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Abstract: Due to the long period of service degradation, bridge structures require periodic technical
inspections and assessment of the current load capacity. Since the 1970s, this assessment has been carried
out according to the Fitness for Purpose (PUK) criterion. From 2008, the PUK criterion has been replaced
with the recommendations of the European Convention on Steel Structures (ECCS). As part of these
recommendations, the authors decided to explain the previously obtained unrealistic values of the fatigue
class Ac. of the bridge butt joints covered with one-sided rhomb-shaped cover plates. The computational
analysis performed with the FEM method gave excellent results which are briefly presented in the article.

Keywords: steel bridges; welding; welded joints; fatigue

Introduction
The diagnostic tests carried out by the author! on the technical condition of the railway bridges in
operation show that:
e Many objects do not strictly transfer design loads, but safely transfer the actual loads occurring on
a given line [1+3];
e Strain gauge tests showed operational stresses significantly lower than the values of stresses
calculated from the standard loads, they constituted from 58 to 64% of these values [1,4];
e In the case of steel, regardless of the degree of its aging, the yield strength Rex was each time not
lower than 220 MPa [5];
e In 34 examined bridges from 1936+1960, 437 butt joints with internal cracks were detected (2.8%),
the development of which was not found in multiple tests.

The first constructors of steel bridges realized that "the weld is the weakest point of the structure". Due to
welding incompatibilities, their load capacity is lower than that of the welded material. The simplest and most
economical way to eliminate these differences seemed to be an enlargement of the cross-section of the weld by
adding cover plates which would compensate for the weakening of the cross-section. This was done in six
welded railway bridges in Poland, built in the years 1937+1939, i.e. until the outbreak of World War II (Tab. I).

Table I estimates the effect of rhomb-shaped cover plates on the values of the characteristic stresses in
the butt joints of the bridges. Column 4 presents the values of stresses due to permanent load, and column 5
— the values of permanent loads and standard loads of rolling stock, taking into account dynamic effects.
The standard stress was determined for the basic load system, assuming the load class of k = +2. Column 6
presents the values of stresses caused by the constant and moving load on the ET21 locomotive, and columns
7 and 8 — data from NDT tests of butt joints in these bridges. In contrast, the table also includes a railway
bridge built by the Germans in 1936. The contractor, knowing that there are 36 cracks in the two repaired
web joints of h = 3.0 m, left the object without reinforcement. Fourfold studies did not show their
development. Also, the calculations did not show an emergency risk. The data in the table shows that the
rhomb-shaped cover plates reduce the stresses in column 5 with a value from 12.9 to 27.5 MPa, and the
stresses in column 6 by 7.5+16.1 MPa. This means a stress reduction from 9.4 to 25.5%.

According to the authors, the time of safe operation of such bridges is best estimated on the basis of the
opinion resulting from the observation of the behaviour of similar structures. At the same time, each detected
welding imperfection should be subjected to a synthetic analysis, which will allow to determine whether the
imperfection is acceptable from the point of view of fracture mechanics and the actual joint’s load condition.
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The Fitness for Purpose (PUK) criteria should then be applied. This approach was introduced in several
world standards since the 1970s [6,7] — Figure 1. The authors used the methodology defined by the PUK
criteria in the analysis of the durability of bridges presented in four publications.

Table I. Schemes of girders and stresses in butt joints with one-sided rhomb-shaped cover plates (numerator values)
and without the thomb-shaped cover plates (denominator values) and NDT test data

. . Stresses in MPa Number of
Line and Bridge Schel.ne of the g.n:der a'nd system of loads x-rays | Cracks
the year of N location of the joint with ’
construction o cracks pel:;l:;:n P-norm. | P-eksp.?
1 2 3 4 5 6 7 8
Nasielsk_ I s-=14.3/16.8 | 116.1/136.5 | 68.4/80.4 88 8
—Torur i B gI 18 6
1937, 1938, I Tﬁ 20200 _‘? sv=15.1/17.1 | 122.1/138.1 | 74.4/84.2 9% 48
1538, 1939 v s=15.4/17.0 | 123.7/136.6 | 72.4/79.9 144 3
s-=10.3/13.8 | 80.8/108.3 | 47.0/63.1
Loédz- T T
Debica \Y% L a b g i J§I sb=12.0/14.3 | 93.6/111.1 53.9/63.9 128 5
1938 L 22400 J
s=12.8/14.7 | 99.0/113.9 56.8/65.3
Warszawa-— ﬁ -gI
—Lowicz VI . o S sa=5.7/7.3 96.0/123.2 51.1/65.5 32 -
1937 300 |
R
Poznan-
—Szczecin viI . g 1 sa=24.0 89.9 62.32 80 36
1936 b 32400 o
1) ET21 locomotive + permanent load
2) 2x Pt31 steam locomotives with 32D29 tenders + In total 616 142
permanent load

Value of W1
A
o Critical value of WI
for crack growth
e Permissible level acc. to Safety Reserve range for | Reserve range for
fitness for purpose factor  endurance | quality control
criterium - uncertainty uncertainty
¢ Permissible level acc. to
codes
and recommendations
WI
registered
WI registration threshold | ::g P;T;;?sb;; q
WI_’“’[ recommendations
NDT detection threshold registered
Noise

Fig. 1. Levels of alcceptability of welding imperfections according to PUK [6]
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Taking into account the above facts, in the years 2003-2011, new standards with guidelines for the
assessment of the load capacity of existing bridges were accepted by Canada, Great Britain, Denmark,
Switzerland and the USA. The method of calibrated safety factors is included. Reduced requirements for
newly designed structures as well as for their further operation were adopted. The assessment of the load
capacity of old and long-operated bridges has been discussed in detail, among others, in [2,8,9] and in the
total of 142 references provided there (62+35+45).

Own research

In the case of welding, the fatigue strength is influenced by various factors, which can only be fully
taken into account in experimental studies. New recommendations on fatigue strength for welding
imperfections of quality level B and C have been provided in PN-EN ISO 5817:2014 and in the guidelines of
the European JRC and ECCS [10,11] regarding the fatigue life of bridges. In situ qualitative tests of butt welds
in 155 exploited bridges and laboratory tests of their butt joints were carried out [1,12]. They included four
groups of bridge joints (Fig. 2).

T159-6 2.|7‘ 10° =

i

)

-y

===
I 160 |
oo
180

Stress range, Ac (MPa)

: e
a After natural aging s N...89.8)
b Quality class B and C 0 1> < -
¢ With internal cracks (i"l 792 & d| =
801 [d Withrhomboidal overlays| @ w.. % rd t=12 0
L 1 1.1 1 1 1 L1 1 1. 1.1 l 1 >
5100 10° 3-10° 100 2:10°

Durability, number of cycles N

Fig. 2. Comparison of regression lines of 4 types of tested joints with butt welds [1]

The presented fatigue regression lines concern the following tests:

e samples "a" — with butt welds which are spontaneously aged over the period of 45 years, for which
the value of infinite fatigue strength is Zs=101.4 MPa,

e samples "b" - with butt welds of quality level B and C, for which the value of infinite fatigue strength
is Zg=125.3 MPa,

e samples "c" — with butt welds with internal (technological) cracks with the value of infinite fatigue
strength equal to Z:= 89.8 MPa,

e samples "d" — with butt joints covered with one-sided rhomb-shaped cover plates with the value of
infinite fatigue strength equal to Zs=79.2 MPa — Figure 3.

There is a significant decrease in the Zi value for the welds with internal cracks and for the welds with rhomb-
shaped cover plates, compared to the Z; value of the welds "b". This decrease is 28.3% and 36.8%. It is worth
noting that at the three stress levels omax= 80, 100 i 140 MPa, seven surface cracks appeared in five samples
"d" with the parameters given in Figure 4.

Welding Technology Review - www.pspaw.pl Vol. 93(3) 2021 33



y= '969“
2146 | (140MPa)
g 20 [owea)
Q
= 2079 ——
£
@ 2000 100MPa) _
O 1986
L 1 (80MPa)
o L | ounval
= }%g,é " T92MPal
o (7SMPa)
8_ @ - test-damaged samples EL o g
;_ O’- test-undamaged samples )~ >
o : ! -
1 6991 (S0MPal : b T
T 2905) 1 (5908) ,(106) (2106) (3106
= 5 8 82 z g
w w w w oo o
Ni - number of cycles
Fig. 3. Test results for "d" samples and the regression line with the confidence interval [1]
Pa) g Pb) Pc) .
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: 0 =80 MPa i 0 =80 MPa

Fig. 4. Test-damaged samples: Pa), Pb), Pc) and test-undamaged samples: Pd), Pe) [14]

Inspired by the requirement of the PN-EN-1993-1-9:2007 standard (in accordance with point 7.1 (3),
Note 2) on the obligation to compare individual tests with standard requirements, new notch Ac. categories
have been defined. Using the results of the verification tests from Figure 2, they were determined according
to the Czech standard CSN 731401:1998 and are provided in column 4, table II. At the same time, to illustrate
the issue as a whole, the table also shows the values of the FAT fatigue classes at other load cycles. According
to PN-EN ISO 5817:2014, for welds, the value of the FAT fatigue class is the range of stress variability Acc in
relation to the 2 - million number of Nc cycles determined at the 75% limit of the average confidence tolerance
with a 95% probability of survival. The obtained FAT values from Table II were commented on in [12]. The
authors also support the given conclusion on the non-application of the above recalculation
recommendations in operating facilities, i.e. similar to the guidelines of PN-EN 1993-1-10 on the non-use of
steel due to brittle cracking in used structures.

The inexplicably low values of the fatigue strength of the joint "d", with one-sided rhomb-shaped cover
plates (Acc = 28 MPa), obligated the authors to carry out a detailed analysis of the joint. The analysis was
presented in three articles published in the journal "Inzynieria i Budownictwo" [13+15]. Due to the obtained
"revolutionary” calculation results (casus pascudeus), we would like to present them to a wider group of
interested people.
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Table II. Fatigue strength in MPa for 4 welded flange connections
Type of Zs AGc AGD AGCL
the joint (N=2*10°) | (N=2*10%) | (N=5*10%) | (N=10%)

E a 101 38 28.0 15.4
E b 125 80 58.9 324
E c 90 45 33.1 18.2

d 79 28 20.6 113
<P

Analysis of a joint with cover plates

For the analysis, a joint model with the geometry shown in Figures 2 and 3 was adopted, made of steel
with Ret=249 MPa and Rm = 360 MPa. The stress distribution in the joint was determined by the finite element
method (FEM) in the Inventor Nastran program, on the FEM model shown in Figure 5. The stresses were
calculated in sections a-d at points 1-1' (Fig. 6) with the assumed tensile forces with the values adopted in the
fatigue tests according to figure 3, i.e. P =162, 173, 216, 260 and 303 kN. They cause stresses in the joint’s sheet
of 75, 80, 100, 120 and 140 MPa. Overall, on the "A" side with rhomb-shaped cover plates (obverse), the stresses
were calculated at 208 points, and on the "R" side — reverse at 180 points.

Construction detail

0
0,00 005 0,0 015 020 025 030 0,35

Fig. 5. a) General calculation model b) and cracks and material data of steel [13]

The analysis of values of the tensile stresses of the joints allowed to state that:

e rhomb-shaped cover plates do not reduce the stresses in the butt weld in accordance with the adopted
principle of the percentage quotient of their area to the plate area equal to 25.9% (see Table I);

e the cover plates are a construction ballast, they reduce the value of infinite fatigue strength by about
37% (see Fig. 2);

e the cover plates take the force increase from the c-c section at their ends, caused by the stress
concentration at points ¢3 and (c3');

e in the area of the end of the rhomb-shaped cover plates, at points 3 and (3') of cross-section ¢, there is a
stress concentration, the coefficient of which is equal to the quotient of the stress value on the surface
"A" for the connection without cover plates (omax) and ranges from 1.47 to 1,69;

e the above stress concentration, together with the smallest coefficient of concentration from a globular
(spherical) non-metallic inclusion of 2.04, are the reasons for the formation of one-sided stochastic cracks
already at oma= 80 MPa (Fig. 4); then o= 80%1,69*2,04=275 MPa, which is higher than the yield stress of
steel Ren=249 MPa [16,17].
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