




 
 - F, force sensors in cable strands (80 pcs.), 

 - Tt, angle rotation sensors (10 pcs.), 
 - Tr, linear displacement sensors (4 pcs.), 

 -W, wind speed and direction sensors (2 pcs.), 

- Te, temperature sensors (16 pcs.), 
- Sc, sensors measuring linear displacements 

on concrete surface (16 pcs.) 
- A, acceleration sensors (30 pcs.), 

 - CGD, global data server (1 pc.), 

 - EN, power connection (1 pc.), 
 - Sc1, sensors measuring linear displacements 

inside the concrete structure (24 pcs.), 
 - Sc2, sensors measuring stresses inside the 

concrete structure (8 pcs.), 
 - Si, sensors measuring linear displacements on 

steel surface (18 pcs.), 
 - Si1, sensors measuring stresses in the 

reinforcing rods (16 pcs.), 
 - SAD, Local Data Saver (5 pcs.). 

Fig. 2. SHM system scheme and sensors description. 

3 Data analysis 
In the years 2016 and 2017 a first complex report about the SHM system was made [7]. The 
data collected by each sensor was precisely analysed and a comparison with the border 
values was carried out. The bridge behaves after 6 years unreservedly, but some 
characteristic phenomena were observed. As anexample, Figure 3 shows how the cable 
force changes during a month. There is a visible influence of temperature changes on the 
structure. Figure 4 describes how the global force in cable has changed for the last 5 years. 
It may have been caused by rheology processes in the decks and pylons. A more particular 
analysis of force changes is presented in the part 4. 

 
Fig. 3. Force changes in cables during December 2017. A diagram taken straight from the SHM 
application.  

Another important observation was made about the temperature differences in elements 
of the bridge. Figure 5 shows the temperature course in the deck, pylon and a random cable.  
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After 6 years the extreme values have been noticed and compared to each other, what is 
shown in Table 1. 

 
Fig. 4. Change of the monthly average force in cables, in each row by the end of  2015. 

 
Fig. 5. The temperature changes in concrete and steel elements in 2017. 

Tab. 1. The extreme temperature values. 

4 Durability assessment methods 
Bridges are structures that are permanently subjected to moving and changing loads like 
traffic, wind and temperature. This sorts of loads cause a variable stress in each element, 
with an influence on the fatigue durability of an entire structure. SHM systems gives the 
opportunity to create a statistic database for a long-term durability assessment [8]. 
In a cable-stayed bridge the cables are the most sensitive part. Recently [9] a vast 
laboratory fatigue tests of cables have been carried out. The work was done under constant 
force changes and known imperfections in cables, but the diagrams in Figure 3. show how 
the force in bridge cable is randomly changing. In order to provide a reliable durability 
assessment not only the value of force is crucial but mostly the force amplitudes. Applying 
the collected data for a stay cable a diagram of measured stress values was created (Fig. 6). 
In this case it is one of the shortest cable of the Rędziński Bridge (cable number LZ-W1, 

Element Minimum temperature [°C] 
(February 2015) 

Maximum temperature [°C] 
(August 2015) 

Cables -20.89 44.37 
Pylon -9.05 36.03 
Deck -12.72 33.97 
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which is the first external cable on the left deck counted from the pylon axis toward 
Prague). It is visible that the stress range is between 480 [MPa] and 550 [MPa]. After  
a rain-flow analysis of the force signal a histogram of particular amplitudes was made 
(Fig. 7). 

 
Fig. 6. Stress histogram. 

 
Fig. 7. Number of occurring amplitudes in the shortest stay cable in years 2011-2016. 

According to the Palmgren-Miner rule [10] each cycle ni (two amplitudes are a whole 
cycle) causes a small damage in the steel structure n/N. N is the amount of particular 
destructive cycles due to the Wöhler curve and n stands for the measured cycles. If D 
describes the sum of all damages caused by different cycles a simple equation can be 
formulated, namely: 

𝐷𝐷 = ∑ 𝑛𝑛𝑖𝑖
𝑁𝑁𝑖𝑖

𝑞𝑞
𝑖𝑖=1   (1) 

This equation is used in discreet calculations. The diagram in Figure 7. shows obviously 
the exact amount of calculated cycles, but a more convenient way is to create an amplitude 
probability density chart  𝑝𝑝(𝜎𝜎𝑎𝑎) based on the calculated cycles. The probability of each 
amplitude is described by the equation (2), where Nc stands for the destroying amount of 
the cycles that have appeared in the particular cable so far and n is now the function that 
describes the amount of cycles.  

 𝑃𝑃(𝜎𝜎𝑎𝑎) = 𝑛𝑛
𝑁𝑁𝑐𝑐

      or      𝑁𝑁𝑐𝑐𝑃𝑃(𝜎𝜎𝑎𝑎) = 𝑛𝑛    (2) 

In this particular case the probability density equation is described as the exponential 
one: 
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𝑑𝑑𝑑𝑑(𝜎𝜎𝑎𝑎)
𝑑𝑑(𝜎𝜎𝑎𝑎) = 𝑝𝑝(𝜎𝜎𝑎𝑎) = 1

𝜎𝜎𝑎𝑎̅̅̅̅ exp (− 𝜎𝜎𝑎𝑎
𝜎𝜎𝑎𝑎̅̅̅̅ )   (3) 

Where 𝜎𝜎𝑎𝑎̅̅ ̅ is the variable and s is the standard deviation of the counted amplitudes. 
Using a function to describe the course of amplitude values the Palmgren-Miner rule should 
be described by an integral 

𝐷𝐷 = ∫ 𝑑𝑑𝑑𝑑
𝑁𝑁  (4) 

Differentiating the equation (2) by 𝑑𝑑𝜎𝜎𝑎𝑎 a suitable formula is obtained 

𝑁𝑁𝑐𝑐𝑝𝑝(𝜎𝜎𝑎𝑎) = 𝑑𝑑𝑑𝑑
𝑑𝑑𝜎𝜎𝑎𝑎

      or      𝑁𝑁𝑐𝑐𝑝𝑝(𝜎𝜎𝑎𝑎)𝑑𝑑𝜎𝜎𝑎𝑎 = 𝑑𝑑𝑑𝑑     (5) 

 
Fig. 8. Comparison of function n with the Wöhler curve [10].  

The Wöhler curve is a function that stands for the laboratory assessment of the fatigue 
endurance for the particular kind of steel. Here Z is the amplitude value reached by Nc 
destroying cycles, after which the durability of steel is endless. While the Wöhler curve is 
described in the logarithmic system the m parameter appears in the equations. 

(𝜎𝜎𝑎𝑎
𝑍𝑍  )

𝑚𝑚
= 𝑁𝑁0

𝑁𝑁      or     1
𝑁𝑁 = (𝜎𝜎𝑎𝑎

𝑍𝑍  )
𝑚𝑚

∙ 1
𝑁𝑁0

    (6) 

The merging action of the equations (4), (5) and (6) leads to the formula to compute the 
number of destroying cycles Nc. Figure 7 shows the function n with the comparison to the 
Wöhler curve. 

𝐷𝐷 = 𝑁𝑁𝑐𝑐
𝑁𝑁0

∫ (𝜎𝜎𝑎𝑎
𝑍𝑍  )

𝑚𝑚
𝑝𝑝(𝜎𝜎𝑎𝑎)𝑑𝑑𝜎𝜎𝑎𝑎 (7) 

The last equation is a general formula to assess the durability by Nc cycles that a 
construction element can stand under current loading conditions. In order to assess the 
value some assumptions for D and the integration limits should be made. Table 2 shows the 
chosen values for different durability rules. 

A construction element can keep its durability as long as the n curve stays below the 
Wöhler curve. Table 3 shows the example calulation for the durabilty assessment of the 
cable LZ-W1. All calcuations were done after each month according to the shown 
algorithm. The table presents only the months detecting an amplitude increase. The last 
column of the table presents the durabilty assessment as a percent value of caculated cycles 
number in the first shown month (December 2011).  
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