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Abstract: Experimental measurement methods used in operational mode provide valuable informa-
tion about the behavior of mechanical parts of equipment that cannot be determined in advance
by analytical calculations or numerical modeling. The strain gauge method, which is often used to
investigate the stresses in the load-bearing members of steel structures under operational conditions,
was used. The advantage is the fast and accurate acquisition of stress values at critical locations
selected based on analytical computations or numerical modeling. In the present paper, the residual
operating life of two main girders of a bridge crane was assessed by an analytical-experimental
approach. The input parameters for the assessment were obtained from the evaluated stress time
records and using the Rainflow Counting method. Experimental measurements identified an almost
50% decrease in the residual life of one of the girders. It was caused by non-compliance with the
technological procedures for the regular replacement of the rails, where the rail was welded to the
top flange on one of the girders. Considering realistic operating conditions, predicting the effect of
welded rail on fatigue damage accumulation, performed by other than experimental procedures, is
almost impossible for such complex structures. This paper not only documents the importance of
experimental measurements but also highlights the significance of selecting measurement locations
with consideration of the current technical state of the structure.
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1. Introduction

Nowadays, equipment that has been operated for more than 20 years is still available
in many companies. Such equipment includes bridge cranes and the railways on which
they move. After so many years, it is necessary to determine whether their operation is still
safe. The operator of such equipment has two options. The first option is the equipment
replacement with a new one at the end of period for which it was designated. The second
option allows the operator to test the existing equipment and its mechanisms based on
the available methods and decide on its further use according to the results obtained. If
the equipment complies with the safety and operating regulations, it is kept in operation.
However, in that case, the number of preventive maintenance operations for such structures
and machinery will increase.

We can distinguish two types of crane failures. The first type is associated with the
control system of individual crane mechanisms, which can be eliminated by a relatively
simple replacement of a defective part. The second is mechanical damage to the steel
structure associated with the formation of cracks, which in most cases is directly related
to fatigue damage of the material. Nowadays, due to the variety of influencing factors
caused by the complexity of loading, fatigue analysis and lifespan assessment is still a
very challenging problem. Systematic and detailed research has been carried out for many
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years in the field of theory and testing of different crane constructions. In addition, various
fatigue life assessment methods have been summarized. Overall, they can be divided into
three fatigue life assessment approaches based on S-N curve and fracture mechanics [1,2],
probability and statistics [3,4] and information technology [5]. Kadirgama et al. [5] devel-
oped the tool life prediction model for P20 tool steel with the aid of the statistical method,
using a coated-carbide cutting tool under various cutting conditions. This prediction model
was then compared with the results obtained experimentally. In general, the results ob-
tained from the mathematical model were in good agreement with those obtained from
the experiment’s data. According to the relationship between fatigue life and evaluation
parameters, fatigue life assessment approaches based on S-N curve can be divided into
nominal stress method [6], structural hot spot stress method [7], local stress and strain
method [8] and equilibrium-equivalent structural stress method [9]. The nominal stress
method is often used to assess the fatigue life of the bridge crane structure in operation and
the accidental load is treated by the Rainflow Counting method. The cumulative fatigue
damage of the crane metal structure is calculated by the Palmgren—-Miner (or Corten-Dolan,
Heibach, etc.) model to obtain the fatigue life prediction results. The complex influence
of multiple factors that include geometrical characteristics, loading conditions, operating
characteristics and failure mechanism will affect the safety of the bridge crane structure.
The evaluation of bridge crane structure safety by real-time fatigue life prediction method
based on a digital twin is described in [10]. The computational model is enhanced by the
analytical model and information transfer, and subsequently, the main factors affecting the
fatigue life of the bridge crane structure are determined. Avila et al. [11] point out that
the most frequent failures in these structures are related to fatigue in the welded joints.
They conclude that the S-N method combined with finite element analysis proves to be
an effective technique for determining the most critical damage at the joints of a structure.
Fatigue damage studies of crane girders have led to significant improvements in design,
eliminating premature fatigue failures. Some focus on crack formation [12,13], others on de-
termining remaining life as mentioned in [14,15]. Tong et al. [13] performed finite element
analyses to investigate the stress concentrations at the girder ends of the crane runway
(two types). The analytical results agree well with the data measured. Kul'ka et al. [14]
describe a procedure for determining the residual life of the casting crane girders, which
determines whether it is worthwhile to make any structural modifications to improve the
crane’s operational characteristics. Frankovsky et al. [16] deal with the repair of an already
damaged beam. The longitudinal fillet welds between the top flange and girder web on
the rail side of the 200 t trolley were damaged due to specific stresses after its long-term
operation. Consequently, the girder’s cross-section opened, substantially reducing its
strength and stiffness. Bomas et al. [17], Darisuren et al. [18], and Treburia et al. [19] discuss
how fatigue damage can affect structural elements and nodes of load-bearing structures
due to inappropriate design in manufacturing or inappropriate retrofitting, e.g., major
overhaul (design factors), infringement of technological discipline in the manufacture or
repair of equipment (manufacturing technology factors) and intentional or unintentional
use of equipment in a manner inconsistent with its intended use. The influence of these
factors then makes the actual nature of the stresses much more unfavorable than expected
in the structure design, often resulting in a change of the direction, gradient, magnitude
or redistribution of stress. In such affected areas, structural elements and nodes, there is a
higher risk of fatigue damage (failure) [20,21]. Liu et al. [22] identified the dangerous loca-
tions of crane girders using the finite element method. They performed fatigue life tests on
a simplified model considering welding details. By the fatigue test results of the specimen,
they quantitatively described the actual fatigue life of the welded structures of the bridge
crane girder. By transferring the data into the equation, the S-N curves of the bridge crane
girder included the specific materials, stress ratio, welding process and structure.

Most of the scientific articles published in the field of experimental-numerical analyses
of bridge cranes are devoted to analyses performed immediately after the equipment
reaches a state of failure. The present paper deals with the problem of reducing the fatigue
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resistance of the girder cross-section associated with periodic maintenance of the equipment.
The bridge crane’s remaining service life was assessed at the request of its operator, who
registered the limiting values of the height difference deviations of the rails’ top edge.
Since the analyzed crane has been in operation for more than 50 years, it was necessary
to use an analytical-experimental assessment of its safe operation, considering actual
operating conditions. The performed analysis has shown that improper (non-professional)
intervention in the crane structure can significantly deteriorate the technical state of an
already significantly stressed structure, which will only accelerate its degradation, as
confirmed and described in the experimental-analytical parts of this paper.

2. Materials and Methods
2.1. Analyzed Bridge Crane’s Description

The electric bridge crane described in this paper was put into operation in 1970. With
20/5 t-28.5 m capacity, it is used mainly for handling sheet metal coils from which pipes are
made. After its assessment and static recalculation in 1983, it was retyped to 22/5 t-28.5 m
capacity. The load-bearing structure of the crane, with a span of 28 500 mm, is a welded
box structure. The crane crab with 2200 mm track has main and auxiliary lift of 22/5 t with
10 m lifting height (see Table 1).

Table 1. Technical parameters of the bridge crane.

Parameter Value
capacity 22,000/5000 kg
lifting height 10 m
span 28.5m
control from the cab
drive type Electric
main lift 10.79 m/min
auxiliary lift 25 m/min
crab travel 0.833 m/s, (50 m/min)
crane travel 1.667 m/s, (100 m/min)—4 speed levels
length 168 m
height level 11m

The analyzed crane classification was done according to the currently valid standard
STN 270103 “Design of steel structures of cranes” [23] as mentioned in Table 2.

Table 2. The classification of the analyzed crane according to standard STN 270103.

Parameter Group
lifting class H3
type of operation D2
stress spectrum 52
operational group J5

In accordance with the safety instructions, regular maintenance had been carried out
on the investigated bridge crane. In 2005 and 2019, the limit values of height course of the
crab’s trajectory (measured at the top edge of the rails) set by the relevant standard [24]
were registered. Following the request from the bridge crane operator, and considering the
previous loading and height course of the crab’s trajectory history, it was necessary to verify
its safe and reliable operation. Both bridge crane girders were visually inspected. According
to the operator’s data, the rails were replaced after about 10 years of operation. Visual
inspection showed that the rail on girder B was replaced using incorrect technological
procedure (i.e., attaching the rail to the girder in some places with welds instead of clamps).

The fatigue lifespan of the bridge crane was assessed using an experimental-analytical
approach. The methodology based on the strain/stress states obtained by experimental
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measurements realized under operational loads, was used. It considers actual influences
such as the shape of the girders, constraints, friction, conditions of the moving parts of the
mechanisms, etc. Subsequently, strain gauge measurements were performed to reflect the
technical state of the load-bearing crane parts after more than 50 years of operation.

2.2. Strain Gauge Measurement

The strain gauge measurement aimed to determine the principal stresses in the most
stressed cross-section, i.e., the center of the bridge crane girders. The principal stresses were
(considering the drawing documentation) determined at locations A1, A2, B3, B4 (Figure 1),
and B7, A8, located at 300 mm from the center of the girders towards the right side (R).
This was due to a reinforcing rib located in the mentioned distance at the cross-section top
part (approximately at 1/4 of the height). Only one location on each girder was chosen, i.e.,
B5 and A6 (at mid-height of the cross-section at a distance of 350 mm from R) to determine
the shear stress. A schematic view of the strain gauge locations is shown in Figure 1. The
choice of measurement locations was based on a theoretical stress state analysis.
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Figure 1. Schematic view of strain gauge locations.

Resistance strain gauges 1-XY91-10/120 and 1-XY21-10/120 (HBM, Darmstadt, Ger-
many) with an ohmic value of 120 () and a strain sensitivity factor of 2.01 and 2.04, respec-
tively, were used. Temperature compensation was carried out using the perpendicular
branch of the strain gauge cross. The application of strain gauge transducers was per-
formed with a two-component X60 adhesive. The transducers were protected with ABM75
protective coating (Figure 1). Shielded cables were used to connect the strain gauges to the
measuring apparatus. The measuring chain consisted of a Quantum MX-840 data acqui-
sition system (HBM, Darmstadt, Germany) and a laptop. Catman Easy software (HBM,
Darmstadt, Germany) was used for measurement control, data processing and evaluation.

2.3. Description of Operating Modes

The investigated bridge crane handles steel coils of various weights, the heaviest
weighing approximately 21 t. The bridge crane moves on a 168 m long traveling track.
When it is out of use, it is placed in a parking position (see Figure 2). The beginning
of the production hall is in Sector 1, where the steel coils are unladen from the railway
wagons. Subsequently, they are moved from Sector 1 to Sectors 2A and 2B, respectively, for
further storage. The coils are transferred from Sectors 2A /2B to Sector 3 for final processing
(pipes production).
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Figure 2. View of the travelling track of the bridge crane and the steel coil handling locations.

In the set-up of the experimental measurement, various modes that occur in the actual
operation of the bridge crane were selected. Mode 1 and Mode 2 were performed near the
parking station of the bridge crane. Mode 1 was performed first, where the crab moved
without a load from the outlaying position on the left side (L) to the outlaying position
on the right side (R) and then returned to the outlaying position L (see Figure 1). This
cycle was repeated twice. In Mode 2, the bridge crane was in Sector 2A, and the crab
was in the outlaying position L. In this position, the lifting of the loads (sequentially 1, 2
and 3, respectively) was carried out. Subsequently, the crab was moved to the outlaying
position R, then returned to the starting position L, and finally, the lowering of the load
was performed.

Mode 3 represented a single operating cycle, i.e., lifting the load from Sectors 2A (coils
1, 2 and 3, respectively, were used) and 2B (coils 4, 5 and 6, respectively, were used), and
moving the steel coil to Sector 3 was done. During this mode, the crab on the bridge crane
and the crane itself moved continuously along the track. The movement along the track
was carried out on a path approximately 35 m long. The details of the coils transferred
during the strain gauge measurements are given in Table 3.

Table 3. Data on weights of transferred loads.

Coil Group/Sector Coil Number Total Weight of Load (kg) !
1 13,400
I/Sector 2A 2 19,120
3 20,950
1 13,610
II/Sector 2B 2 19,300
3 20,930

I The total weight of the load consists of the steel coil unladen and the crane hook used.

The last Mode, 4, was performed to determine the dynamic lift coefficient experi-
mentally. In this mode, the crab was placed in the center of the bridge crane. The lifting
of the load was carried out at different levels of speed. This measurement took into ac-
count the natural operating conditions, i.e., the actual technical state of the bridge crane’s
mechanical parts.

3. Results
3.1. Normal and Shear Stresses Calculated at Individual Operating Modes

From the strains measured during the individual operating modes (Modes 1 to 3)
and the individual loading conditions, the values of the normal stresses at locations Al,
A2, B3, B4, B7 and A8 and the shear stress at location A6 (see Figure 1) were calculated.
During the operational measurements, the strain gauge transducer wiring for shear stress
measurement (B5) was damaged. As it was necessary to evaluate the principal stresses
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to assess the fatigue life, the operational measurement was continued with the remain-
ing strain gauge transducers. Modes 1 to 3 described in Section 2.2 are documented in
Figures 3-5. Figures 3a, 4a and 5a show the time courses of the normal stresses occurring
at measurement points Al, A2, B3, B4, B7 and A8 and the shear stresses occurring at point
A6. The details of the time courses corresponding to the passing of the crab through the
center of girders are depicted in Figures 3b, 4b and 5b. Figure 3 represents the manipulation
of the crab without load, i.e., Mode 1 with the cycle repeated twice. Figure 4 shows the
manipulation of coils 1, 2 and 3 corresponding to Mode 2. From the series of measurements

performed for Mode 3, Figure 5 presents the manipulation with a load of 20,930 kg (coil 6,
Sector 2B).

(MPa)
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Figure 3. Time courses of stresses, Mode 1; movement of the crab without load: (a) full record,
(b) detail record for the crab passing through the center of the girders.

20
101
0
=-10
[-¥
S-20
7
§—30
G40+
=50
-60
TN O % % Ta—Tas %1 as
I — — ]
0 50 100 150 200 250 300 350 400 450 500 550 §
Time (s) Time (s)
(a) (b)

Figure 4. Time courses of stresses, Mode 2; manipulation of coils 1, 2 and 3: (a) full record, (b) detail
record for the crab passing through the center of the girders.
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Figure 5. Time courses of stresses, Mode 3; coil 6: (a) full record, (b) detail record for the crab passing
through the center of the girders.
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A phenomenon that could not be assessed during measurements was identified for
each time record presented for the modes above. It was because of different characteristics
of the strains’ time records registered at locations Al and A2 versus B3 and B4 by passing
the crab through the center of girders. As the crane was normally used by the operator
before application of the strain gauges, the experimental measurement continued. The
cause of this phenomenon, i.e., welding of the rail to the top flange, was only discovered
by subsequent analysis of the measured data. Therefore, the fatigue life at all measured
locations was assessed.

Table 4 shows the maximum values of the normal stresses that occurred at locations
Al, A2, B3, B4, B7 and A8 and the shear stress that occurred at location A6 obtained when
handling a load of 20,930 kg in Mode 3. The mentioned case corresponds to an actual
operation, as it considers the crab weight, the load and the dynamic effects from the lift
of the load, the crab travel and the bridge crane acting on the weight of the load and
the crab. The maximum measured normal stress is compressive and takes an absolute
value of approximately 71 MPa (Figure 5a, time 422 s). The values given in Table 4 were
read during the same period. It should be noted that this state corresponds to the specific
position of both the crab and the bridge crane. From the time courses of the normal stresses
(Figures 3-5), it is evident that in the operating mode, there are also differences in the stress
values (on the order of units of MPa) obtained at locations Al and A2. Different values of
B3 and B4 identify a slight twisting of the girder cross-section.

Table 4. Maximum stress values measured when handling steel coil 6 in Mode 3.

Stress Measured Location Normal/Shear Stress at Load 20,930 kg (MPa)  Absolute Difference (MPa)
A e 01
Normal gi :Zgg 4.6
AS e 73
Shear ¥ 160

3.2. Calculation of Maximum Stresses Taking into Account the Validity of STN 270103

According to STN 270103 standard “Design of steel structures of cranes”, the calcula-
tion for fatigue resistance is described in Part VIII [23]. According to STN 270103 standard
and Appendix II, the analyzed crane can be classified under number 1.1.5/4. For this
classification, the lifting class is H3, the type of operation is D2, the stress spectrum is S2,
and the working group is J5. The coefficients resulting from STN 270103 for the equipment
mentioned above are [23]:

e load factor from self-weight v =11
e  load factor from the rated load for D2 Yoo = 1.3;
e  dynamic lift coefficient for H3 o = 1.37.

The other coefficients are not shown because they are not necessary for the assessment
or are reflected in the measured strain courses and the corresponding stress courses calcu-
lated from the operational measurements (Figures 3-5). Table 4 shows that the maximum
normal stress of 71 MPa considers the weight of the load (20,930 kg), the crab weight and
the dynamic effects of the operation. However, the mentioned maximum stress does not
take into account the stresses from the self-weights of the permanent loads, i.e., from the
self-weight of the bridge crane girders and the permanent loads stored on them. These loads
were determined based on the operator’s data as a distributed load of constant intensity:

q=494kNm L. 1)
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For the bridge span of 28,500 mm, the maximum bending moment Mmax from the
self-weight is:
q-0>  494.285°

8 8

Figure 6 gives a view of the cross-sections of the girders at mid-span. Figure 6a shows
the cross-section at mid-span without the reinforcing rib. Figure 6b shows the cross-section
at a 300 mm distance from the girder center, with the reinforcing rib welded approximately
at 1/4 of the cross-section height. For the cross-section depicted in Figure 6a, the values of
the cross-sectional characteristics are:

= 501.6 kNm. @)

Mmax =

W, = 14,71,606 mm3;
WH = 13,831,936 mm?3.

e  for the upper fibers

° for the lower fibers

e 600 N e 600 .
i | ’I A 1
ATA A | y Y A |
1 1
e <
. 3|
v ! A 4 I 0*
L70x50x 6 L70x50x6
1 1
I |
1 1
[« fen)
2 -—-—-JI ----- >y Z —————JI ————— >y
P6-100 | P6-100 |
- | |
550 i 550
g g
N I M I
1 1
(] (]
) 4 I_Il ! v i !
L) ‘I'Z A ‘I/Z
(@) (b

Figure 6. The cross-section of girder: (a) at the center of the bridge crane (location of the maximum
bending moment), (b) at 300 mm distance from the center of the bridge crane.

Due to the difference in thickness of the top (12 mm) and bottom (10 mm) flanges,
the cross-sectional characteristics for the compressed (—) and tensioned (+) branches are
different in the ratio

Wi = 1.068 = 1.07. 3)
W;

The maximum normal stress (in the lower fibers) from the self-weight with 7, = 1.1 is
equal to:

c =

V¢ Mmax  1.1-501.6-10°
max — = =~ 4 Pa. 4
Zma wo 383100 O MPa @
The resulting maximum normal stress (in the lower fibers) for the weight of load

20,930 kg is:

Omax = Ogmax + €71 =40 +1.07 - 71 = 116 MPa. (5)
Considering the coefficient vy = 1.3,, the maximum stress cannot exceed the value of:
OMAX = Ogmax + Yeo - €71 =40+ 1.3-1.07 - 71 = 139 MPa. (6)

The mentioned values of stresses are valid for girder’s material 11 373 (yield strength
Oymin = 210 MPa [25]) with a safety factor from 1.51 to 1.80 depending on the
calculation value.
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3.3. Assessment of the Dynamic Lift Coefficient

A strain gauge measurement (Mode 4) was carried out with a 20,930 kg load weight to
assess the dynamic lift coefficient. The crab’s position was in the center of the bridge crane
girders. Four different speed stages were considered when lifting the load. Figure 7 shows
a time course of the normal stresses calculated at two measured locations Al (girder A)
and B3 (girder B), obtained at different lifting speeds of the load placed in the center of the
bridge crane. The measurement was carried out for the following speed stages (Figure 7):
L Lifting speed controlled by the crane operator;

II. Speed stage 2;
I Speed stage 3;
Iv. Speed stage 4 (maximum lifting speed 10.79 m/min).

Stress (MPa)

50 100 150 200 250 300
Time (s)

Figure 7. Experimental determination of the dynamic lift coefficient—time courses of calculated
normal stresses and visualization of their mean values.

The dynamic lift coefficient determined from the courses shown in Figure 7 ranges
from 1.13 to 1.27. According to STN 270103 standard [23], the coefficient J;, = 1.37, which
is higher than the measured value, is considered for lifting class H3.

3.4. Assessment of Fatigue Life and Strength According to STN 270103

When the crane is classified according to STN 270103 in stress spectrum S2 and
operating group J5, according to Table 13 of the standard, the number of cycles N per
technical lifetime is:

N =6-10°to2-10°, (7)

When considering notch group K3 (strong notch effect), for welded structure 333,
according to Table 25 of the standard mentioned above, the fundamental calculated fatigue
strength is Rey(—1)

Rt (—1) = 63.6 MPa. 8)
According to Figure 8, the following applies:

5 5
Rfat, t(O) - ngat, t(_l) - g . 636 - 106 MPa (9)

The calculated fatigue strength for the ultimate stress ratio y = 0.35 is according to
Table 17 of STN 270103:

Rpat, +(0) _ 106
Ry, +(0) B 106
1- (1 - 0o ) X 1= (1 - 0.75-370) -0.35

where oy = 370 MPa is the ultimate strength of the material.

Rt(0.35) =

=135MPa  (10)
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Figure 8. Dependence between the calculated fatigue strengths Ry (—1) and Rgy (X).
Note: oy—ultimate strength, oy—yield strength, omax—maximum stress, ojp—minimum stress,
Ofat, r—fatigue strength by tensile loading, oy, .—fatigue strength by compression.

According to paragraph 58 of STN 270103:

2 2
CTmax 116 )
=5z =074<1.1 (11)
(Rutn) = (s
This verification realized according to STN 270103 confirms sufficient fatigue strength
reserve at the number of cycles N = 6 - 10° to 2 - 10°.

3.5. Experimental-Computational Verification of the Possible Accumulation of Fatigue Damage of
the Bridge Crane

Based on the analysis of the time courses of the normal stresses for Modes 1, 2 and 3,
as well as by comparing the stress levels obtained at the individual measurement locations,
locations B3 and B4 were selected for the experimental-computational verification of the
possible fatigue damage accumulation of the bridge crane girders. The maximum ranges
of normal stresses were registered at these locations during all investigated operational
modes. From the time courses of the normal stresses, the spectra of stress amplitudes
were evaluated by the Rainflow Counting method. Figures 9-11 show the stress spectra
evaluated at the measurement location B3 for Modes 1, 2, and 3.

E Load Reversals
g N \ N T \ [/
210 \ \n/ \ \n/
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< 0 20 40 60 80 100 120 140
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T [ oT— 800
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- B 20
2 0 10
o 10 0
Cycle Average (MPa) Cycle Range (MPa)

Figure 9. Spectrum of stress amplitudes, Mode 1.
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Figure 10. Spectrum of stress amplitudes, Mode 2.
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Figure 11. Spectrum of stress amplitudes, Mode 3.

Assessment of the fatigue damage accumulation for the measured normal stress time
courses (Figures 3-5) and the stress amplitude spectra evaluated from them was performed
according to the Palmgren—-Miner fatigue damage accumulation hypothesis following
Eurocode 3, Part 9 [26]. The input to the hypothesis, in addition to the stress amplitude
spectra, are the parameters of the Wohler curve of the welded detail corresponding to the
notch group K3 (STN 270103). The fatigue limit for the above welded detail is according
to Table 14 of STN 270103 o. = 45 MPa for alternating symmetrical stresses, where the
following applies:

— Imin _ g (12)

Omax

In the described case, it is an alternating stress with x = 0.35 and mean stress:

_ Umax + Ogmax . 116 + 40
N 2 2

Om — 78 MPa. (13)
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According to the Smith diagram, the fatigue limit o, (,,) = 36 MPa was determined
considering the calculated mean stress oy,. The parameters entering into the fatigue damage
accumulation hypotheses are 0. () = 36 MPa, Ne = 2 10° cycles and the Wohler curve
given by the relation 03" - N = const. for the slope m = 3, 5. The total number of cycles to
failure Hpy for the stress range corresponding to Modes 2 and 3 evaluated according to the
Palmgren—Miner hypothesis, transformed from Figures 10 and 11, is given in Table 5. The
damage, according to the Palmgren-Miner hypothesis assuming oy, = const., is determined
by the relation

Doy = 3 (14)
PM ZN,
where 1; is the number of cycles with constant amplitude o,; in the spectrum, N; is number
of cycles to failure at constant amplitude o; > o¢ (above the fatigue limit) and p is the
number of levels of the distribution of the fundamental spectrum.

Table 5. Number of cycles to failure according to the Palmgren-Miner hypothesis.

Number of Cycles to Failure Hpys at Strain Gauge Locations

Mode
Al A2 B3 B4 B7 A8
2 1,042,204 926,605 527,273 594,307 877,733 912,436
3 905,820 886,978 417,921 482,169 857,737 888,170

The number of cycles to failure with constant amplitude o,; > o¢ is determined from

the relation:
N, = oe )" N, 15
A S T
() N (15)

where o is the fatigue limit of the material (MPa), 0,; is spectrum amplitude (MPa), N, is
the number of cycles at fatigue limit and w is the exponent of the fatigue curve.

The total number of cycles to failure according to the Palmgren—-Miner hypothesis is
given by:

p p
'Z1nl 121 n;
Hpw = = i= 1
™= h (16)

p— p .
Y &
i=1 N;

It can be seen in Table 5 that the total number of cycles to failure according to the
Palmgren—Miner hypothesis is the lowest on girder B at the measured locations B3 and
B4. Compared to the corresponding cross-section on girder A (locations Al and A2), it
decreases by more than 50%.

It was found that the number of cycles to failure at location B7 (i.e., 300 mm away
from locations B3 and B4), was similar to that on girder A. This was due to the welded
joint connecting the rail to the girder B top flange located precisely at the placement of the
applied strain gauge transducers B3 and B4 (Figure 12). Figure 13 compares the calculated
values of the normal stresses on girder A (Figure 13a) and on girder B (Figure 13b). From
the course depicted in Figure 13a, it is evident that the distance of 300 mm between the
measuring points for a total girder’s length of 28,500 mm does not play a significant role.
From the measurements performed on girders A and B, it can be stated that the stress
values at locations Al, A2, A8 and B7 are very similar in character. At locations B3 and B4,
the measured local values are sometimes higher by more than 50%.
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Figure 13. Comparison of the normal stress courses obtained at the same instant of time when the crab
passed through the center of the girders: (a) girder A (locations 1, 2, 8), (b) girder B (locations 3, 4, 7).

3.6. Analysis of the Cycles Operated

To assess the actual loading history, the information about the processing of approx.
2480 coils per year was provided to the authors. Each coil is transferred twice, so the total
number considered will be 4960 coils per year, whereby the weight of loads transferred can
be classified as follows:

50% from 17 t to 21 t (steel coil + C-hook);
25% from 14 t to 17 t (steel coil + C-hook);
25% from 11 t to 14 t (steel coil + C-hook).

Based on the operator’s data, 4960 cycles are manipulated in 1 year, i.e., on the whole
252,960 operating cycles in 51 years.

The assessment considered the worst operating case, i.e., handling only coils with a
maximum weight (252,960 - 19.6 t = 4,958,016 t). In this case, it would be the most aggres-
sive fatigue damage accumulation at the maximum weight of load (21t = 19.6t+1.4t),
which corresponds to the spectrum of amplitudes evaluated in Table 4 for Mode 3. A
smaller amount of tons of steel has been processed since the start of production, i.e., the
real fatigue damage to the girders of the bridge crane is minor.

3.7. Comparasion of Fatique Life
According to STN 270103, the number of cycles N per technical lifetime is:

N=6-10°to2-10°.

According to the experimental-computational procedure, the number of cycles per
technical lifetime is:

H, = 886,978 =2 8.9 - 10°—for girder A without any welded rail,

Hp = 417,921 = 4.2 - 10°>—for girder B with the welded rail.
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Number of cycles (N,p) operated in 51 years of operation
Nop = 2.53-10°.
The number of cycles operated so far meets both of the above conditions
Nop =253-10° < N =6-10"to2-10°N,p, =2.53-10° < Hp =4.2-10°
thus the girders still have a sufficient fatigue life reserve.

4. Discussion

The assessment of the girders of the bridge crane 22/5 t-28.5 m manufactured in 1970
consisted of inspection of the structure, strain gauge measurement, stress state assessment,
and assessment of fatigue damage accumulation.

e Inspection of parts of the steel support structure revealed that the welded joints
(accessible from the footbridge) did not show any flags of damage and were with-
out significant corrosion. The auxiliary steel elements on the bridge and the crab,
footbridge and protective railing were intact. It could be concluded that the visual
inspection did not reveal any corrosion.

e  Strain gauge measurements showed that the stress increments and the stresses from
self-weight and other effects did not exceed the allowable stress values. The experi-
mentally determined dynamic lift coefficient was less than that specified in STN 270103
standard. Based on the strain gauge measurements analysis, it could be concluded
that the girders of the bridge crane were satisfactory in terms of strength.

e  The assessment of the fatigue damage accumulation showed that under the operating
modes considered, the current technical state of the crane’s steel structure had a
sufficient fatigue life reserve.

e  The differences in the values of the normal stresses determined from the strain gauge
measurements at the center of the girders A (location Al) and B (location B3) of the
bridge crane were, in some cases, greater than 50%. This phenomenon occurs regularly
when the crab passes through the center of the girder. It is due to the attachment of
the rails to the girders. Although on girder B, the rail near locations B3 and B4 was
welded to the top flange, even at these stress levels, girder B was satisfactory in terms
of both strength and fatigue life. Since there was a significantly higher level of damage
in the areas around the welded rail, the authors recommended that the rail attachment
to the girders be carefully checked when the rails were replaced.

e  The effect of welding the rail to the top flange of the girder was evident from a
comparison of the measured normal stresses on girders A and B (Figure 13). This
welding significantly increased the damage level in the corresponding cross-section,
i.e., reduced the fatigue life of girder B.

e  The stress values at locations Al and A2 on girder A and at locations B3 and B4 on
girder B were different during all operational measurements, although their nature
was the same. This fact confirmed the deformation (twisting) of the girders’ cross-
section and the crab’s associated slope, i.e., the height difference of the girders. For
this reason, it was also recommended to check the wear of the crab wheels.

5. Conclusions

Based on the experimental measurements evaluation, analysis of the obtained results,
visual inspection, and experimental-computational verification of the possible accumulation
of fatigue damage of the crane, it could be concluded that the girders of the bridge crane
were satisfactory for further operation. However, maintenance of the motion gear and the
rail connection to the girders was required. By analyzing the results of the strain gauge
measurements, the influence of the height course of the crab’s trajectory (comparison of
different stress levels at locations A1/A2 and B3/B4, respectively) in combination with
the attachment of the rails to the girders on the stress state at the analyzed locations
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was confirmed. For this reason, the authors recommended checking the rail to girder
attachment or replacing welded joints with clamps. Based on the analysis of the strain
gauge measurements and more than 50 years of continuous operation, we recommended
checking the welds of the steel structure of the bridge crane girders along their entire
lengths and the state of the crane’s track.

In the analyzed case, the fatigue life of the bridge crane girders was not outspent
mainly because the crane had worked at a low number of operating cycles, i.e., 18 cycles
per 24 h. The duration of one cycle is about 5 min, i.e., the total operating time for one
working day is about 1.5 h. In the case of the same operating load but with a higher number
of cycles (e.g., a trans-shipment station), the effect of the detected welding of the rail to
the girder would very likely lead to fatigue damage and consequently to a failure of the
bridge crane.
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