff locations.

6. CONCLUDING REMARKS

The design provision for fatigue in the current AASHTO specifications was
initially adopted in 1974. ‘This provision was based on an extensive investi-
gation summarized in this paper. 1In this provision, the limiting stress range
in reinforcing bars depends on the minimum stress level and the ratio of base
radius to height of the transverse lugs.
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SUMMARY

Consideration relevant to the high cycle fatigue design of concrete structures have been developed by
the American Concrete |nstitute’s Committee 215 on Fatigue, 357 on Offshore Structures, and 443 on
Concrete Bridge Design. The bases for those recommendations are described and findings frem recent
investigations that are likely to influence future recommendations are summarized.

RESUME

Des considérations relatives au dimensionnement a la fatigue des structures en béton, pour un nombre
élevé de charges répétées, ont été faites par différentes commissions de I’ *'American Concrete Insti-
tute’’: commission 215 sur la fatigue, 357 sur les structures “offshore’ et 443 sur le dimensionnement
des ponts en béton. Les bases pour ces recommandations sont décrites et les conclusions de ces ré-
centes recherches, qui vont probablement influencer de futures recommandations, sont résumeées.

ZUSAMMENFASSUNG

Folgende ACI-Kommissionen haben Studien beziiglich der Ermidungsbemessung von Stahlbetonkon-
struktionen ausgearbeitet: 215 "Ermidung”, 357 “"Offshore-Konstruktionen” und 443 *’'Stahlbeton-
briicken’*. Im Beitrag werden die Grundlagen fir die Empfehlungen des ACI beschrieben und Erkennt-
nisse aus neueren Untersuchungen, die voraussichtlich zukinftige Empfehlungen beeinflussen werden,
zusammengefasst.
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1. INTRODUCTION

Few structural failures attributable to fatigue have been reported in the U.S.A.
Nevertheless, there is an increasing concern with repeated loading effects due
to: (1) Increasing use of strength design procedures and higher strength
materials; (2) Increasing use of concrete in marine enviromments, railroad
bridges, crane girders, and other applications involving aggressive environments
and repeated loads; and (3) Increasing recognition that repeated loads change
crack widths, deflections, and stiffness at service loads.

The earliest U.S. recommendations were the state-of-the-art report developed in
1974 by ACI Committee 215 [1]. That report utilized research findings prior to
1972, It implied that the fatigue resistance of a structure could be directly
related to the fatigue resistance of its component materials and that inter-
action effects resulting from differing repeated loading responses for those
materials were small. The 215 report provided little information on service-
ability considerations or the effects of the loading environment. In the early
1970's the American Association of State Highway Officials became concerned
that, with increasing use of grade 60 reinforcing bars in bridges and with
automatic issuance of permits for truck overloads on payment of fees, reinforce-
ment in bridges was being subjected to stresses known to cause fatigue fracture
in such bars. They sponsored an extensive investigation of the fatigue strength
of U.S. manufactured deformed reinforcing bars at the Portland Cement Associa-
tion [2]. That work, together with some ancillary investigations [3], formed
the main basis for the fatigue provisions of the 1977 ACI Committee 447 report
[4], and the AASHTO Code for Bridges [5]. The philosophy underlying those
specifications was similar to that in the ACI Committee 215 report. Fatigue
resistance is considered adequate if certain stress limitations are satisfied
at sections subjected to significant cyclic strains. The latest ACI recom-
mendations concerning fatigue are those developed by Committee 357 for Offshore
Structures [6] . Those recommendations are based on the same philosophy as the
215 recommendations. They also include shear provisions based on Committee 215
recommendations [7], and the proviso that if fatigue resistance is a serious
problem a more complete analysis using cumulative damage considerations can be
substituted for the stress limitation approach. Serviceability requirements
are imposed for the control of cracking and deformations for extreme imposed
loading and frequently occurring envirommental conditions. Thus, increases in
crack width, decreases in stiffness, and changes in deformation with repetitive
wave loadings must be considered.

ACI Committee 215 has developed suggested design recommendations for fatigue
but not published those recommendations pending incorporation of findings from
recent convention sessions in San Juan and Dallas. Those recommendations are
sumarized in Appendix A. This paper discusses the basis for those recommenda-
tions and possible impacts on them of recent research findings.

2. FATIGUE CHARACTERISTICS OF COMPONENT MATERIALS

The Committee 215 recommendations prescribe threshold values for stress ranges

in component materials with the intention that for greater values, the potential

gor fitigue damage should be evaluated by comprehensive approaches (see Appen-
ix A).

2.1 Concrete

When plain concrete is subject to cyclic compressive loading varying between a
maximm stress fi; and a minimum stress f;, specimens fail after a certain
number of cycles N depending on, among other things, the values of the maximum
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and minimum stress. The failure of concrete under repeated loading results
from progressive microcracking [8]. Progressive damage is indicated by
increasing strains at fj;x and finins decrease in pulse velocity, increase in
acoustic emission and a progressive decrease in the secant modulus of elas-
ticity [9-11]. The increase in internal microcracking under fatigue loading is
substantially higher than that under monotonically increasing (static) loading
[8]. The increase in strain at fyax under high cycle fatigue loading exceeds
the long-term creep strain due to fp,x. Since there are no plastic deformations
to blunt microcracks, concrete has no endurance limit similar to that for mild
steel., The fatigue strength of concrete decreases almost linearly with the log
of the mmber of cycles to failure. That action is often expressed in terms of
an S-N curve (Wohler diagram). The effect of fyax and fyjp on N can be
expressed as [12]:

£ £ .
max min
P =1 - 0.0685 1- 7= log . N (1)
C Mmax 10
N

where fc is the corresponding static strength.

Committee 215's recommendation is similar when Eq. (1) is expressed as a
Modified Goodman diagram. For compressive loading, the recommendation is
de;cribed by Eq. (Al). When fyi, is zero, both Egs. (1) and (Al) predict for
10/ cycles fg?x equal to 50 percent of static strength. When fpin and fpax
are equal, the stress range becomes zero and f,x = f., which equals the long-
term sustained strength taken as 0.75 f! for Eq. (A1l). Provided there is no
stress reversal, Eq. (1) applies equally well for compressive, temnsile or
flexural loading when f. is the static strength in direct compression, direct
tension, or flexural bending. Recent research has indicated that fatigue
strength for tension-compression is less than that for tension-tension [13-14].

Eqs. (1) and (Al) were derived fram specimens tested in normal laboratory
environments and subjected to constant amplitude loading, applied at frequencies
of about 5 to 10 cycles per second. Loading and envirommental conditions are
substantially different for concrete offshore structures, for Arctic structures
and some transportation structures. Load variations are often random and
specimens submerged in sea water. Many papers presented at the recent ACI
symposiums dealt with the response for the conditions.

The hypothesis commonly used for determining the degree of damage due to ran-
domly varying stresses is the Palmgren-Miner hypothesis:

k N
3 L =1 (2)
i-1 Ngj

where N; = mumber of constant amplitude cycles at stress level i, Ng; = number
of cycles to failure at that stress level i, and k = number of stress levels.,

Siems [15] found that hypothesis accurate and deviations to be due to inherent
variations in compressive strength rather than falsity of the hypothesis. How-
ever, Holeman [16] found that differences between values predicted from Eq. (2)
and those observed from experiments camnot be explained solely by the stochastic
nature of compressive strength. In particular, the mumber of cycles to failure
was dependent upon the loading sequence. For example, a decrease in amplitude
reduced the fatigue life compared to a reversed order of load application.

Eq. (2) implies that damage caused by load repetition increases linearly with
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number of cycles. By contrast, the damage rate as indicated by strains, micro-
cracking or pulse velocity is initially very high, then becomes constant
(secondary stage of failure) before again increasing sharply near failure.
Thus, in principal, Eq. (2) cannot be accurate. However if the second stage of
failure occupies most of the fatigue life and the initial and final stages only
a small part, then Eq. (2) can be an acceptable design simplification.

The fatigue strength of concrete submerged in ocean water differs from that for
normal laboratory environments for at least three reasons: (1) The concrete

is subjected to multiaxial stresses; (2) Water trapped in opening and closing
cracks causes hydraulic fracturing; and (3) Water induced stress-corrosion.
Waggard [18] reported a reduction in fatigue strength for specimens under
hydrostatic pressure. By contrast, for concrete tested in air confining
pressures can be beneficial to fatigue life. Submerged concrete at atmospheric
pressure has a shorter fatigue life than air dried concrete and the smaller the
frequency of cycling, the shorter the fatigue life [19]. This result is prob-
ably due to the solution stress-corrosion effect of pore water propagation

on crack [8]. Microcracks in concrete propagate in the presence of water;

the higher the stress, the more saturated the concrete, the higher the temper-
ature or the longer the time, the more severe is crack propagation. Thus, for
offshore structures, high amplitude, low frequency load cycles can be more
critical than high frequency, small amplitude cycles.

2.2 Reinforcing Bars

For bars in beams tested in air, fracture is caused by a crack that initiates
at a stress concentration point on the bar surface. The largest stress
concentration is usually at the intersection of transverse lugs and longitudinal
ribs. Cracks initiating at such points must propagate through the depth of the
bar sufficiently to cause fracture. Thus, the fatigue life equals the life for
crack initiation plus the life during the crack growth [19]. The fatigue
strength of a reinforcing bar is only about one-half that of a coupon machined
from the center of the same bar. The fatigue strength of the central coupon
increases with bar grade. The strength of the deformed bar does not. The non-
dependence on bar grade is caused by decarburization of the bar surface. Typi-
cally, the carbon content doubles in the first 3/100th of an inch from the bar
surface. Except for stress range, most variables which designers can readily
control such as bar size, type of beam, minimm stress, bar orientation, and
grade of bar have little ~ effect on fatigue strength. Thus, the threshold
value specified in Eq. (A2) depends only on stress range. However variables
related to manufacture, fabrication and exposure such as deformation geometry,
bends, tack welding, surface treatment and environment have significant effects.

The lowest stress range for failure reported in the recent NCHRP Program [2]
was 21.3 ksi at a minimum stress of 17.5 ksi tension for a No. 11, grade 60 bar.
Based on statistical analyses of the data, it was recommended that for straight
hot-rolled bars with no welds and no stress raisers more severe than deforma-
tions meeting ASTM A615, the stress range fir in ksi should not exceed:

f}r =21 - 0.33 fmin + 8 r/h (3)

where ﬁﬁin is the minimum stress level, tension positive in ksi, and r/h is the
base radius to height ratio of the transverse deformation. Where the r/h value
is not known, 0.3 is recommended. Then for zero minimum stress fy, equals 23.4
ksi. Equation (3) is the expression recommended for design in References [4]
and [5]. The r/h term is included in Eq. (3) to encourage production of bars
with improved fatigue resistance. The NCHRP program included tests on 353
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deformed bars used as the main reinforcing element in concrete beams. The
results are therefore directly applicable to design. Bars were from five U.S.
manufacturers, of five sizes and three grades. The effective depth of the
test beam was varied and minimum stress levels of 6 ksi compression, 6 ksi
tension, and 18 ksi tension were used.

The effects of cyclic stressing on reinforcing bars are sufficiently well
known that Eq. (3) is undoubtedly adequate for ordinary structures under
ordinary circumstances. However, there is only sketchy information for galvan-
ized and epoxy-coated bars or other alternatives likely where environmental
extremes prevail. The importance of environmental effects has been shown by
tests [20] on 41.3 ksi yield bars used as the main reinforcement in concrete
beams tested in air, in sea water, and in a 3% NaCl solution. In air, those
bars exhti)bited an endurance limit corresponding to a stress range of 32 ksi
for 2x10° cycles and greater. The stress range for failure predicted by

Eq. (3) is 31.5 ksi for those bars. In sea water and in NaCl solution the
fatigue strength decreased markedly. There was no endurance limit even at 10
cycles and stress ranges for failure dropped to 19.6 ksi and 16 ksi for sea
water and NaCl solution, respectively. Fractographic examination of failure
surfaces showed clearly the change in the fracture mechanism with environment.
In air, fatigue cracks initiated at the intersection of transverse lug and
longitudinal rib. In sea water and NaCl cracks often initiated at corrosion
pits and sea water or NaCl increased the rate at which those cracks grew,
Thus, the reduction in strength for sea water and NaCl was due to reductions
in life for both crack initiation and propagation. Since cracks often initi-
ated at corrosion pits, reductions in life for crack initiation in corrosive
enviromments are likely to be time as well as frequency dependent.

Stress ranges predicted by Eqs. (A2) and (3) are appropriate for straight bars
only. Fabrication procedures such as bending, tack welding, or mechanical
splicing reduce drastically stress ranges for failure [1, 3]. Recently,
Bennett [21] reported tests on beams with main reinforcement in the maximum
moment region spliced by lapping, by lapping and cranking, by cold-forged
swages, and by screw couplers. A beam with straight bars withstood 3x100
cycles at a stress range of 18.9 ksi without failure, whereas a beam with
lapped and cranked bars failed at the crank after only 10° cycles of loading
at the same stress range. If the decrease in stress range for a given fatigue
life is consistent with data for straight bars {2], the endurance limit for
those cranked bars would be 9 ksi. For the bars with swaged splices, fatigue
fractures occurred where bars entered sleeves and the stress range for failure
at 2x10° cycles was 21.7 ksi, A specimen subjected to a stress range of 18.9
ksi had still not failed after 4x10® cycles. For bars spliced with screwed
couplers, failures occurred in the coupler at a high stress range and where
the bar entered the coupler for a lower stress Tange. In the former case, the
stress range for failure was 18.9 ksi at 0.75x10° cycles, while in the latter
case the value was 14,5 ksi at 1,5x109 cycles. Since both mechanical splices
performed well in terms of strength, deflection, and crack width in static
loading tests, splices must be carefully located in structures subject to
repeated load and provision 3 of Appendix A applied where appropriate to
splices.

In many countries outside North America, higher yield bars are made by cold
twisting grade 40 bars. The endurance 1limit for such bars is considerably
less than for similar untwisted bars [20]. However, bar geometry in those
tests was altered by twisting so that the lug base radius for the twisted bar
was significantly less than for the untwisted bar. The r/h values for the
untwisted ‘and twisted bars were 1.4 and 0.55, respectively. The corresponding
fyr values predicted by Eq. (3) are 31.5 and 24.7 ksi respectively. The
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measured result of 26 ksi for twisted bars was therefore consistent with the
change in bar geometry. For tgisted bars, the effects of sea water immersion
were non-existent until 0.6x10" cycles or greater. Then the fatigue strength
for immersed bars, as compared to bars tested in air, decreased with increased
cycling. The endurance limit of immersed bars was 19.6 ksi for 5x10° cycles
and greater, and equaled the limit for 107 cycles for hot-rolled bars immersed
in sea water.

2.3 Prestressing Steel

Three basic types of prestressing tendons are used in the U.S.A.: wire,
seven-wire strand, and bars. Wires and strands are made by drawing steels
with carbon contents about double those for reinforcing bars. Bars are made
from hot-rolled alloy steels. Only plain wires are used in the U.S.A. and
their smooth surface results in stress ranges for failure comparable to those
for hot-rolled deformed bars in spite of an increased carbon content. Pre-
stressing steels do not seem to have an endurance limit and the values pre-
dicted by Eq. (A3) correspond to the likely fatigue life for 2x100 cycles [22].
Eq. (A3) is intended primarily for pretensioned construction. In post-
tensioned construction bending at the anchorage and anchorage details can
cause stress concentrations that reduce the fatiguc strength below that given
by Eq. (A3). Unless there are data to the contrary, the fatigue strength of
anchorages should not be taken as greater than half the fatigue strength of
the steel.

3. FATIGUE CHARACTERISTICS OF STRUCTURAL SYSTEMS

In a structural system, fatigue distress may develop due to excessive flexural,
shear or bond stresses, increases in crack widths and deflections, or decreases
in stiffness., Any high stress range location may be critical. However, since
concrete is a relatively notch-insensitive material, stress concentrations due
to holes or changes in section need not be considered provided stress values
are based on the net rather than the gross section.

3.1 Flexural Strength and Serviceability

The flexural fatigue strength can theoretically be controlled either by the
concrete or steel properties. In practice, the latter always governs. Concrete
stress ranges in reinforced concrete beams proportioned by ultimate strength
methods are below the limits of Eq. (Al) if maximum steel stresses are limited
to 23.4 ksi [23]. Further, for more than 200 partially prestressed or hollow
core slabs, there were only three cases where the concrete stress exceeded 80%
of the value of Eq. (Al) before the steel stress became critical [22]. A real
structure is a composite of many members, each generally containing more than
two tensile reinforcing elements. Fatigue fracture of one or more of those
elements does not cause immediate failure of the structure [3]. Rather,
deflections and crack widths increase and hence when those quantities exceed
reasonable values, there is warning of the need to repair and strengthen the
structure. Although codes require designers to consider deflection increases
caused by long-term loadings, they generally ignore deflection and crack width
increases caused by cyclic loading.

Increases in deflection and crack width of reinforced concrete beams subject
to fatigue loading are caused by cyclic creep of the compressed concrete and
a reduced stiffness of the tension-zone concrete due to fatigue cracking and
deterioration of the bond between steel and concrete. Good agreement with
test data for increases in deflection and crack width was obtained [24] when
deflections were computed according to ACI Code 318-77 using an effective



N.M. HAWKINS — S.P. SHAH a7

modulus concept to account for cyclic creep of concrete and an effective gross
and cracked moment of inertia to account for reduced tensile stiffening of the
concrete with cyclic loading. Reasonable agreement with crack width data was
obtained when widths were calculated using a classical slip-theory approach
that included the bond deterioration caused by fatigue loading.

Several empirical relationships have also been proposed to predict deflections
and crack widths for reinforced concrete beams subjected to fatigue loading
[25-27]. Deflections and crack widths can be predicted [25] by the expression:

Yy = AePT (4)

where r = ratio between given number of cycles and mumber of cycles to failure;
vy = value of deflection or maximum crack width under fatigue loadings; A =
initial value of deflection or crack width at maximm load, (r = 0); eB =
deflection or crack width at end of fatigue life at maximum load (r = 1)
relative to initial value; and B = 1.55 for deflection and 1.67 for maximum
crack width. Alternatively, values can be predicted [27] from the expressions:

b, = 0.225A0 log n
and (5)
W, =Wy (0.382 - 0.227 log n) log n

where By» Wy are initial deflection and crack width at maximm load and A_, w
are corresponding deflection and crack width at maximm load for nth loading
cycle.

For most prestressed concrete structures, fatigue considerations are not
important unless the concrete cracks. However, once such cracking occurs due
to over-load, accident, construction procedures or thermal strains, fatigue
considerations become important, and of some concern, due to recent test results
for full-size cracked pretensioned bridge girders [28]. In some of those tests
the prestressing strands fractured after 3x10° cycles that cause a
calculated stress range in the strands between 142 and 151 ksi only. That
range was 40% of the range predicted by Eq. (A3). In a cracked prestressed
concrete beam the stress range in the steel increases with cycling due to
accumulation of residual strains in the concrete on the compression side of
the beam and an increase in crack widths on the tension side. In the test
beams, the measured stress range exceeded 20 ksi at failure. Probably the
reduced strength was partially due to the use of pitted strands and crack
formers. Nevertheless, until additional data are available, it is recom-
mended that steel stress ranges in cracked prestressed beams, evaluated
using gross section properties, be limited according to Eq. (A4).

Performance of reinforced concrete in flexure in marine enviromments is another
area where additional data are highly desirable. Both high and low cycle
response are important since fajlure is undesirable for either long-term
environmental loadings likely during the service life or a limited number of
overloads greater than the design load. The greatest threat is from low-cycle
high amplitude repeated loading, an accident, or thermal condition, that
creates cracking left unrepaired and followed by numerous lesser amplitude
cycles. Whether such cracking makes corrosion of the reinforcement possible
and a reduction in fatigue life likely is also a matter of debate. Tests on
rectangular beams loaded at slow frequencies in simulated marine environments
and in air are reported in Reference [29]. Most tests were umi-directional,
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but some involved reversed bending. The uni-directional bending specimens
tested in marine environments experienced progressive blocking of cracks on
their tension side due to accumulation of salts. That blocking reduced the
stress range in the bar, increased the mean stress, and increased the fatigue
life of the beam compared to that for a similar specimen tested in air. Beams
tested at higher frequencies did not experience crack blocking and, as expected
from results reported in Reference [19], had fatigue lives less than those for
specimens tested in air. In reversed bending tests on doubly reinforced beams,
crack blocking occurred, but that blocking prestressed the beams locally at the
flexural cracks. Fatigue lives were less than for specimens tested in air.
Blocking for uni-directional loading will be sensitive to the chemical
composition of the concrete and pozzolans may sharply reduce the potential for
crack blocking effects.

3.2 Bond Strength

The bond fatigue strength is strongly dependent on the geometry of a member and
its loading. If diagonal tension cracks do not geeur in the anchorage zone for
the reinforcement, then the bond strength for 10° cycles is about 60 percent of
the static strength and bond fatigue is unlikely to control the fatigue response.
If diagonal tension cracks occur, then the bond strength can drop to 40 percent
of the static strength. Then shear fatigue rather than bond fatigue controls
the fatigue response [30].

3.3 Shear Strength

Committee 357 has recommended that 'where maximum shear exceeds the allowable
shear on the concrete alone, and where the cyclic range is more than half the
maximum allowable shear in the concrete alone, then all shear should be taken
by the stirrups.'" That recommendation is based on the findings of Reference
[30]. Inclined cracking is a prerequisite for a shear fatigue failure. Such
cracks can form under multiple repetitive loads at stresses 50% of those

for static loading. After inclined cracking stirrups strains increase
rapidly until nearly all the shear is carried by the stirrups. If the
reinforcement is bent in the cracked zone, its cyclic stress range should be
limited according to provision 3 of Appendix A.

Recent Japanese research confirms the wisdom of those recommendations [31, 32].
A systematic study was made of changes in stirrup strain with crack development
and cycling. Considerable redistribution of stresses among stirrups with
cycling was observed. The average strain in the stirrups intersected by
inclined cracks increased at almost a constant rate with the log of the number
of loading cycles. The effective contribution of the concrete to the shear
strength decreased proportionately. Expressions were developed for predicting
those changes. Fatigue fractures of stirrups occurred at the bends at stress
ranges consistent with those reported in Reference [30] . Stirrup failures
occurred in beams with maximm applied shears as little as 44% of the static
capacity. Thus, beams that fail in flexure under static loading due to stirrup
yield fail in shear under repeated loadings due to stirrup fracture.
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APPENDIX A

Provisions for Fatigue of Concrete Suggested by ACI Committee 215

Fatigue shall be considered by rational evaluation when the stress range in
concrete members under a large number of repeated service loads exceeds the
following:

1. Concrete in compression under maximum loading:

2
£ =0.5f - 7 foin (A1)
2. Deformed reinforcement in tension or a combination of tension and
compression:
frr = 20 ksi (A2)

3. The value of f_.. shall be reduced by one-half in the region of bends or
of locations where auxiliary reinforcement has been tack welded to main
reinforcement.

4. Prestressing tendons in tension

4.1 VWhere the nominal tensile stress in the precompressed tensile zone does
not exceed 6/TZ'and the member is uncracked:

ftr = 0.10 fpu (A3)
4.2 Where the nominal tensile stress in the precompressed tensile zone exceeds
6/?! or the member is cracked:

fop = 0.04 £, (A4)

Notation: fcr = stress range in concrete under repeated service loadings; i.e.,
difference between maximm and minimum compressive stress in
psi.

f_. = stress range in deformed reinforcement under repeated service
loadings; i.e., difference between maximum and minimum stress
in psi.

ftr = stress range in prestressing tendons under repeated service
loadings; i.e., difference between maximum and minimum stress
in psi.

fhin = minimum compressive stress in psi (compressive stress positive).
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SUMMARY

The ""Tentative Recommendations for the Limit State Design of Concrete Structures’” were published
by the Concrete Committee of the Japan Society of Civil Engineers in Aprit 1981, The present report
describes the fatigue design procedures introduced in the Recommendations. Fatigue strength of con-
crete in compression, reinforcing bars in tension and reinforced concrete in shear are dealt with.

RESUME

Les Recommandations provisoires pour le calcul aux états-limites des structures en béton furent pub-
liées par la commission “"béton” de la Société japonaise des ingénieurs civils en avril 1981. Le présent
rapport décrit les méthodes de calcul a I'état-limite de fatigue que la commission a recommandées. On
traite de la résistance a la fatigue du béton en compression, des barres d’armature sous tension et du
béton armé sous un effort tranchant.

ZUSAMMENFASSUNG

Die vorlaufigen Empfehlungen zur Bemessung von Betonbauwerken auf Grenzzustande wurden vom
Betonkomitee der Japanischen Gesellschaft der Bauingenieure im April 1981 veréffentlicht. Der vor-
liegende Beitrag stellt das Bemessungsverfahren auf Ermidung gemass den Empfehiungen vor. Dabei
werden die Ermidungsfestigkeiten von Beton unter Druckbeanspruchung, Betonstaht unter Zugbe-
anspruchung, und Stahlbeton unter Schubbeanspruchung behandelt.
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1. INTRODUCTION

In the 1967 Standards, the Japan Society of Civil Engineers (JSCE) introduced
the fatigue provisions for design of reinforced concrete structures. Through
the experiences of applying the provisions to the Shinkansen railroad
structures, fatigue design procedures had been developed, and new procedures
were introduced in the Tentative Recommendations for the Limit States Design of
Concrete Structures in 1981 [1]. This report describes the fatigue design
procedures introduced in the Recommendations and their background.

2. CONCEPTS OF FATIGUE DESIGN PROCEDURES

The concepts adopted in the Recommendations for the fatigue design procedures
are summarized as follows:

(1) Fatigue limit states should be considered in the design of structures when
the effects of variable loads are dominant.

(2) Design fatigue stremgth, which is obtained by dividing the characteristic
strength by the appropriate partial safety factor for strength, should be larger
than applied design variable stress.

(3) Characteristic fatigue strength shall be calculated from permanent stress
and equivalent cycles, N, of the applied design variable stress. The equivalent
cycles may be evaluated on the assumption of a linear cumulative damage theory,
such as Miner's.

(4) Characteristic fatigue strength of concrete, f’rck, may be calculated as
follows:

f'rck = ( 0.9k f'¢ck - o'cp ) ( 1 - log N/15 ) (1)

where f'ck demotes the characteristic static strength of concrete, o’'cp
permanent compressive stress, and k(=0.85) coefficient considering the
difference of the concrete strengths between cylinder specimens and the
structural members. Principally, fatigue strength of reinforcing bars shall be
determined on the basis of test results. The following values may be wused for
deformed bars with a diameter not larger than 32 mm:

-0.2(1logN-6)
(160 MPa - asp/3) 10 for log N < 6

-0.1(1ogN-6) (2)
(160 MPa - osp/3) 10 for log N > 6

1

frsk

where osp is permanent tensile stress. However, fatigue strength of bars with
bends or welding connections must not be taken greater than half of the values
calculated from Eq.(2), unless determined by test results.

(5) Applied design stresses due to flexure may be calculated by the elastic
theory of cracked section, However, the fatigue limit state for concrete in
compression may be examined only for the stress at the location of compressive
resultant. Applied design variable stress and permanent stress in shear
reinforcement can be calculated as follows: '

owrk = {1.15(Vmd - 0.5 Ved)s}/{Aw d(sine + cosa)}(Vrd/Vmd) (3)
owrp = owrk (Vpd/Vrd)

]
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where Vmd is the design maximum shear force, Ved design ultimate shear force
resisted by concrete, Vpd applied design permanent shear force, Vrd applied
design variable shear force, Aw area of shear reinforcement within a distance s,
d effective depth and @ angle between shear reinforcement and longitudinal
axis of the member.

(6) Fatigue limit states for reinforced concrete beams may gemerally be
examined only for longitudinal tensile reinforcement and shear reinforcement.
Fatigue limit states for reinforced concrete slabs may generally be examined
only for tensile reinforcement. The examination of fatigue 1limit state for
reinforced concrete columns may generally be omitted.

3. BACEGROUND OF THE CONCEPTS
3.1 Methods for Checking of Safety

Limit states are gemerally placed in two categories, the ultimate and
serviceability limit states. Fatigne limit states are considered as a kind of
ultimate limit states since fatigue may result in a collapse of & part or whole
structure.

The characteristic fatigue strength for a certain number of stress cycles
corresponding to the specified life of a structure can be determined on the
basis of the same concepts as the characteristic static strength which
substantially corresponds to the strength for one stress cycle. The similar
concepts may be applied to the partial safety factor for the strength of
materials. Namely, the values of ym for fatigue limit states can be taken to
be same as for the ultimate limit states. On the other hand the 1loadings
associated with the fatigue limit states are essentially of the same nature as
those with serviceability limit states. Therefore the values of yf for the
fatigne limit states may be taken as much as for serviceability limit states,
that is, in gemeral yf = 1.0.

Criterion for fatigue failure of a material is generally expressed by a function
of the permanent or the minimum cyclic stress, the range of stress or the
maximum cyclic stress, and the number of stress cycles. The Recommendations
define fatigue strength as the range of stress calculated from a fatigue
criterion function for given permanent stress and a given number of cycles. Then
the checking of safety against fatigue failure can be achieved to ensure that
the design fatigue strength, frd, is larger than applied design variable
stress, ord.

frd > ord (4)
where frd > frk/ ym , ord = ork {5)

frk denotes the characteristic fatigne strength and ork variable stress due to
the characteristic loadings.

3.2 Characteristic Fatigue Strengths

The characteristic fatigue strengths adopted in the Recommendations were
determined on the basis of the investigations domestic as well as overseas'.
The 1limitation of space, however, confined to enumerate only Japanese

jnvestigations, but a little overseas' omes,

(1) Fatigue Strength of Comcrete
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The statistical analysis of test data led to the following equation for probable
fatigue life of concrete,

log N =17 [1 - Sz/(1-Sp)] (6)

in which Sr represents the range of stress level, defined as the ratio of
variable stress to ultimate static strength, and Sp permanent stress 1level.
Fig.1 shows a part of test data used in the analysis with the line obtained from
Eq.(6). Fatigue strength calculated from Eq.(6) has an approximately 50 percent
failure probability, and Eq.{(1) was derived to provide characteristic fatigue
strength of concrete with about 5 percent failure probability.
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Fig.1 Fatigue strength of concrete in compression [4]-[8]
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It has been found that stress gradient has a significant effect on the fatigue
strength of concrete in compression [8]1-[10], in which the stress 1level is
defined as the ratio of the extreme fiber stress to static strength in axial
compression. On the other hand Matsushita and Makizumi [11] have pointed out
that it is rather rational to define the stress level as the ratio of applied
load to the ultimate load and proposed a method for calculating the stress of
concrete by using a rectangular stress distribution, as seen in Fig.2, so that
the effect of stress gradient diminishes as shown in Fig.3. The article in
2.(5) is based on their proposal.

The examination by numerical examples of the design of reinforced concrete
members has shown that the checking of safety against fatigue failure of
concrete can generally be omitted for the structures designed with ymc¢ = 1.5
and yf = 1.5 for the ultimate limit states, However, it must be noted that
the logarithm of fatigue life of lightweight aggregate concrete is about 70
percent of that of normal comncrete, as seen in Fig.4 [5]1[9]1{10], and that
logarithm of fatigue life of concrete in the water is only about two thirds or
less of that in the air [15]1[16].

0.8
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Fig.4 Fatigue strength of lightweight aggregate concrete in compression [5][9]

It has been found that the fatigue strengths of concrete in tension or flexure
are about the same as that in compression when expressed by a percentage of the
corresponding static strength [3][6]. Therefore, if necessary, Eq.(1) may be
applied to determine characteristic fatigue strengths of concrete in temnsion or
flexure.

Tests on concrete with compressive strength of 80 to 100 MPa [13]1[14] have shown
that the fatigue strength of high strength concrete expressed by a percentage of
its static strength is mot less than that of normal concrete.

(2) Fatigue Strength of Reinforcing Bars

It is known that the fatigue strength of reinforcing bars depends on many
factors, such as geometry of surface deformations, bar diameter, yield and
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tensile strength, bending, and welding [31[17]1[18]. However, the test results
regarding the effect of these factors reported quantitatively differ
considerably each other. Accordingly, it must be difficult to establish fatigue
strength equation which can be applied widely. The Recommendations, therefore,
state that principally, the characteristic fatigue strength of reinforcing bars,
frsk, shall be determined on the test results,

Many investigations have shown that frs — N curves exhibit transition of a
steeper slope to a flatter one in the vicinity of one million cycles. This may
imply that reinforcing bars have an endurance limit, however, the evidence is
still insufficient because of the lack of data in the region of a sufficient
number of cycles. As far as the tests conducted in Japan are concerned, the
average slope of log frs — log N curves of the deformed bars is about -0.2 in
the finite life region as seen in Fig.5, and Eq.(2) was derived to cover all the
data on the safe side.

Data from ref. [19] 0s6—=40 MPa
a \\
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Fig.5 Fatigue strengths of reinforcing bars in tension

It is noted that most of the deformed bars made in Japan today have considerably
higher fatigue strength than the value obtained from Eq.(2) owing to the efforts
which have been made to improve the geometry of the deformed bars, particularly
on the base radii of deformations [19]-[26]., It is, therefore, profitable to
determine the characteristic fatigue strength of reinforcing bars by tests in

most cases.

It has been found that the fatigue strength of bent bars, such as stirrups and
bent—up bars, is considerably lower than that of straight bars [18][27]-[29].
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The tests with bars bent around a pin radius conforming to the Japanese Code
Requirements have shown that the fatigue stremgth of bent bars is 1/2 to 2/3 of
that of the straight bars [28]1[29]. It has also been recognized that welding
may considerably reduce the fatigue strength of reinforcing bars [30]1-[32]. The
tests [32] have shown that the fatigue strength of bars with stirrups attached
by welding is about half of those attached by wire ties.

(3) Fatigue Strength of Reinforced Concrete in Shear

The investigations [33]1-[36] have handled the fatigue shear strength of
reinforced concrete beams without web reinforcement. Most of the data reported
in these references have the fatigue lives longer than those predicted by
Eq.(1), which was originally derived for the fatigue strength of concrete in
compression. Furthermore, most of the data in the reference [37], in which the
fatigue strength of reinforced concrete slabs in punching shear is dealt with,
have longer lives predicted by Eq.(1). Therefore, if necessary, Eq.(1) may be
used to determine the characteristic fatigue strength in shear of reinforced
concrete beams or slabs without shear reinforcement, unless more rational
procedures are available.

It is important to establish ratiomal fatigue design procedures for shear
reinforcement because the fatigue strength of bent bars is very low. The
investigation [38] has proposed that the applied stress range of stirrups may be
calculated by truss theory and has compared it with the fatigue strength of bent
bars. A more rational method has been proposed by the recent investigations
[391[40], in which the behavior of stirrups in strain is examined in detail.
Eq.(3) is based on these investigations.

REFERENCES

[1] Tentative Recommendations for the Limit States Design of Concrete
Structures, Concrete Library No.48, Japan Society of Civil Engineers (JSCE),
April 1981

[2] Graf,0. and Brenner,E., Versuche zur Ermittlung der Widerstandsfahigkeit
von Beton gegen oftmals Wiederholte Druckbelastung, Deutscher Ausschuss fur
Eisenbeton, Heft 76, 1934

[3] ACI Committee 215, Considerations for Design of Concrete Structures
Subjected to Fatigue Loading, Journal of ACI, Mar. 1974

[4] Matsushita,H. and Tokumitsu,Y., A Study on Compressive Fatigue Strength of
Concrete Considered Survival Probability, Proc. of JSCE, No.284, April 1979

[5] Sakata,K., Kiyama,H., and Nishibayashi,S., A Study on the Fatigue Life of
Concrete by the Statistic Treatment, Proc. of JSCE, No.198, Feb. 1972

[6] Fujita,Y., and Kaiho,Y., Fatigue Behavior on Tention, Compression and
Flexure of Plain Concrete, 21st General Meeting of the Cement Association of
Japan (CAY), 1968

[7] Antrim,Y¥.de C. and McLaughlin,¥.F., Fatigue Study of Air—Entrained
Concrete, Journal of ACI, May 1959

[8] Ople,F.S. and Hulsbos,C.L., Probable Fatigue Life of Plain Concrete with
Stress Gradient, Journal of ACI, Jan. 1966

[9] Hamada,S. and Naruoka,M., An Experimental Study on Compressive Fatigue
Strength of Lightweight Concrete, Proc. of JSCE, No.176, Apr. 1970

[10] Tsuzuki,K. and Naruoka,M., Study on Compressive Fatigue Strength of
Lightweight Concrete, 25th General Meeting of CAJ, 1971

[11] Matsushita,H, and Makizumi,M., A Study on Fatigue of Pretensioned
Prestressed Concrete Beams, 32nd General Meeting of CAJ, 1978

[12] Gray,W.H., McLaughlin,J.F. and Antrim,J.D., Fatigue Propexties of
Lightweight Aggregate Concrete, Jourmal of ACI, Aug. 1961



L

58 CONCRETE FATIGUE DESIGN PROCEDURES IN JAPAN

[13] Watanabe,A., Tsuruta,K. and Koga,J., Fatigue Characteristics of High
Strength Concrete, 31st General Meeting of CAJ, 1977

[14] Matsumoto,Y., Saito,T., Miura,I. and Mine,Y,, Akkagawa Railway Bridge
(Deck-type Prestressed Concrete Truss Bridge), Proc. of JSCE, No.264, Nov. 1977
[15] Matsushita,H., A Study on Compressive Fatigue Strength of Concrete in the
Water, Proc. of JSCE, No.296, Apr. 1980

[16] Ozaki,S. and Shimura,M., Compressive Fatigue Strength of Concrete in Water,
Proc., of 35th Annual Conference of JSCE, Oct. 1980

[17] Hanson,J.M., Somes,M.F. and Helgason,T., Investigation of Design Factors
Affecting Fatigue Strength of Reinforcing Bars, ACI SP-41, 1974

[18] Soretz,S., Contribution to the Fatigue Strength of Reinforced Concrete, ACI
SP-41, 1974

[19] Kokubu,M., and Okamura,H., Fundamental Study on Fatigue Behavior of
Reinforced Concrete Beams Using High Strength Deformed Bars, Proc. of JSCE,
No.122, Oct. 1965

[20] Yokomichi,H., Fujita,Y. and Nishihori,T., Fatigue Test of Reinforced
Concrete Beams Using Deformed Bars, Concrete Library No.14, JSCE, Dec. 1965

[21] Nakayama,N., Fatigue Test on T-shaped Beams Reinforced with Various
Deformed Bars, Proc. of JSCE, No.122, Oct. 1965

[22] Kokubu,M. et al., Fatigue Behavior of Reinforced Concrete Beams with High
Strength Deformed bars, Proc. of JSCE, No.122, Oct. 1965

[23] Kohno,M., Tomita,K., Komatsubara,M., Watanabe,S. and Kodera,J., The Fatigue
Strength of the Deformed Bars, Concrete Library No.2, JSCE, Dec. 1962

[24] Tomita,K. and Watanabe,S., Fatigue Strength of High Strength Deformed Bars,
Concrete Library No.14, Dec. 1965

[25] Kokubu,M. and Okamura,H., Use of Large—Sized Deformed Bars in Reinforced
Concrete, Proc. of JSCE, No.202, June 1972

[26] Yamazaki,T. et al., Studies on Fatigue Characteristics of Large-Diameter
Deformed Bar D51 in Axial Load and RC Beam, Proc. of JSCE, No.278, Oct. 1978
[27) Pfister,J.F. and Hognestad,E., High Strength Bars as Concrete Reinforcement
Part 6, Fatigue Tests, Journal of PCA, V.6, No.1l, Jan, 1964

(28] Okamura,H,, Sekijima,K. and Enomoto,M., Fatigue Strength of a Bent-up Bar,
29th General Meeting of CAJ, 1975

[29] Okamura,H., Fatigue Properties of Beams Having 51lmm Diameter Bars With
Bends, Concrete Library No.40, JSCE, June 1975

[30] Burton,K.T. and Hognestad,E., Fatigue Tests of Reinforcing Bars - Tack
Welding of Stirrups, Jcurnal of ACI, May 1967

[31] Maruyasu,T., Kobayashi,K., Ito,T. and Kudo,Y., Fatigue ©Failure of
Reinforced Concrete Beams, Concrete Library No.l14, Dec. 1965

[32] Okamura,H., Fatigue Characteristic of Concrete Structures, 22nd Symposium
on Structural Engineering, JSCE, Jan. 1976

[33] Chang,T.S. and Kesler,C.E., Fatigue Behavior of Reinforced Concrete Beams,
Journal of ACI, Aug. 1958

[34] Stelson,T.E. and Cernica,J.M., Fatigue Properties of Concrete Beams,
Journal of ACI, Aug. 1958

[35] Higai,T., Fundamental Study on Shear Failure of Reinforced Concrete Beams,
Proc. of JSCE, No.279, Nov. 1978

[36] Ueda,T., Enomoto,M. and Farghaly,S.A., Fatigue Strength of Reinforced
Concrete Beams Without Web Reinforcement, JCI 3rd conference, 1981

[37] Kakuta,Y. and Fujita,Y., Fatigue Strength of Reinforced Concrete Slabs
Failing by Punching Shear, Faculty of Engineering, Hokkaido University, 1980
[38] Hawkins,N.M., Fatigue Characteristics in Bond and Shear of Reinforced
Concrete Beams, ACI SP-41, 1974

[39] Okamura,H., Farghaly,S.A. and Ueda,T., Behavior of Reinforced Concrete
Beams with Stirrups Failing in Shear under Fatigue Loading, Proc. of JSCE,
No.308, Apr. 1981

[40] Ueda,T. and Okamura,H., Behaviors of Stirrups under Fatigue Loading,
Concrete Journal, V.19, No.5, Japan Concrete Institute, May 1981



59

Design Recommendations for Offshore Concrete Structures
Recommandations pour le dimensionnement des structures offshore en béton

Bemessungsempfehlungen fir Offshore-Bauten aus Beton

KNUT WAAGAARD
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Det Norske Veritas
Oslo, Norway

SUMMARY

The paper presents a short summary of recommendations for fatigue strength evaluations of offshore
concrete structures. Offshore concrete structures are exposed to an environment which is different
from the environmental exposure of land based structures. These special features are discussed in re-
lation to the design recommendations. As the environmental loads are randem in nature, the paper
will discuss how a design recommendation can incorporate random loading.

RESUME

Cette publication présente un condensé de recommandations en vue d'évaluer la résistance a la fatigue
des structures offshore en béton. Du fait de leur environment, les structures offshore sont soumises a
des charges qui les différencient fondamentalement des structures onshore. Ces particularités sont
détaillées en relation avec les recommandations de dimensionnement. Compte tenu que les charges
dues & I’environnement sont aléatoires par nature, on s'attache & étudier comment des recommanda-
tions de dimensionnement peuvent tenir compte du caractere aléatoire du chargement.

ZUSAMMENFASSUNG

Der Beitrag prasentiert eine kurze Zusammenfassung der empfohlenen Bestimmung der Ermidungs-
festigkeit fiir Offshore-Betonkonstruktionen. Offshore-Bauten sind anderen Umgebungsbedingungen
ausgesetzt als entsprechende Bauten an Land. Diese Besonderheiten werden im Zusammenhang mit
den Bemessungsempfehlungen erortert. Da die &dusseren Lasten und Kréfte Zufallscharakter aufweisen,
wird dessen Beriicksichtigung in den Empfehlungen erlautert.
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1. INTRODUCTION

Of fshore concrete structures have been constructed and are in operation in
several parts of the world. Following the first offshore concrete o0il platform,
which was installed nearly eight years ago, several offshore concrete structures
have been constructed in several countries.

The design of the first offshore concrete structure with regard to fatigue
strength was based upon an evaluation of the available knowledge regarding fati-
gue strength of concrete in the marine environment. The available knowledge was
to some extent represented by design practice in different nationa) codes and
the current research presented by the work of ACI Committee 215 [2].

At that particular time, it was widely accepted among experts in this field that
fatigue failure of reinforced/prestressed concrete structures most likely would
occur in the reinforcement/tendons. The owners, designers and certifying
authorities did, however, accept the risk that reversible of stresses could
cause pumping [3] in crack, (see Figure 1) thus reducing the fatigue life of an
offshore structure relative to a conventional Tand structure. The design philo-
sophy was to limit the Tikelyhood of the occurrence of cracks in offshore struc-
tures exposed to fatigque loading.

The environmental loads on an offshore structure are completely random in nature
with respect to frequency, magnitude and order of loading. In order to handle
the above nature of the load in an analytical investigation, the general
accepted method has been to devide the stress histogram into stress blocks (see
Figure 2) and applying the Miner's hypothesis in its origianl form or a variant
of this method.

Based upon above early evaluations of the fatugue design of offshore concrete
structues, some research activities were started in different countries.

At Veritas [3] work was started on defining the fatigue strength of submerged
concrete members, the area of investigation was the influence of reversible
cyclic Toading on the compressive fatigue strength of submerged concrete.
Submerged concrete members exposed to reversible cyclic loading will crack and
pumping of water in and out of the crack may occur. The conclusion [3] in the
early work was that a reduction in the fatigue strength was observed when the
concrete specimens were tested under hydrostatic pressure and reversible c¢yclic
Toads. The work described in [3] has been continued as a sponsored project.

At TNO in Holland, some interest was also generated on the compressive fatigue
strength of concrete [4] and [6].

The main parameters in the first study [4] were:

- storage time in water
- saturated vs unsaturated concrete
- effect of frequency on saturated concrete

The conclusions from the TNO tests [4] are shortly summarized as follows.

- submerged concrete has a shorter fatigue life than air dried concrete
- the longer the storage time in water, the shorter is the fatigue lie

(effect of saturation)
- the frequency affect the fatigue life, the shorter the frequency the shorter

is the fatigue life
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In its second study [6], TNO studied the influence of cumulative damage of
concrete in compression with the use of Miner's rule. Van Leeuwen and Siemes
[6] conclude that the Miner number proved to have a logarithmic - normal distri-
bution with a mean value which is less than one. This conclusion was similar to
the results obtained in Sweden by Tepfers et al [5] and by Holmen [7] in Norway.

Offshore concrete structures are located in a very corrosive environment and it
is natural that corrosion fatigue of the reinforcement has been important
research topics in the later years. The studies have been carried out in
Britain [9], [10], [11] and in France [12]. The general conclusion from these
works are:

- The fatique life of rebars is only slightly lowered due to corrosion fatigue.
- Cracks which are constantly kept open will heal when submerged in sea-water

even under dynamic loading.

The experimental data has been obtained for the test condition which is con-
sidered most severe for corrosion fatigue, namely tension-tension cycling. In
submerged parts of offshore concrete structures which is exposed to cyclic
loading, it is unlikely that above stress condition will be allowed. These
structures will remain predominately in compression and effect of tension-
compression and mean stress levels, which are compressive, will have significant
interest as test parameter. Normally tensile stresses and cracks will not be
accepted for offshore concrete structures for members exposed to fatigue
loading.

Ben Gerwick [1] has additionally reviewed the design of offshore concrete struc-
tures with respect to fatigue strength. His paper will make useful reading in
respect to general design criteria.

SUMMARY OF VERITAS REQUIREMENTS

The general requirements for the design against fatigue failure of offshore
concrete structures are described in Chapter 7.7 of the Veritas Rules for the
Design, Construction and Inspection of Offshore Structures [13]. The require-
ments are here expressed in general terms. More detailed recommendations on how
to satisfy these general requirements are given in Appendix D8 to above rules.
It should be noted that above recommendations are non-mandatory. The engineer
is free to use other methods and procedure than those recommended, provided an
equivalent standard of quality and safety is obtained.

The Veritas Rules require the characteristic S-Log N curve to be determined from
the 5th percentile of the test results. The S values should additionally be
divided by the appropriate material coefficient, - The material coefficient
is to be agreed upon with the Society. The Rules require that cumulative damage
to the structure caused by different fatigue loading is to be included in the
analysis.

The structural aspect is considered to be of great importance for fatigue eva-
Tuations and the following points are stressed in the Rules.

- Geometric layout of structural elements and reinforcement should be such as to
minimize the possibility of fatigue failure. Ductility should be assured by
confinement of the concrete by appropriate reinforcement.
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Submerged concrete members that are essential for the integrity of the struc-
ture and are subjected to loadings that may cause fatigue failure are to be
designed without membrane tension for any load combinations. Edge stresses
due to bending is to be 1imited so that no cracking occurs. Where creep
effects may cause transfer of compressive stress from the concrete to the
reinforcement such effects are to be accounted for in the determination of the

concrete stresses.

RECOMMENDED PRACTICE

In the recommended practice in Appendix D8, it is accepted that offshore
concrete structures are exposed to more dynamic and complex loading than most
other types of structures This makes it difficutt to extrapolate earlier
experience on land based structures. With respect to the special influence of
the marine environment, the recommendations have been based on the pilot study
[3]. The criteria for the reinforcement have been based on the work by Helgason

[8].

Reinforced Concrete Exposed to Axial and Flexural Dynamic Loads

For submerged concrete members exposed to axial and flexural load, the following
combined Goodman and Wohler curves are specified:

S
1.0 - _Max
fx
a_—
Tm
log)gN = 10.0 (1)
1.0 - min
fi
* Yn
where
85 maximum average outer fibre stress in stress block i, calculated on the
basis of linear elastic theory assuming cracked section
Smin minimum average stress in the same outer fibre calculated on the basis
of linear elastic theory assuming cracked section
fk characteristic compressive strength measured on concrete cylinders
Yy material factor = 1.25
o takes account of the flexural gradient across the section [14]

Since the evaluation of fatigue strength is monotonous, it is of importance to
derive at a method of making a quick assessment on the need to carry out futher
fatigue calculations. Veritas recommends such a method.

Should a detailed fatigue check be necessary, then the cumulative fatigue life
may be investigated according to a modified Miner's hypothesis.
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m o n
I — < 0.2 (2)
i=1 Ni

where

m = number of stress blocks (minimum 8)

n; = number of stress cycles in stress block, i

Ni = number of cycles to fatigue failure for average stress in stress block, 1.

The number of applied cycles, n;, within stress block, i, is obtained from an
investigation of the sea states, wind direction, and static and dynamic response
of the structure expected within the design life, which is normally not to be
taken less than twenty years.

The number of cycles to fatigue failure at constant amplitude, Nj, Within stress
block, i, may be obtained from test results or from equation 1.

For a fatigue analysis, it is necessary to obtain stress history diagrams as
function of 1og n (see Figure 2). The stress history gives information on maxi-
mum and minimum stress in an element or member as a function of the logarithm to
the number of applied cycles. The load histogram is divided into stress blocks,
normally at least eight blocks.

For the reinforcement in the concrete, the number of cycles, N, causing fatigue
failure of straight bars at a given stress range and minimum stress level, may
be taken as:

S
= - xr_ _
TogiN = 6.5 - 2.3 p 0.002 s .. (3)
_SY
m
where
Smin and Sr describe the minimum stress and the stress range.

The endurance limit, fr, is taken as

165
f, =— - 0.338, (4)
m
If the stress range in the reinforcement at 10000 cycles is less than the
endurance 1imit as defined above, no further checks on the fatigue strength is
required.

If the stress range in the reinforcement exceeds the endurance limit, then
detailed investigations are necessary. It will in.this case be necessary to
elongate the Wohler curve as defined above beyond the endurance limit (see
Figure 4).

For bent bars with a bend of diameter less that 25d and greater than 8d, and for
welded reinforcement, the Wohler curve defined above is modified to take account
of the reduced fatigue life.
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Veritas makes no recommendations for the incorporation of cumulative damage in
the reinforcement. It is, however, reasonable to apply the Miner's hypothesis
in its original form with a Miner sum equal to 1.0.

Reinforcement Concrete Members Exposed to Transverse Shear Loading

For reinforced and prestressed concrete members exposed to transverse shear
loading of variable magnitude, the following design recommendations are made for
designing against shear failure in the concrete.

The proposed Wohler curve is similar to that used for concrete in compression
and bending. In stead of formulating the Wohler curve as a function of stress,
the total shear capacity is used, which also includes the contribution from the
longi tudinal reinforcement and ties.

For concrete members with positive V¢ _ /Vg . the V-N diagram is referred to
8k max’ " Tmin

1.0 meax
Tog N = 10.0 . 'r (5)
1.0 - _min
Ve
where
meax maximum average shear force in stress block, i
vfmin minimum average shear force in stress block, i
Vr design shear resistance

The total shear resistance is not to be taken greater than

Vrmax = 0.25 . fcr = b -d (6)
where
¢ ol
cr
Tm

For members which are exposed to completely reversable transverse shear stress

j.e. V A is negativ, the capacity part of the concrete, V__, should be
fmax fm1'n cr

ignored in the calculation of Vr.

The cumulative damage of the concrete should be investigated using the Miner's
cumulative method with a summation of 0.2.
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The fatigue strength of the reinforcement requires to be checked independantly.
The Wohler curves and endurance limit as described earlier should be used in the
investigation. In calculation of the reinforcement stresses, realistic models
in estimating the reinforcing stress should be used.

Fatigue Strength in Bond

In lack of more detailed information, it is recommended to double the anchorage
length normally required for static design, if the number of load repetitions
exceeds 10000 cycles and thg bond stress range (Sbr) at 10000 cycles exceeds the
bond strength (fbr) at 2.10° cycles.

Fatigue Strength of Tendons

The Veritas recommendations presumes that fatigue strength data will be provided
by the manufacturer as the fatigque characteristics will be dependant upon the

steel qualities and other details of productions and anchorage of tendons.

The fatigue data should contain data on the total assembly of the tendons
including the anchorage. '

REFERENCES

1. GERWICK, B.C. and VENUTI, W.J.: High-and-Low-Cycles Fatigue Behaviour of

Prestressed Concrete in Offshore Structures, OTC paper 3381,
11th Annual OTC in Houson, 1979

2. ACI COMMITTEE 215: Considerations for Design of Concrete Structures
Subjected to Fatique Loading. ACI Journal Proceedings (March 1974)
71 No. 3

3. WAAGAARD, K.: Fatigue of Offshore Concrete Structures - Design and
Experimental Investigations. OTC paper 3009, 9th Annual OTC in Houson, 1977

4. LEEUWEN, J. and SIEMES, A.J.M.: Fatigue of Concrete, Part 2.
Memo-78-80-by-SIM/PEM dd 78.06.22. Institute TNO voor Bouwmaterialen

en Bouwconstructies, Holland

5. TEPFERS, R., FRIDE'N, C. and GEORGSSON, L.: A Study of the Applicability to
the Fatigue of Concrete of the Palmgren-Miner Partial Damage Hypothesis.
Magazine of Concrete Research. Vol 29, No. 100, September 77

6. LEEUWEN, J. van and SIEMES, A.J.M.: Miner's Rule with Respect to Plain
Concrete. Boss 79. 2nd International Conference on Behaviour of Offshore
Structures, London 1979

7. HOLMEN, J.0.: Fatigue of Concrete by Constant and Variable Amplitude
Loading, Report: University of Trondheim, Cement and Concrete Research
Institute, November 1979

8. HELGASON, T. et al.: Fatigue Strength of High Yield Reinforcing Bars.
NCHRP Report 164 (1976) Washington

9. TAYLOR, H.P.J. and SHARP, J.V.: Fatigue in Offshore Concrete Structures.



66 DESIGN RECOMMENDATIONS FOR OFFSHORE CONCRETE STRUCTURES
The Structural Engineer, March 1978, No.3, Volume 56 A

10. BANNISTER, J.L.: Fatigue and Corrosion Fatigue of Tor Bar Reinforcement.
The Structural Engineer, March 1978, No.3, Volume 56A

11. ARTHUR, P.D., EARL, J.C. and HODGKISS, T.: Fatigue of Reinforced Concrete
in Sea Water. Concrete, May 1979. (England)

12. PEYRONNET, J.P. and TRINH, J.: Experimental Study on the Behaviour of
Concrete Structural elements in Natural Sea Water. OTC paper 3012.
Offshore Technology Conference 1977

13. DET NORSKE VERITAS.: Rules for the Design, Construction and Inspection of
Offshore Structures. Appendix D. concrete Structures. Det norske Veritas
1977 '

14. OPLE, F.S. and HULSBOS, C.L.: Probable Fatique Life of Plain Concrete with

Stress Gradient. ACI Journal, January 1966
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Fatigue as a Design Limit State for Bridges
Fatigue en tant qu’état-limite de dimensionnement pour les ponts

Ermidung als Bemessungsgrenzwert fir Briicken
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Associate Professor
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Melbourne, Australia

SUMMARY

Current methods of design for fatigue life are part deterministic for load effects and part probabilistic
for resistance. An estimate is made of risk of fatigue failure, which is found to be much higher than for
other ultimate limit states. This difference needs to be reconciled through reference to inspection and
maintenance, and the preventicn of collapse by redundant load paths.

RESUME

l_es méthodes existantes de dimensionnement & la fatigue sont d'une part déterministes en ce qui con-
cerne fes charges et d'autre part probabilistes pour ce qui est de la résistance. On fait une estimation du
risque de rupture par fatigue, lequel est trouvé beaucoup plus élevé que pour d‘autres états-limites
ultimes. Cette différence doit étre prise en considération en ce qui concerne les inspections et la main-
tenance, ainsi que la prévention des ruptures sous le passage de charges répétées.

ZUSAMMENFASSUNG

Gegenwartige Verfahren fir den Dauerfestigkeitsnachweis sind deterministisch fiir Lasteffekte und ba-
sieren auf wahrscheinlichkeitstheoretischen Uberlegungen fir die Festigkeit. Das Risiko eines Ermii-
dungsbruches wird abgeschatzt. Es stellt sich heraus, dass es wesentlich grésser ist als dasjenige anderer
Traglastbemessungen. Dieser Tatsache muss durch Uberpriifung und Wartung Rechnung getragen wer-
den. Vorsorge gegen Versagen sollte ausserdem durch die Mégiichkeit einer Krafteumlagerung getroffen
werden,
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1. INTRODUCTION

~

This paper 1s an attempt to assess the implicit risk in designing structures for
adequate fatigue life in accordance with modern specifications for structural
steel design, [1,2,5,18] with the intention of reconciling fatigue design philo-
sophy with limit state design philosophy in general [4,12). An anomaly exists
between design for fatigue and the design for other ultimate limit states, with
the risk for the former far greater than that for the latter.

Fatigue design is based upon actual traffic for loads, and fatigue life curves
for 95% [1,2] or 97.7% [5] survival at design life. The design concept is shown
in Fig. 1 in which the estimated number of cycles, n, must not exceed the design
limit, N, for a representative stress range, Sg+ In practice there is a proba-
bility distribution function (PDF) associated with each parameter. Current
design philosophy admits the PDF for N, but assigns a deterministic value to n.

These fallure_rates of greater than 0.023 are to be compared with nominal rates
less than 107~ for other collapse limit states. Such high fatigue failure rates
are not acceptable without qualification. It is necessary to review the load
and resistance models used to obtain a better estimate of fatigue reliability.
The role of redundant load paths aud inspection programs in controlling risk
must then be taken into account. These matters are considered in the following
sections.

2. ESTIMATION OF LOAD EFFECTS

2.1 Design Vehicle or Train

Cumulative damage 1is accounted for by the Palmgren—Miner Rule [16], allowing for
the reduction or abolition of the fatigue limit which occurs under variable
amplitude loading with some amplitudes above the fatigue limit [13, 21.
Artificial stress amplitudes producing equivalent fatigue damage can be used
because of the linear log S - log N relationship employed for fatigue resistance
[see Eq. 1 in section 4]). 1If a stress amplitude other than SprMg ©OF S

(MMS = Miner's mean or root mean cube) is used, then the actual number of stress
cycles has to be modified to produce the equivalent fatigue damage [10,15,22,23].

A wide range of artificial stress amplitudes are used. BS5400 [5] uses a
characteristic vehicle for the estimate of Sgs this vehicle weight being less
than the maximum design vehicle for bridge capacity. The design value of n
bears a close relationship to the actual value occurring. Since n depends on
influence length or span, the value specified in codes 1s supported by a back-
ground analysis of the influence of axle spacing and load spectrum on cumulative
damage, represented as a correction to n.

In the AASHTO and AREA specifications [1,2], the maximum design vehicle for
bridge capacity is used. This necessarily produces a larger Sg than Sppyg or
SpMMs» S0 that n must be reduced below the actual number of cycles to produce
the equivalent fatigue damage. Even more extreme is the UIS proposed X, for
railway bridges [19). 1In this the whole train 1s reduced in its effect to a
single stress cycle S, (= A, S ), producing the same damage as the actual
R T "R,UIS
spectrum of stress cycles.

The use of a characteristic vehicle helps to separate load effects from resis-
tance. It locates the design Sg on the 5-N curve at a point corresponding to
actual stresses. Changes in the design S~N curve which future experience and
research might bring can be accommodated without adjustment of the load effect,
SR' Secondly, fatigue damage assessment remains independent of the design
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vehicle used for ultimate load capacity, which can be changed to meet changing
legislation on vehicle limits. Fatigue damage is not directly related to such
changes.

Essentially, the load effect is the estimated mean value of stress amplitudes
and frequency of occurrence associated with a given traffic density. This
enables the calculation of actual fatigue damage. It is in no way equivalent to
the upper 95 percentile characteristic load of floor live loads, for example.

2.2 Traffic Density

One mitigating factor leading to an overestimate of n is the use of categories
to define traffic. Whether for cranes or bridges, the effect of using
categories, with quantum steps in n between classes of use (motorway vs.
arterial road, heavy vs. light crane duty, etc.) is to reduce the mean vs.
design traffic density. The effect is similar to that of having discrete member
sizes, standard sections, available for selection of design member resistance.
The implications of load categorization will be included in the general
statement later.

2.3 Correlation of computed with actual load effects

The simplifying models used for structural analysis are sometimes inadequate for
calculating realistic values of Sp under specified loads. Many instances have
been cited where measured stresses have been lesgs than predicted by theory
{7,13,17]. Where this occurs through the participation in structural action of
elements normally ignored, such as cladding, topping, timber decks, ballast,
sleepers and rails, then the result is wholly beneficial. Byers suggests a mean
ratio of 0.93 of actual to computed stress range, with a coefficient of
variation of 0.15 [7] for railway girders of longer span. Moses suggests lower
ratios for shorter spans [17].

Sometimes the reduction in actual stress can be attributed to load sharing which
has been ignored or underestimated by the designer. Cross girders, bracing or
diaphragms might then experience stresses greater than calculated. Fatigue
failures associated with these details in the past can frequently be attributed
in part to a neglect of load sharing in the analysis. There is a case for
allowing for the difference between calculated and actual values of Sp. Current
codes based upon the Sp concept do not take advantage of this factor.

2.4 1Impact Factor

The use of the maximum impact factor required for static strength on all loads
in the calculation of fatigue load effect naturally leads to overestimates of
damage. Average impact factors, which are much less than maximum values, should
be used. To achieve the maximum a serious imperfection in the riding surface is
required. A common Adynamic response of a bridege to a passing vehicle is a
vibration arising from the interaction of vehicle suspension, track roughness
and bridge deflection. This vibration is superimposed on the basic static
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response, amplifying the static Sg by the amplitude of the vibration, and adding
many cycles of stress of the amplitude of the vibration (Fig. 2). Usually, the
amplitude of the vibration is small compared with the basic static Sgs so that
the contribution of the vibration to fatigue damage is not great. The proba-
bility distribution of stress amplitudes is, however, changed from the Raleigh
distribution assumed in the AREA specification, [10] to some form of exponential
distribution, which measurements confirm [3].

Only in BS5400 with the standard fatigue vehicle for highway bridges is the
question of impact factor circumvented in damage calculations. Statistical data
on impact factor should be used in formulating the load to be used in assessing
fatigue damage. Byers estimated the additional load on railway bridges from
impact to be 14%Z with a coefficient of variation of 0.61 [6]. For cranes the
picture is more obscure. Oscillations associated with acceleration and
deceleration of moving parts can be very significant, and sensitive to damping,
so that quantitative estimates of impact factors and cumulative damage for
cranes can be very elusive.

3. [ESTIMATION OF FATIGUE RESISTANCE

3.1 Statistical Properties of Fatigue Life

To obtain the lower confidence survival curves used in fatigue design, the
laboratory data must be evaluated. A problem here lies in reconciling test
results from different sources. Each series may have a low coefficient of
variation, VyNs on log N but differing mean values, leading to a higher Vy when
the results are taken together. Fisher et al. [8] find Vy = 0.101 for their own
tests for fatigue life at welded cover plate ends, but the scatter with other
test results taken into account 1s much larger [8,14,20). Diversity in fabri-
cating and testing procedures leads to this systematic difference in results
between laboratories, and it is proper that fatigue life characteristics should
be based upon several sources in order to include this diversity in the statis-
tical characteristics. There is a serious possibility that the data base does
not include adverse environmental effects of actual structures in service.
Tests do show differences between field and laboratory [11].

Only BS5400 publishes the statistical assumptions om which the design curves are
based. Vy varies from 0.179 to 0.251, values which are much higher than for
some individual test series. The design curves of the American and British
Codes are fairly consistent on the same details. More detailed comparison is
not possible on the published data.

3.2 1Identification of Detail

It is important to place a fatigue sensitive detail in the correct fatigue
category. Placing the detail in the adjacent category to the correct one can
lead to a large overestimate or underestimate of life. The maximum error can be
about 60% reduction from estimated life to true life using AASHTO and 42%
reduction using BS5400. The difference arises from the fact that the American
specifications use four fatigue categories for the same details described in
seven categories in the British Code. The error applies to the constant K in
the expression for fatigue life (Eq. 1). 1In all specifications the increments
in log K between categories are unequal so that the consequence of incorrectly
identifying a fatigue detail are statistically variable.

Some allowance should be made for the designer making an error in classifying
detail. This might be described as a professional error [12, 21] in the
estimate of X.
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3.3 Size Effect

A specific factor in transferring labotatory data to field application lies in
the usually larger size of the design structure compared with the test pieces
used for the data base. Fisher has proposed a Category E' lower than E,

where Kp. = 0.44 Kp, for the same cover plate details as E where plate thick-
nesses exceed 19 mm [11). This is a large change in fatigue life, solely due to
size effect. A similar question must be asked about the size effect for other
welded details, but more research is required to answer it.

In the ensuing analysis it is assumed that size effect is considered in the
design so that there is no shift in the mean value of K due to it. However,
some uncertainty of modeling must be attached to this assumption.

3.4 Design Life

There is no agreement to be found on design life, which is 120 years in BS5400,
80 years in the AREA specification, and unstated in the AASHTO specification,
which instead specifies the number of stress cycles to be endured. Whether
design life is a genuine target for survival or merely a strategem for achieving
some adequate life less than stated has never been elucidated. The concept is
fundamental to fatigue design, which is based on a probabilistically non-
stationary process, unlike most other limit states, but it is beyond the scope
of this paper to attach probabilistic significance to it.

4. ESTIMATE OF RELIABILITY OF PRACTICAL FATIGUE DESIGN

4,1 Damage Equation

The usual fatigue life relationship
N =Ky S, ™ (1)

where K5 is a constant yielding an appropriate confidence limit for survival
(97.7% for two standard deviations), can be transformed to a damage expression

D=xk1lp,gm (2)

where n 1is the actual number of cycles applied. When the damage, D, exceeds
unity, failure occurs. All terms of Eq. 2 are random functions with appropriate
probability distributions.

Current design philosophy obtains what is superficially an expected value of

n and S,., and these are used deterministically to define a load effect,S . The
scatter in fatigue resistance, R, is accommodated by modifying K, to Ky, — a
form of partial resistance factor [21]. To bring fatigue design into 1line with
other limit state criteria requires an evaluation of the statistical signifi-
cance of all the factors mentioned {(and no doubt others overlooked) to establish
the reliability on a first order basis [4].

Using lognormal distributions, which fit at least some of the data quite well,
log D becomes a direct measure of reliability (Fig. 3), with all values of log D

greater than zero representing failure.

4.2 Estimation of Reliability of Current Design Procedure

The reciprocal of D is a measure of safety or reliability. It is merely
necessary to tabulate the influence of the various parameters in terms of mean
values and coefficients of variation as follows:



74 FATIGUE AS A DESIGN LIMIT STATE FOR BRIDGES

Item : Parameter Mean V(log)
1. Design Vehicle/Train Specification Sp, /SR 1.0 0.030
2 Traffic density Nd?N 0.75 0.076
3 Actual vs. computed Sy Sra/Sy 0.93 0.150
4.  Impact factor Sra/Sr 0.88 0.031
5. Fatigue life of detail Nd?N 0.398 0.200
6. Fatigue category identification K,/Kq 1.0 0.100
7. Size effect K, /K4 1.0 0.100

These figures, arbitrary at times, are derived as follows:

Item 1: Allows for misrepresentation of the load effect by the design vehicle
or train. It could include errors due to deficiencles in Miner's rule
and the method of counting stress cycles.

Item 2: Assumes design traffic density is 95% confidence limit with mean value
in the middle of the traffic range to the next lower traffic range -
consistent with BS5400 Highway Traffic designations.

Item 3: Uses Byers' figures for railway bridges [7].

Item 4: Uses Byers' figures of 1l.14 impact factor [7] compared with typically
1.30 used in design [BS5400], and Byers value of Vg

Item 5: These values are chosen to link the determination of D with the Code
design point, N, of Mean minus two standard deviations of log N. The
value of Vyy = 0.2 is an average figure for a range of fatigue )
categories, and log 0.398 = - 2 x 0.2 for consistency.

Item 6: The value of V = 0.1 is a compromise between (a) an assumed 80% proba-
bility of selecting the correct fatigue category with an average factor
of 0.631 to the next category in BS5400 and (b) an assumed 85% proba-
bility of correct selection with an average factor of 0.501 in the
AASHTO specification.

Item 7: Lack of information prevents an estimate of mean ratio other than 1.00
being made, and Vi corresponds to a category identification error.

From the tabulated values, assuming m = 3,
b = 0.75 x 0.933 x 0.88% x 0.398 = 0.164

1
[3¢0.03% + 0.15% + 0.0312) + 0.0762 + 0.22 + 0.12] 72

Vo =
b 0.373
_ -log D _ 0.786 _
B = -—-—---——VD = ——-3—7—3-0. - = 2-11

For comparison the present semi-probabilistic practice would only consider
item 5 of the table, with D = 0.398, v, = 0.200, B = 2.0.

The above result could have been couched in the standard R - S5 formulatiom, with
the first four items modifying S and the last three modifying & , with
essentially the same result.

4.3 Discussion

A B-index value of 2.11 is low compared with values accepted for other forms of
collapse, where B ranges above 3.1 and is typically 3.5. 8 = 2.11 representa a
nominal probability of failure of 0.0221, compared with 0.000 233 for B = 3.5.
Such a low B-value is unacceptable by conventional standards. Account must be
taken of three factors so far ignored, if it is to be justified. These are:
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1. The significance of inspection and maintenance in preventing collapse,
and the cost~benefit implications.

2. The time-dependent nature of the risk of failure, such that an
economically useful life is to be expected before collapse or repair.

3. The significance of redundant load-path design in preventing collapse
in spite of individual fatigue failures.

It can be shown for a design life exceeding forty years with B = 2 that even if
the cost of failure includes replacement of the structure the marginal cost of
modifying the structural details to improve the fatigue category one level must
be very low for it to be economically justified. This assumes that there 13 no
risk to human life in the fatigue failure. For this to be possible either
inspection sufficient to detect all major fatigue cracks in time must be
guaranteed, or the structure must have redundant load paths.

All specifications disregard the role of inspection and maintenaunce in the for-
mulation of fatigue design rules. In the Ontario Highway Bridge Design
Specification [18] redundant load paths are mandatory, thereby rendering the
current rules with B = 2 acceptable, but not necessarily optimum. Only in the
AASHTO specification is the risk of fatigue failure in non-redundant load path
structures recognised by an approximate reduction in Sy by 40%7. Based on the
tabulated parameters above, this leads to an estimate of B = 3.89, a figure
quite acceptable by limit state design standards.

The above generalised reliability estimate can be invalid in particular circum-
stances. For example, using BS5400 to design a girder where maximum traffic is
clearly anticipated, e.g. in the slow lane of a motorway, using the design
vehicle for fatigue and a rigorous analysis for stresses could lead to the mean
correction factors in the table for items 2, 3, and 4 being converted to

unity. This would lead to D = 0.398, Vj = 0.373, g = 1.073; pg = 0.142. Such
a high risk is likely to be unacceptable, although it could be justified on
economic grounds if failure of the bridge as a whole could be prevented in the
event of an individual fatigue failure.

5. CONCLUSIONS

5.1 Present practice in fatigue design which treats stress amplitudes and the
number of load cycles deterministically falls short of an adequate limit state
format.

5.2 There is lack of conmsistency in treating factors affecting load effects,
such as correlation of measured with theoretical stress amplitudes, impact
factor and traffic density. This prevents fatigue design of consistent relia-
bility for different structures. Ideally, the fatigue resistance charac-
teristics of structural steel is the same for all steel structures, and indepen-
dent of the load effects.

5.3 There is need to evaluate a professional factor allowing for designers'
errors in applying the design rules.

5.4 This study indicates an effective safety index, B, not much more than 2.0
in current practice. This represents an unacceptably low reliability unless
inspection and maintenance are considered, and/or redundant load path design is
employed to prevent catastrophic collapse.
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Ermiidungsfestigkeitsnachweis in den neuen Stahlbauvorschriften der DDR
Fatigue Strength Calculation to the new Steelwork Standard of the German Dem. Rep.

Vérification de la résistance a la fatigue selon la nouvelle norme de construction métallique de la RDA

WOLFGANG GRASSE PETER BERGER

Dr. sc. techn. Dr. -Ing.

VEB Metalleichtbaukombinat VEB Metalleichtbaukombinat
Leipzig, DDR Leipzig, DDR
ZUSAMMENFASSUNG

Der Nachweis der Ermudungsfestigkeit in der neuen Stahlbauvorschrift TGL 13 500 gestattet die
differenzierte Bgr[jcksichtigung unterschiedlicher Spannungsspielzahien und Formen der Spannungs-
kollektive. Die Uberlegungen zur Festlegung der zulassigen Ermudungsspannungen werden darge-
stellt.

SUMMARY

The calculation of fatigue strength according to the new specification for steel structures, TGL 13 500,
permits the consideration of different numbers of stress cycles and shapes of stress spectra. Some con-
siderations involved in fixing the allowable fatigue stresses are presented.

RESUME
La vérification de la résistance a la fatigue selon la nouvelle norme de construction métallique TGL

13 500 permet de tenir compte de maniere différenciée du nombre de cycles de contraintes et de
I"allure du spectre des contraintes. Quelgues réflexions en vue de la fixation des contraintes admis-
sibles de fatigue sont présentées.
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1, BISHERIGE SITUATION UND ZIEL DER NEUBEARBEITUNG DES STANDARDS

Fir den Nachweis ermidungsbeanspruchter Stahlkonstruktionen ist
in der DDR die TGL 13 500 {1] verbindlich, Nach der derzeit noch
giltigen Ausgabe von 1972 ist der Ermidungsfestigkeitsnachweis
bei Lastspielzahlen zwischen 6 , 104 und 5 . 105 als Zeitfestig-
keitsnachweis und bei Lastspielzahlen {iber 5 ., 105 gls Dguerfe=-
stigkeitsnachweis zu fihren, Die zul&ssigen Spannungen hierfir
werden aus kerbfgll- und baustghlspezifischen Zeit- bzw, Dauer=-
festigkeitslinien in Abhé&ngigkeit vom Spannungsverh&ltnis

X = mind /max ¢ entnommen, Diese Werte beruhen auf umfangrei-
chen Ermiéidungsversuchen an Kleinproben, wobei gegen die einer
Uberlebenswahrscheinlichkeit von 90 % entsprechenden Wdhlerlinien
mit einem X-abh&ngigen Faktor abgesichert wurde, Der Sicherheits-
faktor verindert sich mit x und liegt zwischen 1,1 und 1,3 [2].
Der Ermidungsfestigkeitsnachweis erfolgt durch Vergleich der Ma-
ximalspannung mit der zul#éssigen Ermidungsspannung.

Der gréBte Nachteil der dargestellten Berechnungsmethode besteht
darin, daR es nicht méglich ist, die in der Regel vorhandene Ver=~
énderlichkeit der Spannungsamplituden im BeanspruchungsprozeB zu
berticksichtigen, Der Ansatz der Maximalspannung fihrt in den F&l-
len, in denen sie bezogen auf die Gesamt-Lastspielzahl selten
auftritt, zu unwirtschaftlichen Bemessungen, Die Beseitigung die-
ses Mangels und die Mbglichkeit einer differenzierteren Bertiick-
sichtigung der tats&chlichen Spannungsepielzahl waren die Haupt-
ziele der Neubearbeitung des Ermidungsfestigkeitsnachweises in
der TGL 13 500,

2. ERTRAGBARE BEANSPRUCHUNGEN BEI EINSTUFENBEANSPRUCHUNG

Fir die ertragbaren Beanspruchungen bei konstanten Spasnnungs-
amplituden liegen vergleichsweise viele an Kleinproben gewonne-
ne Daten vor [3], [4]. Etwa ab 1970 wurden Versuchsergebnisse
von geschweiBten Bauteilen und auch von nicht geschweiBlten GroB-
proben bekannt [5], [6], [7], die teilweise erheblich unter den
Werten fir Kleinproben lagen., Die Ursachen hierfiir werden in den
héheren Eigenspannungen und im MaBstebseinfluB gesehen, der einen
Kerb bei einem groflen Bauteil im Verh&ltnis zu den Gesamtabmes-
sungen schérfer erscheinen l&Bt,

Durch die mit der neuen Vorschrift beabsichtigte genauere Er-
fassung der Belastung hinsichtlich Lastspielzahl und Vvélligkeits-
grad des Spannungskollektivs und den demit im allgemeinen be-
tréchtlichen Abbau von Sicherheitsreserven erschien es geboten,
auch die Erkenntnisse (ber die niedrigere Tragf&higkeit von Bau-
teilen zu beriicksichtigen, Um auch kleine Elemente mit der neuen
Norm wirtschaftlich bemessen zu kénnen und in Obereinstimmung

mit der Berechnungsvorschrift fiir geschweiflite Maschinenbauteile
zu bleiben, wurden sowohl zulissige Spannungen fir Bauteile (als
Regelfall) als auch solche fiir Kleinteile aufgenommen,

Die neue Vorschrift TGL 13 500 [8] sieht 10 Kerbf&lle vor,
Nach den Versuchsdaten wurden die bei X = -1 gGltigen Abminde-
rungsfaktoren

Srirs dD,Bauteil (1)

dD,Kleinprobe

ertr.,
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entsprechend Tabelle 1 testgelegt, Hierbei ist ertr, dp die
2 , 10% mal ertragene Spannung.

Tabelle 1 Abminderungstaktoren o
Kerbfall | O bis 4 5 6 7 8 9
ol 0,70 0,75 0,80 0,85 0,90 0,95

Man erkennt, daB die Unterschiede zwischen Bauteilen und Klein
teilen mit wachsender Kerbschérfe der Verbindung kleiner werden.

Tabelle 2 enth&lt die ertragbaren Spennungen bei X = -1 (Wechsel-
beanspruchung), Einstufenbelastung und 2 , 106 Spannungsepielen
fiir Kleinteile, Die ertragbaren Spannungen werden im Streuband
der Versuchsergebnisse so festgelegt, daR ihnen eine Uberlebens-
wahrscheinlichkeit von 80 % entspricht,

Tabelle 2 Grundwerte ertr. dD,—l in N/mm2
ertr, dD,-i
Kerbfall | S 38/24 | S 45/30 | S 52/36 |S 60/45
G 144 154 163 i74
1 131 136 141 146
2 113
3 94
4 75
5 58
6 45
7 35
8 28
9 21

In Bild 1 sind Ergebnisse von Bauteil- und Kleinprobenversuchen
dargestellt, die in den Kerbfgll 6 entsprechend der neuen

TGL 13 500 einzuordnen sind, Weiter sind dort die neuen zulgs-~
eigen Spannungen eingezeichnet.

Bild 1 Ergebnisse von Bau-

zul Gy teil= und Klein~
1 probenversuchen
ot nach [56], [6] und

[7], zulsssige Span-
nungen fir Kerb-
fall 6 nach [8]

-—-————-zulab faGr Kleinteile
zuldb fir Bauteile
® A oW Baguteile
+ X Kleinproben

=1 -0,5 U ‘0,5 —-—R +1
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I
3. ZULASSIGE SPANNUNGEN FUR EINSTUFENBEANSPRUCHUNG

In den Steghlbauvorschriften der DDR wurden die zulissigen Er-~
miidungsspannungen fir einen bestimmten Kerbfall und einen spe-
ziellen Bgustahl als zul#issige Maximalspannung in Abh&ngigkeit
vom Spannungsverh&ltnis X angegeben, Die Versuche an Bauteilen
zeigten, daB -~ offenbar bedingt durch hohe Eigenspannungen -
die ertragbare Differenz AJ = max 0 - min @ unabh&ngig von x
ist, Dieses sogenannte a¢ -Konzept bedeutet eine Vereinfachungs-
méglichkeit fir den Nachweis der Ermidungsfestigkeit. Um jedoch
den AnschluB an die bisher gliltigen Stahlbauvorschriften und an
die Vorschriften zur Bemessung geschweiBter Maschinenbauteile
zu wahren und die Berechnung von Kleinteilen innerhalb der

TGL 13 500 nicht nach einem anderen Konzept vornehmen zu miissen,
wurde der Nachweis mit max ¢ und X beibehalten, wobei die zu=-
lassigen Werte fir Bauteile voll dem a0 ~-Konzept entsprechen,
denn es gilt stets

max ¢ = 1Agx (2)
Die zulissigen Spannungen ergeben sich aus den ertragbaren Wer=-
ten entsprechend Abschnitt 2 nach Division durch einen Sicher-
heitsfaktor Vp, der Vp = 1,25 betraégt, Bei X = -1 weisen die so
festgelegten zulé&ssigen Spannungen bei Kleinteilen Uberlebens-
wahrscheinlichkeiten von mindestens 99,3 % auf., Die zul&ssigen
Spannungen fiir Bauteile wurden durch Multiplikation der Werte
fir Kleinteile mit den o -Werten (Tabelle 1) so festgelegt, daR
sie den unteren 2s-Werten der Versuchsergebnisse entsprechen und
damit bei Normalverteilung Uberlebenswahrscheinlichkeiten von
97,7 % aufweisen,

Bild 2 zeigt die Wohlerlinien der zul&ssigen Spannungen von Bau=-
teilen fiOr alle 10 Kerbf&lle, Baustahl St 38 und X = -1,

Stéhle héherer Festigkeit haben nur in den sehr gilinstigen Kerb-
fédllen O und 1 hdhere zuldssige Ermiidungsspannungen.

250
Kerbfdlle Qund 1:
g b\
* zul g=2ul UD(szi )/6,50
m.
0 g
197
2463
SOr é\ﬂ———— 3450
\
438
\
529

5-
Kerbfalle 2bis9: . 623
ijy$9 - 7418
zuld-zul(ID ( N \ g
1q. 911
60’ 2100 6%’ 2105 610° 2100 ~
— N

Bild 2 Wohlerlinien der zul&éssigen Spannungen (Bauteile)
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4, BERUCKSICHTIGUNG VON BELIEBIGEN SPANNUNGSSPIELZAHLEN UND
MEHRSTUFENBEANSPRUCHUNGEN

Entsprechend den in Bild 2 angegebenen Beziehungen fir die W&h-
lerlinien erhzlt man bei Spielzahlen unter 2 . 106 héhere, Gber
2 . 105 niedrigere zulassige Ermidungsspannungen. Bei der Fest-
legung der zulZssigen Werte wurde nicht nur das Verhgltnis {y
der ertragbaren Spannung bei einer beliebigen Spannungsspiel-
zahl N zum Wert bei 2 . 106 Spannungsspielen beriicksichtigt, son=-
dern auBerdem ein Sicherheitsfaktor Vy, Dieser betr&gt vy = 1,0
bei N = 2 , 106 und VN = 1,15 bei N =2 , 105 und dient zum Aus-
gleich der bei kleinen Spannungsspielzahlen gréferen Wahrschein-
lichkeit einer Fehleinschitzung des Umfangs des Spannungskollek-
tivs, VN wird zwischen o, g. Spielzahlen geradlinig interpoliert.
Damit ergibt sich die zuléssige Spannung flr eine beliebige Span-
nungsspielzahl N bei Einstufenbeanspruchung zu
'S

zul G, = TE- . zulag (3)
Die Verwendung des Sicherheitsfaktors vy bewirkt eine Drehung
der Wohlerlinie der ertragbaren Spannungen um den Punkt Op;
N =2 , 105, d, h, der wéhlerlinienexponent der Kerbfélle 2 bis
9 steigt von 3,5 auf 4,39 (s, Bild 2),

Es ist zu beachten, daB N die Zahl der Spannungsspiele ist, die
oft betréchtlich héher liegt els die Zahl der Lastspiele.
Der relative Anteil kleiner und grofer Spannungsausschliége sm
gesamten Spannungskollektiv wird durch den Kollektivbeiwert k
beschrieben, Durch Klassieren eines regellosen Beanspruchungs-
prozesses kann man die H&ufigkeitsverteilung der Spennungsmaxima
und -minima ermitteln, Durch Darstellung der Spannungsspielzah-
len im logarithmischen MaBstab und Messen der Spannungsausschlé-
ge vom Mittelwert zwischen Maximal- und Minimalspannung des Kol-
lektivs (Symmetrierung) erhélt man eine Darstellung, die den
Normkollektiven entsprechend Bild 3 rechnerisch oder visuell zu-
geordnet werden kann, Das Normkollektiv mit k = O geniigt einer
diskreten halben Binomialvertei=-
X lung. Diese Kollektivform kommt
max @ 1 - zumindest niherungsweise - bei
reas FEE ~l,/3 vielen prektischen Beanspruchungs-
Maxima 4 prozessen vor und wurde umfang-
V3 reichen Mehrstufen~Erm{idungsver-
| suchen zugrunde gelegt., Die Kol-
O, ) lektivformen mit den Beiwerten
0 102 104 1¥=max n, k = 1/3 und 2/3 folgen der glei-
‘ | chen Verteilung und ergeben sich
Minina durch proportionale Einschaltung
min @ :,; zwischen k = 0O und des Vollast-

. EEE kollektiv mit k = 1,
min @

Die neue Vorschrift TGL 13 500

Bild 3 Normkollektive gestattet sowohl eine Berechnung

s der zulissigen Betriebsspannung
zul O'ge auf der Grundlage der

gemessenen oder berechneten Kollektivumtinge N und Beiwerte k

als auch ihre vereinfachte Ermittlung (Gber Beanspruchungsgruppen,

Tabelle 3 gibt die Zuordnung der Beanspruchungsgruppen 8 1 bis

B 7 zu den Werten N und k an, wdhrend in Tabelle 4 die Betriebs-
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festigkeitsfaktoren § in Abhéngigkeit von Kerbfall und Beanspru-
chungsgruppe enthalten sind. Entsprechend Gleichung (4) ergibt
sich damit

zul Oge = ¥ » 2zul Gb,x (4)
wobei zul Op,x als Tabellenwert vorliegt und fir des jeweilige
x , den Kollektivbeiwert k = 1 sowie N = 2 , 106 gilt,

Tabelle 3 Beanspruchungegruppen

Spannungsspielzahl Kollektivbeiwert k
N 0 1/3 2/3 1

6 . 10° N =2 , 104 BO | B O B1 | B2
2 ,10% N=86. 10% BO | B 1 B2 | B3
6 .120° N=2 , 10° B1 | B2 B3 | B a4
2,10 N=86, 10° B2 | 83 84 | BS5
6 . 10° N =2 , 10° B3 | Ba B5 | B6
2 ,10° N =6 . 10° B4 | BS B6 | B7
6 ., 10° N =2, 10/ B5 | B6 B7 | B 7
2,10 N=6. 10 B6 | B7 B7 | B 7

N 6 ., 107 B87 | B7 B7 | B 7

Tabelle 4 Betriebsfestigkeitsfaktoren y

Bean=~- Kerbfall
spru-
chungs~|0 und 1| 2 3 4 5 6 7 8 9
gruppe
B O 2,84 4,83
B 1 2,39 3,71
B 2 2,01 2,86
B 3 1,69 2,20
B 4 1,42 1,69
B 5 1,19 1,30
B 6 1,00 1,00
B 7 1,00 j2,000,96 0,92 | 0,86 (0,82 |0,77 |0,73] 0,69

Der Betriebsfestigkeitsfaktor y in Gl, (4) ist definiert durch

I 4
= vy *v; . (5)

Die Werte ¥y und Vy beziehen sich auf die Spannungsspielzahl und
wurden bei Gl., (3) erléutert, ¥y wird suf der Grundlage der Scha-
densakkumulationshypothese von CORTEN/DOLAN berechnet und bringt
die Erhéhung des ertragbaren Maximalwertes des Kollektivs bei
"weichen® Kollektiven (kleine Werte k) zum Ausdruck. Um der bei
abnehmender Kollektivvdlligkeit steigenden Gefahr einer Fehl-
einschétzung vorzubeugen und den unglinstigen RandomeinfluB abzu-
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decken, wird mit einem Sicherheitsfaktor Vi abgesichert, der
von Vi =1 bei k = 1 auf Vg = 1,6 bei k = O wachst,

Es sei noch bemerkt, dal der Ermidungsfestigkeitsnachweis wegen
des geringen Sché&édigungseinflusses nicht mit der absolut groRten
Lastspannung zu ftihren ist, sondern mit dem Wert, der pro 1 Mil-
lion Spannungsspiele einmal auftritt, Demzufolge ist nachzuwei-
sen, daR die mit einer Wahrscheinlichkeit von 106 guftretende
Maximalspannung kleiner ist als der Wert zul 0ge nach Gl. (4).

5., EINSCHATZUNG DES NEUEN NACHWEISES DER ERMUDUNGSFESTIGKEIT

Es ist otfensichtlich, daBR der neue Nachweis eine wesentlich
flexiblere und damit wirklichkeitsndhere Bemessung ermiidungs-
beanspruchter Stahlbauteile gestattet, Bei den sehr haufig auf-
tretenden Kollektiven im Bereich von k = O und 1/3 sind bei 6
nicht (berm&Big hohen Spannungsspielzahlen (etwa unter &6 ., 107)
selbst unter Beachtung des ungilinstigen Bauteileinflusses leich-
tere Dimensionierungen modglich als bisher. Sind dagegen die
Spannungskollektive nachgewiesenermaBen v6llig und haben einen
grolen Umfang, so ergeben sich besonders im Bereich der Wechsel-
beanspruchung (x = -1) materialintensivere Bemessungen als bis=~
her.

Die TGL 13 500 ist eine Grundvorschritt im Vereinheitlichten
Vorschriftenwerk fi{ir den Stahlbau in der DDR und gibt Trag-
fdhigkeitswerte an, die fir den gesamten Stahlbau gelten, Sie
ist im Zusammenhang mit den Vorschriften fiir die einzelnen Fach-
gebiete, z, B, fir den Stahlbriickenbau, Kranbau und Stahlhoch-
bau anzuwenden, die u, a, die Lastannahmen vorschreiben und da-
mit ebenfalls das Bemessungsergebnis beeinflussen. Es ist Auf-
gabe dieser Fachgebiete des Stahlbaus, die maBgebenden Bean-
spruchungskollektive zu ermitteln, um durch Zuordnung zu den
Normkollektiven der TGL 13 500 oder eine genauere Ermittlung
der zulissigen Betriebsspannung von den Méglichkeiten der neuen
Vorschrift Gebrauch zu machen,
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Grundlagen der Ermiidungsbemessung geschweisster Verbindungen
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SUMMARY

The paper considers the general form of the S-N curves which should appear in fatigue design rules for
welded joints. It is agreed that, for as-welded joints, they should be based on stress range using all
available test results from the literature. The curves should be linear on a Log S v. Log N basis, with a
slope m = 3, probably with a single band to a shallower (but fictitious) slope at 10 million cycles for
cumulative damage calculations. For stress relieved joints the allowable stress range could be increased
for partially compressive loading.

RESUME

L'article traite de la forme générale des courbes S-N que |'on doit prendre en considération dans les
régles de calcu! & la fatigue des assemblages soudés. 11 est admis que, pour les assemblages soudés sans
traitement ultérieur, les régles doivent &tre basées sur la différence des contraintes en exploitant tous
les résultats d'essais de la littérature. Les courbes doivent &tre linéaires dans une échelle Log S - Log N
avec une pente m = 3, probablement avec un domaine singulier de pente plus faible {mais fictive) au-
dela de 10 millions de cycles pour le calcul de dommages cumulés. La différence de contraintes admis-
sible peut &tre augmentée dans le cas d'assemblages soudés ayant subi un traitement thermique et
soumis & des charges partielles de compression.

ZUSAMMENFASSUNG

Der Beitrag behandelt in allgemeiner Form die S-N Kurven, die fir die Ermidungsbemessung ge-
schweisster Verbindungen beriicksichtigt werden sollten. Die Bemessungsregeln fir Verbindungen ohne
Nachbehandlung soliten auf der Spannungsdifferenz fundieren unter Berlicksichtigung aller erhaltlicher
Versuchsresultate aus der Literatur. Die Wéhlerlinie sollte im doppeltlogarithmischen Massstab eine Ge-
rade mit der Neigung m = 3 darstellen. Fiir Schadenakkumulationsberechnungen kann ab 10 Millionen
Lastwechseln eine flachere (fiktive) Neigung angenommen werden. Im Fall von spannungsarm gegiih-
ten Schweissverbindungen kann der zuldssige Spannungsbereich bei teilweiser Druckbeanspruchung er-
hdht werden.
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1. INTRODUCTION

Fatigue design rules for welded joints have existed in several countries for
many years. The majority of them, at least for high cycle fatigue, have tended
to relate particularly to bridges, but in the absence of any alternative they
have in many cases been used for the design of other types of structure as well.
They are therefore of considerable significance.

It so happens that in several countries the fatigue design Standards have been
updated comparatively recently, and it is known that others are currently in
course of preparation. Also several attempts are now being made on an Inter-
national basis (e.g. by I.S.0., IIW and ECCS) to produce other fatigue design
rules. At first sight one would expect all these rules to be very similar,
since the basic data available to the writers of the rules must have been
similar, most of it having been published. TIn fact, however, there are still
significant differences between rules prepared in different countries. It is
hoped, therefore, that it will prove useful to review some of the variables
which should be covered by fatigue design rules,

2. DEFINITION OF BASIC S-N CURVES

As far as welded joints are concerned it is not yet possible to predict, by
means of fracture mechanics, the S-N curves for all joint geometries. In theory
that is a possibility but in practice it would require knowledge of the stress
intensity factor for each type of joint, together with details of the expected
pre-existing defects and of the weld shape in the vicinity of those defects.
Such information does not, in general, exist. It is therefore inevitable that
the basic S5-N curves appearing in fatigue design rules must be based on experi-
mental laboratory results, the great majority of which relate to constant ampli-
tude loading.

The first stage in writing fatigue design rules must therefore be the analysis
of available experimental data, but it is important only to include relevant
data. Thus it is wise to exclude:-

(a) Data obtained a long time ago, since in many cases their accuracy is sus-
pect and in any case welding methods have improved over the years. In the
analysis carried cut in relation to the British rules [l] any results cobtained
prior to 1950 were automatically excluded;

(b) Data obtained other than under tensile loading. This restriction relates
to the influence of residual stresses and will be considered in more detail
later.

On the other hand it has been shown in numerous investigationsg [2] that the high
cycle fatigue strength of welded joints in structural steels is independent of
the static strength of the parent material so that results for all such steels
can be included.

It is also important to recognize at this stage that fatigue test results in-
evitably show considerable scatter in life for a given stress, as a result both
of wvariations in overall gecometry for a particular type of joint (e.g. attach-
ment size, weld size, etc.) and also because of small variations in weld profile
and toe defect geometry. By way of example tests at The Welding Institute on
nominally identical non-load-carxying fillet welds made by twenty welders showed
a scatter of life of approximately 5:1, while even specimens made by the same
welder produced a scatter of about 3.6:1. Clearly, therefore, in order to allow
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for the variations which will inevitably occur in practice, it is essential to
use data from as many sources as possible and not to base design rules on data
generated by, for example, a single laboratory.

Most of the data currently available relate to the endurance range 10° to

2 x 106 cycles and there now seems to be general agreement that, in that region
at least, the curve is a straight line when plotted on the basis of Log S v.

Log N. That is also consistent with a fracture mechanics approach [3] assuming
that the whole of the life is taken up in crack propagation - i.e. that fatigue
cracks develop from small pre—existing defects or 'cracks'. On that basis it is
easy to show that the slope, m, of the S-N curve as defined by

Sm.N = constant
should be equal to the exponent in the Paris crack propagation equation

da m
w C. (AK)
In effect this has been confirmed since an analysis of crack propagation data
for weldable structural steels [4] has shown that the value of m is typically in
the range 2.4 to 3.6 with a mean value of 3.0. Egually an analysis of fatigue
test data for welded joints containing high tensile residual stresses and sub-
jected to tensile loading also showed that the average slope was typically about
3.0, at least for the lower strength joints (e.g. joints with longitudinal
fillet welds) which are normally critical from the design point of view.

In some instances, notably in Germany, it has been proposed [5] that the slope
of S-N curves should be assumed to be considerably flatter with m typically
equal to 3.75. Indeed it has been shown that, given a wide enough scatter band
increasing in width as stress decreases, several sets of fatigue data can be
made to fit such a slope. However in assessing the significance of those re-
sults it has to be remembered that S-N curves with shallower than normal slopes
can arise for several reasons, among which are the following:-

(a) If the joints are tested in bending {of the plate) rather than axially. In
this respect tests on beams are obviously different, and therefore satisfactory,
since the stress in the flanges will be essentially axial;

(b) If the mode of failure does not involve cracks originating at pre-existing
toe defects, so that it is necessary both to initiate and propagate a crack.
This is true of most of the higher strength joints, such as continuous longi-
tudinal welds (e.g. web to flange joints) and joints which have been improved
by, for example, dressing the weld toe. Since the initiation period is longer
at lower stresses the $-N curve is rotated to a shallower slope;

(¢) If the joints have low residual stresses, due either to stress relief or to
the fact that the specimens were too small to hold residual stresses. The
latter is particularly true of joints with transverse welds and is a very common
fault of specimen design. The whole problem of residual stresses is considered
in more detail below.

In most structures the stresses are essentially axial, the design is not
governed by joints with high fatigue strength and the joints are likely to con-
tain high residual stresses. Consequently one would not expect S-N curves with
shallow slopes to be relevant.

For ease of computation there is some benefit both in having m as an integer
value and in having as many S-N curves as possible parallel to each other.
Thus, in the light of all these considerations it would seem realistic to base
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the analysis of the experimental data, at least for all joints failing from the
weld toe, on an assumed straight line relationship between Log S and Log N with
a slope m = 3.0.

3. INFLUENCE OF RESIDUAL STRESSES

It has been noted above that the slope of the S-N curve can be considerably in-
fluenced by the presence of residual stresses, and they also influence the
choice of stress parameter to be used in design rules.

The majority of welded structures are not stress relieved so that, in them at
least, it is realistic to assume that high tensile residual stresses of yield
stress magnitude will exist in some places. In general the only sensible
assumption which can be made is that such stresses may exist at any point where
a fatigue crack could initiate. In simplified terms, assuming the residual
stress to be equal to yield stress tension, the actual stress cycle to which the
material adjacent to the weld will be subjected under applied cyclic loading
will vary from yield stress tension downwards, regardless of the nominal stress
cycle. For example, if the nominal stress cycle is 1—olto —-02, giving a total
range equal to (o, + o_), the actual stress cycle will vary from +0, to

{o,, - (dl + 02)}. In other words the fatigue behaviour of a welded joint in a
real structure can be expressed in terms of stress range alone, and there is no

need to consider the stress ratio R(= S ., /S ).
min max

It can therefore be argued that cycles which 300
are (nominally) partially or even wholly

compressive should be just as damaging as

cycles which are fully tensile. To some ex-

[ [ L= scatterband of results
— obltaned under fensile
loading (Ref. 1)

tent this has been confirmed experimentally. 200 -T

For example Fig. 1 shows some results for ~N .—F\

specimens with longitudinal non-load- b—}\—T :;5\

carrying fillet welds tested at R = O under NN

compressive loading. All the results lie o~ \ \“ I.\\

within the scatter band for tensile loading E \\ \\

although within the upper half of it. For = [ N0y

comparison some specimens of the same batch - 100 \(f\‘

were also tested under tensile loading and & :T \

the results are also shown in Fig. 1; E 80 \ \\o \

clearly they can be considered as identical " \(_Fﬂ+}\

to the earlier tensile test results. These, g 60 IR 4:\(_9 |

and other similar, data tend to confirm the o ' \\l ) |\

validity of basing design stresses on stress 50F 3 _m\__}\

range alone. However, recent results ob- - W §—’ \\ I\

tained under compression-to-compression TN i N _}!
. ; 40 | S B T \

loading suggest that this approach may be « R=0 Tension \

unduly conservative for that situation, but e R=0 Compression |

further check tests are required before a 30

final conclusion can be reached. J

25 Aodadel BN

In contrast to welded structures many welded 10° 106 107

specimens do not contain high tensile re- Endurance , cycles

sidual stresses because they are too small

to provide the necessary restraint; typi- Fig. 1 Comparison of test results

cally such specimens are usually only about for tensile and compres-—

100-150mm wide x 12mm thick, or even less. sive loading

It is for this reason that it was suggested
previously that only results obtained under
tensile loading should be used in deriving
design rules.



L T.R. GURNEY 89

Nevertheless it is reascnable to assume that, in the as-welded condition, speci-
mens with the welds parallel to the loading direction ({('longitudinal' welds) are
likely to contain high residual stresses, since the heated width during welding
will be localized so that residual stresses are able to form. In contrast, with
transverse welds a relatively large proportion of the cross section will be
heated at one time which will tend to inhibit the formation of residual
stresses.

The difference between these two situations 300 TTTT T
has been investigated by carrying out tests |

under pulsating tension (R = 0) locading on
specimens with longitudinal non-load-
carrying fillet welds, one series being
stress relieved (and thereby simulating the
situation existing in small specimens with
transverse welds) and one being as-welded.
These results are shown in Fig. 2, from
which it is clear that the as-welded speci-
mens gave the steeper S-N curve, although
the difference in fatigue strength is quite
small. This is due to the as-welded speci-
mens cycling at a higher mean strain than
the stress relieved specimens when both are
subjected to the same nominal stress range.

200

3
S

2}
S

3

Stress range, N /mmZ

&

Figure 2 also shows some results for stress
relieved specimens tested at R = -1.
Clearly these show a large increase in 40
stress range and tend to confirm that if a
joint contains low residual stresses and is S s
subjected to partly compressive loading 30—
fatigue strength is increased. Thus it is 25 | | 11,
obviously unsafe to use such results to de- 105 m6
fine design rules for more severe con-
‘ditions (i.e. for tensile loading and high Endurance, cycles
residual stresses). Fig. 2 Influence of stress ratio
and stress relief on fatigue
It may therefore be concluded that S-N strength
curves for as—welded joints should be based
on stress range and be independent of
stress ratio, although there may well be a case for increasing design stresses
for joints subjected only to compression-to-compression loading. For stress
relieved joints it would certainly be safe to increase the design stress range
for joints subjected to partially compressive loading. In this context it has
been proposed that the revised British rules for the design of offshore struc-—
tures should specify that such joints may be designed for a stress range equal
to the tensile component of stress plus only sixty per cent of the compressive
component.

4. THE S-N CURVE AT SHORT AND LONG ENDURANCES

Given that it is realistic to assume that the S-N curve is linear in the inter-
mediate life region, there is still a need to define its form for design pur-
poses in the low and high life regions.

As far as the short life situation is concerned there is no real problem, since
it is known that the Iog S v. Log N line can certainly be extrapolated up to a
stress at least equal to yield. However it is also true that a design will
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normally be limited to an upper limit stress which is less than yield stress.
Hence in the low life region it seems reasonable merely to extrapolate the de-
sign S-N curves back to yield stress.

In the high life region the situation is more complicated. TIf tests are carried
out under constant amplitude loading a fatigue limit will ultimately be found
below which failures do not occur. There is some evidence that this limit will
occur at different lives for different classes of joint; in effect the lower the
joint class the longer the life and the lower the fatigue limit stress. However,
for simplicity of design, there is some benefit in defining that the fatigue
limit will correspond to a particular life regardless of class. In the British
rules 107 cycles was the selected life, based on a fracture mechanics analysis,
but there are theoretical indications that this may be too short for some types
of joint, particularly those in thick plates.

However in most instances the position of the constant amplitude fatigue limit
is irrelevant since, in service, a joint will usually be subjected to a stress
spectrum with some stresses above, and some below, the fatigue limit. In this
situation a conventional cumulative damage calculation by, for example, Miner's
rule is fallacious because, if applied literally, the stresses below the fatigue
limit will be assumed to do no damage. In fact the higher stresses in the spec-—
trum will propagate a crack and as the crack grows the lower stresses will pro-
gressively become effective in helping it to grow.

This problem has been investigated by fracture mechanics and it has been shown,
for a wide variety of stress spectra, that a reasonable design solution is to
lower the 'cut-off' to the stress corresponding to 2 x 107 [6]. an alternative
solution, originally proposed by Haibach, which was subsequently adopted in the
new British design rules, is to introduce a fictitious bend in the S-N curve to
a shallower slope (m = 5). The advantage of the latter approach is that it
avoids the anomaly which can occur when using the Miner summation method in con-
junction with an $-N curve with a sharp cut-off. That produces a step change in
the value of I depending on whether a particular stress level is just above or
just below the N-cut-off stress.

It will be seen, therefore, that in design
rules it is really necessary to have two
'‘cut-off' stresses (see Fig. 3), one corres-
ponding to the constant amplitude fatigue
limit (say 107 cycles) and one being rele-
vant to cumulative damage calculations. The
former may be applicable both under constant
amplitude loading or if the expected number
of cycles is very large, in which case it
may be necessary to keep all stress ranges
below the limit. The latter may either con-
sist of a fictitious cut-off at (say}

2 x 107 cycles, which has the merit of sim-
plicity but can lead to difficulties of in-

Log stress

Thecretfical

terpretation for stresses close to the cut-
off stress, or may take the form of a bent
S~-N curve; this avoids problems of interpre-
tation but is more difficult to justify
theoretically. Nevertheless for design pur-
poses it is probably the better solution.

An interesting implication of this approach
is that, except for wvery special appli-
cations or purely for research purposes,

cut-of f stress

]
(.
Note: continues below

cuf -of l sfmlvss

107 2x107
Log endurance

Fig. 3 Possible forms of S-N

curve at long life
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there is no paint in continuing fatigue tests to long lives. As far as defining
the design stress for a particular joint type is concerned all that is required
is the S-N curve in the intermediate life (1o® - 2 x 108 cycles) region. This
can greatly reduce the cost of fatigue testing since testing machines are expen-—
sive. Looked at from a different angle, supposing that one does carry out tests
to longer lives and obtains some unbroken specimens, what can one do with those
results; surely they are more or less useless.

5. JOINT CLASSIFICATION

Having defined the general form of the 5-N curves the main problem which remains
is to fix their positions for each type of joint. As far as is known, in all
the Standards produced to date, the curves have been arranged to fit the test
results usually by amalgamating several types of joint into a simple 'class' and
allocating a curve to the class. Recently it has been proposed that the process
should be reversed and that there should be a standard set of parallel S-N
curves, arranged in approximately geometrical progression of stress. The joint
classification would then consist of fitting the test results to the set of
curves and selecting the one which seemed most appropriate.

This certainly seems to be the better procedure, provided that the gradation of
curves is reasonable. If one were to assume a spacing between curves of about
ten per cent, and a need to cover a range of fatigue strengths from about 40 to
200 N/mm? at 2 X 10% cycles, approximately fifteen curves would be needed. This
is more than in most National Standards at the moment, but having a fine grada-
tion considerably eases the problem of com-

promise between different Standards by re-

ducing the severity of the changes that may

be necessary. 300

An important point which arises, however, is
to decide whether the curves represent the
mean of the data or the design stress and,
if the latter, what 'factor of safety'
should be introduced. This is complicated
by the fact that some joints give far more
scatter than others. For example Fig. 4
shows a comparison between the scatter bands
{mean * 2 standard deviations) for trans-
verse and longitudinal non-load-carrying
fillet welds [1]. It will be seen that
although the mean strength of the longitudi-
nal welds is lower than that of the trans-
verse, the lower limit stresses are reversed
in order because of the lower scatter of the b
longitudinal welds. 1In view of this problem 50 ~ay )
it is believed that the curves in a design éﬂg?ﬁg%gﬂ iﬁ
standard should be the design curves and not 4L0 L6
the mean curves, and that they should be \
assumed to represent the mean - two standard
deviations stress. That should be suitable 30
for most types of structure. 250 i o
105 106 107
Endurance , cycles

200—

-~
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D
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60

Stress range ,N/mmZ

Fig. 4 Comparison of scatter for
two types of fillet welded
joint
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6. CONCLUDING REMARKS

In summary, therefore, the following suggestions can be made regarding the form
of fatigue design rules for welded joints:-

(1) For as-welded joints the design stresses should be based on stress range,
regardless of stress ratio. For joints subjected to fully compressive loading
there may be a case to relax that requirement but further research is still re-
quired on that problem. For stress relieved joints an increase in stress range
can be permitted if the stress cycle is partly compressive; it is suggested
that this would involve only taking into account sixty per cent of the compres-
sive half cycle.

(2) It is important to base design stresses on as wide a range of available
results as possible and not to base them on results obtained in a single labora-
tory or even a single country if that can be avoided.

(3) To simplify the designer's work and to ensure consistency with the fracture
mechanics approach it seems reasonable to make all S-N curves {at least those
for joints involving failure from the weld toe) parallel with a slope m = 3.0.

(4) Although it can be shown by fracture mechanics methods that reasonable de-
sign stresses are produced, for variable amplitude loading situations, by intro-
ducing a 'fatigue limit' at 2 x 107 cycles, it is probably more practical to
bend the curve to a shallower slope (see Fig. 3). This avoids difficulties of
interpretation for stresses in the region of the '"fatigue limit'.

However, regardless of the fact that fatigue design rules must inevitably cover
several different aspects of the problem, there is no doubt that the most im-
portant part is the joint classification system and the associated S-N curves.
In effect this represents an enforced educational exercise for the designer be-
cause it will inevitably tend to encourage him to avoid using joints with high
stress concentrations and low fatigue strengths. By that means alone designs
can be greatly improved. In other words good fatigue design must start with
GOCD DETAILS.
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ZUSAMMENFASSUNG

Die internationale Harmonisierung bautechnischer Regelwerke wird am Beispiel des UIC-Merkblattes
778-1—Empfehlungen zur Berlcksichtigung der Ermidung bei der Bemessung stahlerner Eisenbahn-
briicken — dargestellt. Dabei wird das Grundsétzliche der angewandten Methode an der Entwicklung
und den Voraussetzungen aufgezeigt. Die neuzeitlichen Ergebnisse der Betriebsfestigkeitsforschung
werden berucksichtigt und die abmessungsrelevanten Einflisse der Beanspruchungen herausgestelit.

SUMMARY

UIC leaflet 778-1 ""Recommendations on Fatigue Factors to be Censidered in the Design of Steel Rail-
way Bridges’ is presented as an example of the international harmonization of construction regulations.
The principle of the method proposed is discussed with respect to the basis of the development and

the necessary assumptions. Recent results of research in the field of resistance in service are taken into
consideration and the influence of the dimensions on the stresses emphasized.

RESUME

L‘harmanisation internationale des réglements de construction est présentée par I'exemple du feuillet
-UIC 778-1 — Recommandations relatives aux facteurs de fatigue a considérer pour le dimensionnement
des ponts-rails métalliques. Le principe de la méthode proposée est exposé sur la base du développement
et des hypothéses nécessaires. Les récents résultats de la recherche dans le domaine de la résistance de
service sont pris en considération et les influences des dimensions sur les sollicitations sont soulignées.
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1. INTERNATIONALE ZUSAMMENARBEIT

Harmonisierung der Regelwerke flir die Bemessung wvon Bauwerken ist eine
Voraussetzung, um auch in diesem Bereich die Handeisbeziehungen ({ber
nationale Grenzen hinweg auszuweiten. Es ist aber auch eine Méglichkeit, um
weltweit gemachte Erfahrungen im nationalen Bereich zu nutzen. L&Bt man
wirtschaftliche Aspekte auBer acht, bleibt die traditionelle Gepflogenheit,
wissenschaftiiche und technische Erkenntnisse U(ber die nationalen Grenzen
hinweg unter Fachleuten auszutauschen. Alle drei Betrachtungsweisen haben
bei der Ausarbeitung des U!C-Merkblattes 778 "Empfehlungen zur Berilick-
sichtigung der Ermiidung bei der Bemessung stdhlerner Eisenbahnbriicken", -
uber welches berichtet werden soll, eine Rolie gespiel*.

UIC ist die 60 Jahre alte Vereinigung der Eisenbahnverwaltungen, die dem
grenzuberschreitenden Verkehr auf dem Schienenweg Rechnung trigt. Durch
Vereinheitlichung bei Gleisen, Wagen und lLokomotiven sowie Absprachen und
Vereinbarungen bei Fahrpldnen und Tarifen sind die natiocnalen Eisenbahn-
netze zusammengewachsen. Vor rd. 30 Jahren flhrte ein sporadischer Erfah-
rungsaustausch der fur die Eisenbahnbriicken wverantwortlichen ingenieure zu
einer standigen Zusammenarbeit im Rahmen der UIC. Dieser am Anfang un-
verbindliche Austausch von Ansichten machte bald deutlich, wie sich durch
das Infragestellen der eigenen, wvon der nationalen Tradition gepragten Mei-
nung, im internationalen Kreis neue Erkenntnisse und wirtschaftliche Erfolge
erzielen lassen. Wie auch in anderen Bereichen zu becbachten ist, wird zu-
klinftig auch im Bauwesen entscheidender Fortschritt nur in internationaler
Zusammenarbeit zu erreichen sein. Dies liegt vor allem an der Notwendigkeit,
zur Beantwortung der immer kompiexer werdenden Fragesteliungen sowohl
umfangreichere Versuchsreihen als auch aufwendigere Theorien zu bendtigen.
Ein derartiger Aufwand ist nur in Kooperation zu bewidltigen. Die weltweit zu
beobachtenden Anstrengungen bestitigen diese These. Ob solche Bemiihungen
von Erfolg gekrdnt sein werden, wird weitgehend davon abhdngen, ob es
gelingt, den ProzeB einer Harmonisierung als solchen mit seinen arteigenen
GesetzmdBigkeiten zu erkennen und in den Griff zu bekommen.

im UnterausschuB Briicken der UIC hat sich ein nachweisbarer Harmonisie-
rungserfolg eingestelit. Es kdnnte daher hilfreich sein, am Beispiel des Merk-
blattes 778 nicht nur den endgiiltigen Inhalt, sondern auch den Weg, der
dazu geflihrt hat, darzustellen.

2. HARMONISIERUNG DER EISENBAHNLASTEN

Die UIC-Frage 7/4/2a wurde eingerichtet, um die Bemessungsmethoden fiir
stdhlerne Eisenbahnbriicken zu studieren. Als Faktum ergab sich nach einer
Fragebogenaktion eine uniibersichtliche Vielfait von Bemessungsregeln, die im
eigenartigen Widerspruch zu dem gleichartigen Aussehen der meisten Briicken
stand. Besonders deutlich waren die unterschiedlichen Auffassungen hin-
sichtlich der anzunehmenden Verkehrslasten und des anzusetzenden StoRfak-
tors, der eine aus den dynamischen Ablauf der Belastung herriihrende Ver-
gréBerung der statisch wirkenden Lasten bericksichtigen soll (Bild 1).

Abhilfe sollte ein international durchzufiihrendes MeBprogramm schaffen. Man
hoffte durch eine statistische Auswertung der MeBergebnisse die nétigen Last-
erhéhungswerte erkennen zu kénnen, erzielte dann zwar zahireiche Detailer-
kenntnisse, aber auch die Einsicht: Ohne Theorie, d. h. ohne "Vorurteil",
\nirelches Ergebnis eigentlich erwartet wird, sind Messungen wenig aussagekrif-
tig. In Zusammenarbeit mit dem ORE (Forschungs- und Versuchsamt des

Internationalen Eisenbahnverbandes mit Sitz in Utrecht) wurde dann eine
Theorie fir den Schwingbeiwert aufgestelit, in Modellversuchen Uberpriift und
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auf die MeBwerte an Eisenbahnbricken Ubertragen. Mit Hilfe moderner Daten-
verarbeitung gelang es, diese Theorie zu verfeinern und besonderen Gege-
benheiten wirklichkeitsnah anzupassen. Um sie flr die Praxis handhabbar zu
machen, war diese Theorie vom UlIC-UnterausschuB "Bricken" zu generalisie-
ren. Hierzu war die Spanne wahrscheinlicher Eigenfregquenzen und Dampfun-
gen sowie auch eine Serie von ldealtypen flir Betriebslastenziige festzulegen
und gleichzeitig das Belastungsbild flr die statische Bemessungsbeanspru-
chung zu definieren, da beide Angaben als Einheit zu sehen sind.

Um unnétige Sicherheitsmargen abzubauen hatte man sich zum Ziel gesetzt,
die Wirkung schnellfahrender, aber relativ leichter Personenziige und die Wir-
kung langsamer, aber schwerer Giiterziige gleichzeitig abzudecken. AuB3erdem
sollte das Belastungsbild einfach sein, damit die Auswirkungen konstruktiver
Variationen im Verlauf einer Entwurfsbearbeitung (berschaubar bleiben. Mit
diesen Forderungen entfernte man sich weit von bisherigen Vorstellungen:
Das Belastungsbild UIC 71 (Bild 2) ist kein idealisierter Eisenbahnzug und
der Schwingbeiwert § ist kein dynamischer Effekt (Bild 3) des Belastungsbil-
des UIC 71! Es deckt in einer statischen Berechnung die wahrscheinlichen
Beanspruchungen, die in Briicken aus der Uberfahrt von Ziigen entstehen
kénnen, ab. Das Belastungsbild ist klassifizierbar, d. h. durch Angabe eines
logarithmisch gestuften Faktors kbnnen Lastannahmen fur schwerere oder
leichtere Eisenbahnverkehre getroffen werden oder umgekehrt, es konnen

bestehende Lastannahmen oder bestehende Eisenbahnverkehre daran gemessen
werden.
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Dieses Vorgehen muB verglichen werden mit dem Abgehen von den an Rat-
hiusern fixierten KlaftermaBen zum metrischen MaBsystem: Bei der Ausarbei-
tung des Belastungsbildes UIC 71 ist ein methodisch neuer Weg beschritten
worden. Wihrend sonst h3ufig der kieinste gemeinsame Nenner zu internatio-
nalen Vereinbarungen gemacht wird, wvon dem nur wenig harmonisierende
Kraft ausgehen kann, wurde hier ein MaB definiert, in dem sich jede Verwal-
tung messen und mit dessen MaBzahlen Erfahrungen ausgetauscht und Ent-
wickiungen gesteuert werden kdnnen.

3. HARMONISIERUNG DER ERMUDUNGSBEMESSUNG

Der filir die Harmonisierung der Eisenbahnlasten aufgezeigte Weg wurde fir
die Betriebsfestigkeitsbemessung erfolgreich fortgesetzt. Die analysierte
Situation bei den Mitgliedsverwaltungen ergab

- viéllig unterschiedliche Vorstellungen hinsichtlich der Ermudung,
= nur wenige Beanspruchungsmessungen in Eisenbahnbricken,

= offensichtliche Uberschreitungen der Betriebsfestigkeit an bestimmten
Stellen stdhlerner Eisenbahnbricken,

= zahlreiche Versuchsergebnisse an verschiedenen Probeformen mit unter-
schiedlichem Auswertemuster und

= unterschiedliche Ausgangspositionen filir Ermiidungstheorien.

Dieser Tatbestand war nicht geeignet, schnell zu einer allgemein anerkannten
Harmonisierung zu fUhren. Ohne auf die tatsdchliche Entwickiung einzugehen,
soll jedoch das Wesentliche hervorgehoben werden. Die verwirrende Zahl oft
widersprichlicher Auffassungen und Erkenntnisse miifte gesiebt werden an
ihrem EinfluB auf die Abmessungen im Eisenbahnbriickenbau und an der
Moglichkeit zutreffender Prognosen. Nicht die groBere Richtigkeit einer Theo~
rie gegenliber einer anderen solite fiir die Festlegung des Bemessungsverfah-
rens bestimmen, sondern die Fragen:

- Ergeben sich konstruktiv herstellbare Abmessungsdifferenzierungen und

- kann der Entwerfende uUber zutreffende Werte der EingangsgréBen verfi-
gen?

Mit dieser Zielsetzung wurde nicht versucht die international vorhandenen
Ergebnisse von Betriebsfestigkeitsversuchen auf moglichst genaue, den Prob-
lemen entsprechende Wohlerlinien festzulegen, sondern umgekehrt, es wurde
versucht, ein Raster von Wohlerlinien aufzustellen, in welches alle vorhande-
nen und alle zuklnftigen Versuchsergebnisse so eingepaBt werden kdnnen,
daf mit dieser Zuordnung die n&tigen Abmessungen von Eisenbahnbriicken
sinnvoll abgestuft werden kénnen. Die Abstufung im logarithmischen MaRBstab
vorzunehmen ist naheliegend; gewdhlt wurde fiir den SpannungsmaBstab die
Normzahlreihe R2 *). Wéhrend flir den Bereich der Betriebsfestigkeit zahlrei-
che Arbeiten vor%gen, die zu harmonisieren waren, bestand auf der Seite der
Lastannahmen groBe Leere und es muBten mehrere eigene Formulierungsversu-
che unternommen werden. Eine Studiengruppe des ORE hat hier sehr grund-
legende Arbeit geleistet. Schlisselerkenntnis fir jeden entwerfenden Inge-
nieur muB es sein, daB die BeanspruchungsgréBe nur in Abh3ngigkeit von
dem Betriebsfestigkeitscharakter der zu bemessenden Stelle anzugeben ist und

*) Dezimal-geometrische Folge mit 20 Werten in einer Dekade:
R20 = 97Y10
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der von der Neigung und dem Abknickpunkt der Wbhlerlinie bestimmt wird
(Bild 4). Um eine einfache Bemessungsregel zu haben ist eine fiir alle
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Biid 4: Auswertung von Versuchsergebnissen mit Hilfe der normierten

wahlerlinie fiir SchweiBverbindungen aus Baustahl.

SchweiBverbindungen gleiche Neigung der Wiéhierlinien im doppeltlogarithmi-
schen Netz und ein Grenzpunkt in HGhe einer gleichen Lastwechselzah! sinn-
voll. Missen flr gelochtes oder ungestoBenes Material andere Werte angenom-
men werden, sind hierflir die Lastannahmen neu zu entwickeln. Das UIC-
Merkblatt bericksichtigt zur Zeit nur SchweiBverbindungen. Somit ist eine

einheitliche Lastannahme miglich. Der Verzicht auf eine Berlicksichtigung der
Stahlsorte als Eingangswert leitet sich filir die zur Zeit gehandelten Baustihle
als zwingend aus den Versuchsergebnissen ab.

Da fur die Bemessungsregeln Wihlerlinien aus Einstufenversuchen gewishit
werden ist eine Methode anzugeben, wie die bei Zugiiberfahrten schwankenden
Beanspruchungshdhen den Kennwerten dieser Wéhlerlinien gegeniibergestellt
werden sollen. Da das Erschopfen der Ermiidungsfestigkeit sich aus der
Aufsummierung 2zahireicher Einzelschiddigungen ergibt, ist ein Verfahren
festzulegen, nach dem die Gréflie der Einzelschidigungen festgelegt und auf-
summiert wird. Man hat sich flr die "rain-flow"-Z5himethode und die "Miner"-
Regel entschieden. Dabei hat man auf die Beriicksichtigung eines Mittelspan-
nungseinflusses verzichtet. Dieser EinfluB ist umstritten und wird in Abhin-
gigkeit vom Eigenspannungszustand gesehen. Seine konsequente Beriicksich-
tigung wirde eine modifizierte Zihimethode und eine iterative, von der ge-
wdhiten BemessungsgréBe abhingige BeanspruchungsgrdBe erfordern. Die
dadurch vielieicht zu erzielende gréBere Teilgenauigkeit an dieser Steile im
Bemessungsablauf liefert aber wegen der Schwankungsbreite der verfligbaren
Eingangswerte und der grundsitzlichen Schwankungsbreite der Lebensdauer-
vorhersage hinsichtlich der Abmessungen keine Aussage von Gewicht. Um nun
die bemessungsrelevanten Einfllisse herauszufinden, wurde ais Kriterium die

Narmzahireihe R festgelegt. Einfliisse, deren Auswirkungen in dieser Reihe
nicht unterscheiggar sind, bleiben unberilicksichtigt.



H. SIEBKE 99

Um die Summierung der schidigenden Lasteinfiiisse fir das Bemessungsver-
fahren zu normieren wurden eine Reihe von Verkehren hinsichtlich der Zug-
zahlen je Jahr, der Zuggattungen (Personen-, Gliter-, Ganz-, Leerziige), der
beférderten Massen und der Achslasten international untersucht. Da es sich
um eine Integration zahlreicher Einzeleinflisse handelt, zeigte sich eine rela-
tive Unabhingigkeit von nationalen Besonderheiten. Um bei der Einzelbemes-
sung die EinfluBparameter mit méglichst geringer Fehlerbreite zu berucksich-
tigen, ist ein Ausgangswert zu suchen, der sich im Zentrum der mb&glichen
Bandbreite befindet. Fiir die nach heutiger Erkenntnis zu beriicksichtigenden
Einfilisse ergeben sich danach folgende Werte:

- Streckenleistung 120 Ziige je Tag und Gleis mit 22 Millionen Leistungs-
tonnen je Tag und Gleis,

- Stiitzweitenbereich 7,1 m bis 10 m und
- Eingleisiges Bauwerk

Die sich mit diesen Werten in 50 Jahren aufsummierende Schadigung ergibt im
doppeit-logarithmischen Netz eine Schadigungslinie paratlel zur Betriebsfestig-
keitslinie, die durch ein Wertepaar "Spannungswert der Doppelamplitude" und
"Lastwechselzah!" zu kennzeichnen ist. Es erweist sich dabei als zweckmaBig,
die GréBe des Spannungswechsels in A, als Relativwert zum Beanspruchungs-
wert aus der statischen Verkehrsbelastung (Belastungsbild UIC 71 mit
Schwingbeiwert 6 ) anzugeben. Nimmt man hier als zentralen Ausgangswert
Agr=0,5 an (dieser Wert wurde bei Extremwertmessungen als Uberwiegend
schadigende Betriebsbeanspguchung erkannt), ergibt sich als zugehdrige
Lastwechselzahl N = 2 x 10°. Mit anderen Worten: Die Schadigungssumme
eines "Normalverkehrs in einem Zeitraum von 50 Jahren' entspricht bei einem
eingleisigen 7,1 m bis 10 m weitsgespannten Uberbau einem einstufigen Last-
wechselkollektiv mit N = 2 x 107 Lastwechseln und einer Doppelspannungs-
amplitude von A;=0,5,

Der bei einer Bemessung unter Berlcksichtigung der Betriebsfestigkeit einzu-
haltende Sicherheitsabstand wurde zu » = 2,5 gewahlt. Hierbei stand der
Gedanke Pate, daB8 fiir ein Bauwerk mit einer geplanten Nutzungszeit wvon
100 Jahren erst in der zweiten Halfte dieser Zeit die operative Versagens-
wahrscheinlichkeit aus Ermiidung diejenige aus dem Versagen einer Grenzbe-
anspruchung dberschreiten soli.

Mit diesen Festlegungen schrumpft die Betriebsfestigkeitsbemessung auf eine
Entscheidungsfindung in einem Normzahlnetz zusammen. Das Auffinden der
zuldassigen Spannungsdoppelamplitude aus dem Belastungsbild UIC 71 geschieht
mit Hilfe eines Abszissenwertes m, der sich aus den Anteilen aller Parameter~
einfiisse zusammensetzt.

m=m + Aml + Ama +Amb + ...+ Ami

Dem Ausgangswert m_, der sich auf die schon angesprochenen Zentralwerte in
der Bandbreite der %inflquarameter bezieht, ist der Wert - 2 zugeordnet.
Der EinfluB der Stltzweite A m , der Streckenbelastung Am, und der Mehr-
gleisigkeit A m_ bzw. A m_ werden einem einfachen Tafererk entnommen
(Bild 5). Der sich ergebende ganzzahtige m-Wert legt in dem schon ange-
sprochenen Normzahlennetz (Bild 6) die zuldssigen Schweifiverbindungstypen
in Abhéngigkeit von der aus der statischen Berechnung bekannten Doppel-

spannungsamplitude aus der Beanspruchung entsprechend Belastungsbild
UiC 71 fest.
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A m - Stitzweiteneinfluss des betrachteten Bauteils.

Stijizweite] < 36 (36 + 45|4535,6 |5,6 7,1 | 7,1 +10,0{ 10,0 +140] 14 +28 | > 28
L m
Am | .4 .3 .2 .1 +o0 +1 +2 +3
Am - Einfluss der Streckenbelastung
( Streckenbelastung . . s
[ Mio. Lt/Janr] <12 |12:18 | 18:28 | 28:45 | <45
Am t +2 +1 +0 -1 -2
Am , - Mehrgleisiger Uberbau, addierende Wirkung
o b a= "1 |05:06 o6+ 07507509 |09 - 1,0
P2 P1 + P2
Am a +3 +2 + 1 +0

A my, - Mehrgleisiger Uberbau, substrahierende Wirkung

P1 b=P2/Pq 0+ 071 0711,0
P2
Amy o0 -1
b=

Einwirkung des zweiten Gleises Py im Verhaltnis zur Ein-

wirkung des ersten Gleises pq , wenn die beiden Einwir-
kungen entgegengesetzte Vorzeichen haben.

Bild 5:

Werte Aml, Amt, Ama, Amb.
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Ablesebeispiel:
Gegeben: Stiitzweite t=100 +140m; m
Streckenbelestung =45 Mio t/J
Schweillverbindungstyp It
Damit wird m - mg+ Sme®my = -2+1-2=-3;

]
Daraus fnlgtcj ulc = 125N/ mm2

Bild 6: Normzahlennetz
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4, EIN ZUKUNFTSWEISENDES BEMESSUNGSVERFAHREN

Das hier aufgezeigte Vorgehen des UIC-Merkblattes 778 kann als zukunftswei-
send bezeichnet werden; das Verfahren

= berlcksichtigt durch die Normzahlrasterung nur wirklich bemessungsre-
levante Einfliisse,

- laBt Raum flr weitere Einfliisse, die sich als bemessungsrelevant erwei-
sen,

= ermdglicht die Berilicksichtigung abweichender Auffassungen (in einer
Tabelle ist z. B. dargestellt, wie sich andere Sicherheitsabstinde aus-
wirken),

- ist ausbaufdhig, um etwa andere Neigungen der Wéhlerlinie als k = ~ 3,75
zu beriicksichtigen und

= ist auBerordentlich praxisgerecht, denn es |38t Unsicherheiten in den
Annahmen der EinfluBparameter wirkungsgleich beurteilen. Es 138t mit
einem Blick erkennen, ob eine feinere Berechnung Wirkung haben kann
und wie groB etwa die Parameterverschiebung sein miiBte, um die vorge-
sehene Konstruktion als ausreichend anzusehen.

Alle diese Uberlegungen erfordern von Ingenieuren eine vom Ublichen Vor-
gehen abweichende, entscheidungsfreudige Einstellung zu seinen Bemessungs-
problemen. Mit einem Paar aus ganzen Zahlen Uber die Eignung einer Kon-
struktion zu entscheiden, ist schon etwas Neues, GroBartiges. Die Deutsche
Bundesbahn (DB), die an der Aufstellung des UIC-Merkblattes 778 federfiih-
rend mitwirkte, wird dieses Bemessungsverfahren im Rahmen der Fortentwick~
lung der "Vorschrift fiir Eisenbahnbriicken und sonstige Ingenieurbauwerke
(VEI)" - DS 804 der DB -, zu geeigneter Zeit im Rahmen ihrer Zustindigkeit
einfliihren. Dies bedarf noch einer gewissen Abstimmung im nationalen Bereich,
Aufkldrung fiur die eigenen Ingenieure, Priifingenieure sowie ausfiihrenden
Firmen und einer Umgewdhnung wvom traditionellen Anschreiben zuldssiger
Spannungen zu zuldssigen Verbindungstypen hin.

Ein erster Schritt in diese Richtung wurde mit der Herausgabe einer Uber-
gangsvorschrift als Vorausgabe der DS 804 getan. Diese ersetzt die jahrzente-
lang glltige Berechnungsvorschrift BE - DV 804 der DB und die “Vorschrift
flir geschweiBte Eisenbahnbriicken! DV 848 der DB, enthilt allerdings noch
das K -Verfahren

Der Wirklichkeit ist man mit diesen Modifikationen jedoch nicht naher gekom-
men. Dies ergibt sich allein aus der Streubreite, mit der Ermiidungsversagen
Uberhaupt vorhergesagt werden kann. Es muB hinsichtlich der Dauerhaftigkeit
eine log-normale Verteilung mit einem Variationskoeffizienten v_ = 0,8 ange-
nommen werden. Dies bedeutet, daB ein Bauwerk, dem eine mittlere Nut-
zungszeit von 10 Jahren vorhergesagt wird, mit gleicher Wahrscheinlichkeit
nach 2,5 Jahren zu Bruch gehen oder noch 40 Jahre halten kann. Diese
Aussage ist in Entscheidungsprozessen auBerordentlich weich. Damit wird die
Notwendigkeit zu einem =zurlickhaltenden Umgang mit den Zahlenwerten in
Betriebsfestigkeitsbhemessungsregeln deutlich. Konstruktive Regeln und stetige
Uberwachung miissen hinzukommen, um Bauwerksicherheit zu gewdhrleisten.
Konstruktive Regeln lassen sich am leichtesten gewinnen, wenn Konstruk-
tionen mit einem gleichen MaBstab gemessen werden kénnen, MaBstibe sind

Konvgntion. Das UlIC-Merkblatt ist eine Konvention mit dem Anspruch MaBstab
2u sein.
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Fatigue Assessment According to Eurocode 3 (Steel Structures)
Vérification & la fatigue selon |'Eurocode 3 {constructions métalliques)

Betriebsfestigkeitsnachweis fur Stahlbauten nach Eurocode 3

G. SEDLACEK

Professor

Rheinisch-Westfalische Technische Hochschule
Aachen, BRD

SUMMARY

The fatigue assessment of steel structures according to the limit state equation of Eurocode 3 is defined
in terms of service life {number of cycles). The safety factors are derived from the "'Level II"" method
of constant sensitivity factors.

RESUME

Les états limites considérés dans I’'Eurocode 3 pour la vérification de |a sécurité a la fatigue des construc-
tions métalliques sont définis sur J'axe des durées de vie. Les facteurs de sécurité a utiliser pour la véri-
fication sont déterminés selon la procédure issue des théories de ““Level I1” et faisant intervenir des fac-
teurs de sensibilités constants.

ZUSAMMENFASSUNG

Flr den Betriebssicherheitsnachweis fir Stahlbauten nach Eurocode 3 werden der Grenzzustand in der
Achse der Lebensdauer definiert und nach dem aus der Level |I-Methode abgeleiteten Verfahren der
konstanten Wichtungsfaktoren die Sicherheitsfaktoren fir den Nachweis abgeieitet.
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1. GENERAL

The calculative safety assessment for the fatigue behaviour of dynamically
loaded steel structures should be carried out in a way to attain as often as
possible a target reliability expressed by the safety index f7, not falling
below a minimum value min g, if possible and also not exceeding a maximum
value max B for economic reasons.

The justification for a proposal for the determination of the safety elements
1s developed in the following using the procedure of global sensitivity factors
which is derived from the Level II method /3/.

2. ASSESSMENT FOR A DETERMINED A 0-LEVEL AND A DETERMINED NUMBER OF CYCLES n
Fig. 1 demonstrates a scatter-band of test results from fatigue tests with a
component with a critical detail for different levels of damaging stress ranges

A0, which are calculated as nominal stresses for measured test loads.

As a resistance model the S-N-lines for defined survival probabilities can be
illustrated in double logarithmic scale as for instance fig. 2.

40 (log) $

e —

dallog)

i

N(log) 10° 2-10°  Nllog)

Fig. 1: Scatter-band of fatique test results Fig. 2: S-N-lines for small test
specimens

The safety assessment should be carried out for a structural component designed
in the same way as the test elements.

The limit state equation for fatigue for the stress range level 4]01 is then

g X)) =N, -mn, =0 (n

see fig. 3.

Here a log-normal distribution with the variation coefficient V., - for instance
for small components according to fig. 4 - is assumed for the basic variable for
the "resistance' N., and for the "action" n; the sum of the cycles of all
measuring time intérvals is extrapolated over a designed service life and defined
as,fig. 5
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n. =2 n (2)
i t e
I
N lgg—normul distribution with VN = VR‘
Aalloqg) N
/Ni
v t
A0 0,55
0,43
S ! d —r
N (log) 10° 2105 N(log)
Fig. 3: Distributions of N and n. Fig. 4: Variation coefficient
(N-1og normal)
4
O
Interval t

ok

) — —] e

To- Reference Time T =a-Tr = Service Life

Fig. 5: Number of stress range cycles

if a symmetrical density distribution of the numbers of cycles is assumed over
the measuring time intervals within service life, then the variation coefficient

for ny is zero.

The design values Ni* and n;* can be expressed according to /4/

1,0

ot » _1 2 s
Ny*= my exp (-0 BVp - 7 VD) with  dp

(3)

1
o

The design values N.* for various stress levels A0. will then lie on the design
S-N-curve with the %lope k* which is influenced by ~B, the assumed variation
coefficient and by the slope of the 50 %-S-N-line, see fig. 6.

For target values B.. of the order of 2 the slope is k* = 3,0. This value is
also obtained in tesIs with full scale structural components for which the
variation coefficients are smaller and the scatter-bands are more parallel as
compared with the test results obtained with small test-specimens.
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The safety verification for a deterministically given stress range can now be
carried out in the time scale with ¥ .., with reference to the characteristic
values Ny (for example Nk = N50 o) according to fig. 7.

0

Aollog) b
A()'(log)A =
- log N;.ms - log N:OS A o
log AGs, - logAd, o6
— e | s
N{log) ”i‘ N {log])
*
<4
3.52
290 —o3:22 . 375
3,00 4 - 28T ————==—= —o200 ~  50% 7
' S=o 258 kggey = 3.50 2 ) Ny
= mN -
kgpog = 3.00 N;*
: t t -~
1 2 3 B
Fig. 6: Design values for the slope k*. Fig. 7: Safety factor in

N-scale.

An equivalent verification with respect to the stress range scale is performed
with the slope k of the characteristic S-N-line according to fig. 8.

Ao (log)?
DOy [ |
I
{
|
{ym
|
Ni.l K
AUI ymO' = 7’mN
Ymy h
Keno
50 % -
N{log)
*
log N, - log N, ) log Ymy K
log Ag, - logA o, [og ¥ mg

Fig. 8: Safety factor in Ag-scale.
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3. ASSESSMENT FOR SPECTRA WITH VARIOUS DETERMINED AGi—LEVE.LS AND VARIOUS
DETERMINED NUMBERS OF CYCLES n;

If according to fig. 9 the stress ranges A0, are acting at different levels,
for example A@: with n. and A0, with N, the equivalent-damage stress range
cycles n, at the referénce level A"{L\ can be expressed using Miner's rule,
fig. 10.

AC  (log)

Design - S-N-line
AT

AC,

»
k50% < Na
N (log)
Fig. 9: Design-S-N-line. Fig. 10: Equivalent-damage stress

cycles on different levels of stress

range .

N *
nt = Engt g *

Considering the equation of the S-N*-line

Aolk*' Nl* = AGAR* - NA* (5)

it follows from (4)

A0 x>
n* = 2n* (AO,A) (6)
The design-equation is then
gX;*) = Ny* - n_* =0 (7

or using characteristic values and safety factors, fig. M
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N
_._._.....Ak-n = ( (8)

Ymna €

By defining the reference level AG, as the level of the equivalent-damage stress
range Age for the number of load cycles Z'ni, fig. 12.

AO'i k
e Iyt g < 3 ©
the equivalent-damage stress range. Ne = Ny + n, |
Aa(log)
4 Aa(log)
4 \
»
k* k Aa, * N,
»
do, T-———- F—— AN,
»
Ao, —— do, \Nz
J’mA
= :
Fig. 11: Safety check on a reference Fig. 12: Safety check on the
stress range level AO’A. equlvalent-damage stress range
level AO’e.

k*
_2nido L

AUe = (T) (o
1

follows and the verification is performed by

Ng* -3n, =0 (11)

The equivalent verification in terms of stresses ca be carried out using Ymo-
according to fig. 13.

In fig. 14 Ymy - values and Vmg - values related to the 50 %-S-N-lines
given as characteristic values are specified for different slopes and B-values.

For steel structures = 2,0 is considered to be sufficient, if the appro~
priate values for Ao’i and n, are correct.
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Ymg - Values
ksov.B 1,0 |15 | 20 | 25 | 30
Ao (log) Npgs| 192 | 119 | 1.26 | 1,33 | 141
A 375
A Nyl 116 | 125 | 1.34 | 1,44 | 1.55
Ok 15| 113 | 1201 1.28 | 1.36 | 145
T Nyt 117 | 1.27 | 1.37 | 1.48 | 1,60
Nygs| 116 | 1.24 | 1.33 | 143 | 1,53
3,00
4o, Nyl 1.20 | 1.32 | 1.46 | 1,58 | 1.73
-
N(log) Ymy - Values
1.0 | 25 | 20 | 25 | 3.0
kSO%B
275 Nyos| .54 | 1.91 | 2,36} 2,83 | 3.63
Ao, " N, 173 | 228 | 300395 | 5,21
> - Ao, = 0 ¥
mg 350 " . ’ v '
Noogp
N, s
3,00 7| ' " ' :
N
Fig. 13: Safety check in AGscale with Fig. 14: Y -values for safety

equlvalent-damage stress range Ao’e.

]

Checks in NSscale or AG-scale

using 50 % values as character-

istic values

4, ASSESSMENT WITH VARYING AO’i-LEVEL AND VARYING NUMBERS OF CYCLES n;

Assuming that the values of AG. and n. are only correct in the mean of all
design cases and that they vary with d AC. and dn. around the correct mean
value with the variation coefficients 0,16 {which corresponds to the variance
of specified dead loads), the sensitivity factors Q. for all variables can be

derived from the characteristic equation in fig. 15 Using

ag g
axi i
a s

=
g 2
I/Z‘gT'Sj)
j J

These sensitivity factors can be combined into Gp = 1,0 for the "resistance

model”and Qg = -0,30 for the "acting model",

(12}

The 7 -values and V.,.-values for verifications in terms of time or stresses
using the 50 $-S-N-1in&s as characteristic values are illustrated in fig. 16.
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AC (iog) .
» * ® JAG;
- dNT = K LY
! L AD;
»
d - .
A, AG; N
characteristic equation :
»
dn; 1) » . » A
i 1 Ni-N.-k-gA-g'—-n‘-dn'=0
P Aai
nt N (log)
‘1 dl‘r‘i‘= dn;

Estimated datas: Ngpo, = 2-10%; V4 =055 ; g, =1,1-10°

dAGsge= 0 2 0,s= 0,10 Ag;
Mg, M 7 Va =0 ;0,=0
dNigge, = 0 ] Ogn= 0,70 n
Sensivity - factors : Overall Sensivity factors :
ay ~10 ; a,e ~-030; an ~0 ; @g ~ -010 ap ~1,0; Qs ~-0,30

Fig. 15:Consideration of a scatter for

A 0; and n. .
logda{ .
S~N curves _._..,NA 2Me = zn»(ﬂ)l(
118 for welded and unwelded |7my Psysy + ey
4a, AN structures For K=30; vg=055; vg=0,10
20 2o B 1151202530
Na togN/log n Ymy 12,30 3,00 4,00 | 5,20
N = ng sy 115 11,20 | 1,25 | 1,30
. K*
Naepleapi-05v7) = 3 oy (22 z2e Ba) e, | 265 360 500 [ 90
. r-;; AGK

Vg2 0,50

"mg” Tsysg ° Zn;
203 vg = 0,10
S-m

- 7 8 115 20](25]30
=1,
N Tmg | 1,30 [1,45 [1,60 175

7
Fig. 16: Safety check for fatigue svsg| 1,05 1106 11,08 |1,09

taking into account of a scatter ¥

for A0, and n;. Glebgt 140 [155 11,75 1,90

In the Euorcode 3 the S-N-lines have been defined as (m - 2s)-values so that
Y > may be defined, }’m = 1,0.
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5. MEAN STRESS INFLUENCE

The mean stress influence in Eurocode 3 is generally considered to be negligible;
if the mean stress influence is significant, for instance for small welded
elements or stress relieved components with minor residual stresses, the verifi-
cation according to Burocode 3 is on the safe side. In addition the mean stress
influence can be considered by taking into account a bonus factor for the stress-
ranges, which depends on the mean stress according to fig. 17.

Ao(lc;g)4

mean stress influence

S-N-line 7 k*
K\
AN

Reservoir- Counting of the stress ranges 40

Mean stress influence A406;=

Time N(log)
f )

components without ¢ (bonus-factor)

residual stresses
1,67

* AU;
% components with high  |1.0
residual stresses
) 0 Omean

— —

Compression

Fig. 17: Bonus factor for mean-stress-influence.
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Basis for Fatigue Design of Aluminium
Bases pour le dimensionnement a la fatigue des constructions en aluminium

Grundlagen fur Berechnungen von Aluminium bei Ermddungsbeanspruchung

D. KOSTEAS

Prof. Dr. -Ing.

Technische Universitat Manchen
Minchen, BRD

SUMMARY

Fatigue design by empirical rules is no longer accepted as being efficient or safe for present day appli-
cations. However, at an international level, a unified, widely applicable and accepted approach is only
just beginning to take shape. Elements and concepts of the new ECCS draft for fatigue design in alu-
minium are presented in this paper.

RESUME

Le dimensionnement a la fatigue basé sur des régles empiriques n’est plus acceptable, car il n’est ni éco-
nomique ni du coté de la sécurité, Un procédé unifié, largement applicable et admissible, commence &
prendre farme, méme sur le plan international. Les éléments et concepts du nouveau projet CECM
pour le dimensionnement & la fatigue des constructions en aluminium sont présentés.

ZUSAMMENFASSUNG

Die Dimensionierung schwingbeanspruchter Bauteile auf der Grundlage einer empirischen Anpassung
ist keine akzeptable Methode fir neue Entwicklungen, da sie weder leistungsfahig noch sicher ist. Ein
einheitliches Vorgehen, breit anwendbar und annehmbar, beginnt erst jetzt feste Form anzunehmen,
nun auch auf internationaler Ebene. Bestandteile und Hilfsmittel eines neuen EKS Entwurfs fur
schwingbeanspruchte Aluminiumkonstruktionen werden dargestellt.
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1. INTRODUCTION

Our efforts to develcp specifications for the design of aluminium structures in
the last thirty years have been characterized, naturally, by the fact of a fluc-
tuation between theoretical and experimental research, drafting recommendations

and experience in practice.

Viewing the special problem of specifications for the fatigue design of aluminium
structures we will recognize that in respect to research after a period of re-
connaissance in the sixties and early seventies - 1. e. small specimen testing,
fundamentals of test planning and data evaluation - as well as a period of con-
solidation of our knowledge in the seventies - with more specimen testing fil-
ling in the blanks and statistical reevaluation of test data - we have now en-
tered in the eighties a period of full-scale component fatigue behavior testing
and application of knowledge to specifications, the latter for the first time on

an international scale [1].

In respect to codes it seems that about every decade new efforts are undertaken
to define in specifications the design of aluminium structures in fatigue. A re-
view of several national proposals is given in [2] along with a brief analysis
and comparison of relevant elements [3]. Two years ago work was initiated on
committee T2 of the ECCS towards european recommendations for fatigue design,
following the first issue of the respective recommendations for statically
loaded structures [4, 5]. This is the framework with which most of the naticnal
and international activities concerning applied research and development of

fatigue design concepts for aluminium structures will have to orientate.

2. CODE DRAFTING AND INTERRELATIONS

Development of standards for welded aluminum structures will have to be in con-
formity with the corresponding development of standards of steel structures. This
is an important fact of the consultations in the last years. So although past
experience such as in the ASCE Paper 3341/1962, the british code CP 118:1969
(the most extensive code for aluminium, which is also under revision currently)
and elements from the scandinavian codes will have to be taken into account the
projected ECCS code will follow parallel developments of the ECCS steel code,
the Eurocode 3, Chap. 9 on Fatigue and respective steel codes, here especially
DS 804 (German Federal Reilways) and DIN 18800/6, SIA 161 (Switzerland),

BS 5400 (UK), AASHTO Specifications (U.S.A.) and the Ontario Code 1979 (Canada).
In order to accomplish this goal of multilevel adaptation but in the same time
provide for flexibility due to the variety of alloys, production, handling

jointing and environmental parameters as well as for future concepts and needs
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it i1s imperative that an underlying pattern of theoretical interrelations and
pragmatic assumptions will have to be agreed upon. Accepting this pattern be-
forehand is a rather new approach [6], but we have been working partly towards

this direction for aluminium structures since some time [7].

Task Group 4 of the ECCS (chairman Mr. Triib, Alusuisse, Switzerland), with mem-
bers form several european countries, representing industry, research and uni-
versity institutions forms the nucleus. A vivid transfer of experiences with
other bodles, as mentioned above, takes place, nevertheless, through numerocus
affiliations of its members with these committees. The Institute for Steel
Structures (ISS) at the Technical University of Munich has been charged with

the task to prepare the draft of the ECCS fatigue recommendations.

On the other hand, as mentioned in [7, Ref. 3 - 4 - 5], there exists a back-
ground with sufficient data on specimens for most of the typical structural
alloys and their jointing methods. In Octcber 1980 a new international ''Com-
mittee for Aluminum Fatigue Data Exchange and Evaluation" (CAFDEE) was formed

in Munich, after the iniative and under the chairmanship of R.A. Kelsey, Alcoa.
There are two representatives from each country - one from industry and one from
a code making body. The declared purpose is "to collect and analyze fatigue data
on aluminium and, when required, recommend tests needed to develop appropriate
information, which can be used by the various organizations active in writing
design specifications for fatigue loading of aluminium structures and components".
A first view of the documentation has been given [9, 10] and we are now going to
produce a comprehensive set of fatigue date based on already available informa-
tion on the Fatigue Data Bank at Iowa State University and recent new data. For
this purpose a special questionnaire for registering data on welded or bolted

joints has been distributed to potential suppliers of information, Fig. 1.

BASE METAL STATIC PROPERTIES BIBLIOGRAPHIC
Alloy / Temper / Treatment Strength Values DATA
Mechanical Properties Loading Pattern CODE
Chemical Composition Test Details
JOINT DESCRIPTION FATIGUE TEST RESULTS
Welded Bolted Stress/ Cycles to Failure (define!)
Geometry
(Pass sequence) WELDING PARAMETERS
LOCATION OF FAILURE Process / Procedure / Treatment
WELD QUALITY
NDT Testing / Fracture Surface

Fig, 1 CAFDEE TFatigue Data Questionnaire
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In retrieving data parameters such as alfoy and femper, specimen and fodnt
type must be specified. Welding procedure, special theatment, siness ratio are
optional. Probably within the next year the bank information will be made avai-
lable to the ISS in Munich, where the second stage of statistical and regressio-
nal analysis by means of specially developed computer programs along the prin-
ciples outlined in [1, 2, 7] will take place. Still, since experience shows,
that any conflict may arise in the area of data analysis, a subcommittee of
CAFDEE will develop a consensus and a methodology on the presentation of fatigue
data [11].

Lastly experimental research projects are a further source of information. These
involve current investigations in industry and the ISS with (a) full-size welded
beams - in accordance with the opening remarks on the relevance of such informa-

tion - and (b) on crack development and propagation in welded structures.

3. THE ECCS RECOMMENDATIONS

An outline of the first draft [5] was presented in [3, 8] and it is the purpose

of this paper to summarize only some of the relevant points, adding comments
after the subsequent discussion in ECCS, as well as in relation with some develop-
ments in the draft of Eurocode 3. Further work, concerning mainly final assump-
tions on the data analysis and presentation as well as definition of standard
constructional detail cases with respective standardized stress-life design

curves, will be dealt with during the presentation of this paper.

The underlying pattern of theoretical assumptions involves a model of the theory
of fatigue strength, followed by a model of the theory of damage accumulation, a
model of the theory of safety and probability of failure and closes with a spe-
cified network of stress-life curves, allowing a unified adjustment of notch and
loading cases and materials to "deslign categories" [6, 2]. Through this unified,
yet modular arrangement of parts of the whole, in functional interdependency to
each other, one can easily adapt them to corresponding problem areas or future

needs.

Fig. 2 outlines the contents of the recommendations.

1 INTRODUCTION 5 STRUCTURAL DESIGN 8 ALLOWABLE STRESSES

2 PRINCIPLES STRESSES 9 SUPPLEMENTARY FATIGUE
3 MATERIALS 6 FATIGUE STRENGTH PREDICTION METHODS

4 LOADING 7 SATETY / RELIABILITY 10 FABRICATION

CONTROL / INSPECTION
MAINTENANCE
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APPENDIX: A - DEFINITIONS / SYMBOLS
B - REFERENCES
C - EXAMPLE ON USE OF DATA ITEMS
D - STANDARD LOAD SPECTRA
E - SCHEME FOR ASSESSEMENT OF RESIDUAL FATIGUE LIFE

Fig. 2 ECCS CT2 Recommendations Aluminium Fatigue

Parts 1 and 2, as mentioned in Fig. 2, do not differ significantly from corres-
ponding specifications for steel. Yet it i1s intended to provide here recommen-
dations not only for traditional civil engineering structures but also for
structures of various sea or land transport means. Relevant parameters for the
expression of fatigue strength curves will be alloy dependent, presumably;
especially in the lower cycle life areas. (This fact may imply different slopes
for S/N-curveg). For practical reasons a limit cycle number below which no fa-
tigue assessment is necessary, depending on the field of application and in
accordance with static design allowable stresses, will be defined. A similar
provisicn, as a fatigue threshold, may be set up through the applied stress
value not exceeding a certain 1limit. Still these regulations will have to be
based on empiricism rather - as a result being somewhat conservative - than on
analytical derivation. With more and new information becoming available, through
quantitative description of fatigue crack mechanisms this goal seems possible,
yet at a later stage. Current projects contribute to this, but will have to be

evaluated on a common basis eventually.

Whether there is a significant effect of R-ratio, mean stress or residual stress
on fatigue strength must still be judged. There seems to be a mean stress de-
pendency for R-ratios up to ¥ 0, but still data from different codes is contra-
dictory [3]. An analytical quantification of the residual (mean) stress

on fatigue strength, as this is defined by the cyclic stress-strain hi-

story on the basis of the critical fatigue notch factor may express the

significance of the phenomenon more clearly [12].

The fatigue behavior of aluminium alloy components and weldments at low tempe-

ratures may be assumed as identical to that at room temperature.

Relative to loading and fatigue spectra derivation, parts 4 and 5, principles
similar to those for steel are adopted. The rain-flow or reservoir cycle coun-
ting method is stipulated and spectrum loading data is related to constant
loading data by means of Miner's rule (its validity assumed even for different

R values). Various spectrum transformations depending on the design purpose
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are possible.

Depending on the application with a characteristic stress history the defini-
tion of a fatigue damage equivalent stress (f.d.e.s.) for o n e loading event
may be computed, thus simplifying design procedures, Fig. 3. Codes then state
the f.d.e.s. value for
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A definitive presentation of the evaluation of fatigue strength will still have
to follow, as already mentioned; yet practically all elements of fatigue data
analysis and depiction in form of P-$-N curves have been dealt with amply, as
in [1, 6, 7, 8} and numercus other publications. The design elements of the
proposed fatigue curves, as given in Fig. 4, also allow an unproblematic adap-
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curve by quantifying run-outs and computing parameters by means of the maximun-
likelihood-method. A computer program to be used with the CAFDEE data has been
developed at the ISS. Provisions about allowable $~-N curves in the Eurocode pro-
posal, as a lower probability of survival range do not include enough background
information about scatter etc. - a common coefficient of variation on life
cycles has been assumed yet for all cases - so that experimental data cannot be
readily correlated. In the case of aluminium, mean curves as well as parallel
lower bounds will be given [7, 8]. Thus beneficial design curves could be de-

rived based on experimental evidence.

In the course of classifying standard S-N curves for various structural detail
classes (up to six different cases Tor practical reasons) existing codes - i.e.
the british BS 5400 on steel, CP 118 on aluminium, the german DIN 15018, also
north american proposals as to a user-oriented display of structural details [1]
etc. - and the new Eurocode classification based on well-founded studies of the
IIW together with proposals emerging from industrial experience [14] will have

to be considered.

It is a remarkable-fact that along with similar notions in international codes
for steel the ECCS recommendations for aluminium seek to provide for supplemen-
tary fatigue prediction or residual life estimation methods. That is, parallel
to the conventional semi~probabilistic 5-N concept, low=-cycle-fatigue concepts
for the crack initiation phase and fracture mechanics methods are presented.
These methods may be used to classify new or non-classified details within the
framework of the tables or to introduce possibilities for failure analysis and
assessment of existing or projected structures. The methodology and especially
characteristic design values must yet be developed for use in specifications
and this is the task of several industrial and university (ISS) research pro-
jects. The literature is voluminous on the subject and we only indicate here
recent publications cencentrating on the applicability to aluminium structures
[15, 16].
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