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Outline 

- operation stress ratio R of railway axles 

- v-K curves measured on different stress ratios  

- induced crack closures in threshold area of EA4T steel 

- conclusion 
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Critical position of fatigue crack 

stress intensity  

a numerical model of axle with crack  
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Stress intensity factor at the critical position 

for given crack length a: 

the stress intensity factor caused by bending moment is not constant. 

𝑲𝑰,𝒕𝒐𝒕𝒂𝒍 = 𝑲𝑰,𝒃𝒆𝒏𝒅𝒊𝒏𝒈 + 𝑲𝑰,𝒑𝒓𝒆𝒔𝒔 𝒇𝒊𝒕 
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Load spectrum 

𝑲𝑰,𝒕𝒐𝒕𝒂𝒍 = 𝒌. 𝑲𝑰,𝒃𝒆𝒏𝒅𝒊𝒏𝒈 + 𝑲𝑰,𝒑𝒓𝒆𝒔𝒔 𝒇𝒊𝒕 
load for general cycle: 

Source: BONATRANS GROUP a.s. 
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Stress ratio R 

𝑅(𝑎, 𝑘) =
𝐾𝐼,𝑚𝑖𝑛

𝐾𝐼,𝑚𝑎𝑥
=

𝐾𝐼,𝑝𝑟𝑒𝑠𝑠 𝑓𝑖𝑡(a) − k.𝐾𝐼,𝑏𝑒𝑛𝑑𝑖𝑛𝑔(𝑎)

𝐾𝐼,𝑝𝑟𝑒𝑠𝑠 𝑓𝑖𝑡(a) + k.𝐾𝐼,𝑏𝑒𝑛𝑑𝑖𝑛𝑔(𝑎)
 

- showed railway axle R from -1 to 0.2. 

- some railway axles with large negative residual stresses →R<-1 

- stress ratio with high R (e.g. R=0.8 → closure free stress ratio) 
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da/dN-ΔK curve - EA4T steel 
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Comparison of thresholds of EA4T steel 

K
expression 

maxK

expression 
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NASGRO 

U 

f Kth 

KUKef 

SOURCE: NASGRO, Fracture Mechanics and Fatigue Crack Growth Analysis Software, Reference manual, 2002. 
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v-ΔKef curve - EA4T steel 

KUKef 
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v-ΔKef curve - EA4T steel 

KUKef 
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v-ΔKef curve - EA4T steel 

KUKef 

U 

efKdNda /

Bifurcation of 

 

 

curves in  

threshold area? 
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Experimental determination of closure function U 

KUKef 

minmax

max
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Experimental determination of closure function U 

14 
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Experimental determination of closure function U 

KUK NASGROef 

function U determined by:  
 

a) NASGRO 

 

 

b) experimental measurement 

KUK tmeasuremenef 

R

f
U NASGRO






1

1

function f does not 

represent crack closure in 

threshold area of EA4T! 
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Mechanisms of crack closure 

Source: Suresh, Fatigue of Materials 
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Roughness induced crack closure 
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 The plastic zone is several times larger than the microstructural parameter 

-> low fracture surface roughness 
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Roughness induced crack closure (RICC) 
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Induced crack closure (ICC) 

efK

dnda /

Bifurcation of 

curves in  

threshold area? 

Plasticity ICC  

considered by NASGRO 

Roughness ICC  

low effect 

Oxide ICC  

significant effect ??? 
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chamber used for  

reduction of humidity 

Oxide induced crack closure (OICC) 

1) standard laboratory conditions: 
 

-   room temperature (circa 25°C) 

- relative humidity: 30-40% 

 

2) conditions with chamber: 
 

-   room temperature (circa 25°C) 

- relative humidity: 11% (specimen 1) 

- relative humidity: 18% (specimen 2) 
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Effect of reduced humidity (stress ratio R = -1) 

Table: residual fatigue lifetime 

of railway axle in load blocks: 

Kmax,th 

[MPam0,5] 

Initial crack length 

1 mm 2 mm 

4.4 51 40 

5.0 70 43 

6.9 3904 104 

OICC significant effect!!!  
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No influence of chamber 

chamber used for  

reduction of 

humidity 
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Effective stress intensity factor 

R = 0.8 → closure free stress ratio 

R = -1  

with considering of: 

- plasticity induced crack 

closure (NASGRO) 

- reduction of oxide induced 

crack closure by reduction 

of relative humidity to 11% 

slight difference in thresholds 

could be explained: 

- oxide induced crack closure 

is not fully reduced  

- roughness induced crack is 
small, but still present.   
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Estimation of distribution of ICC in dry air RH 11% 

5.0
max, 4.4 MPamK th 

5.0
, 4.3 MPamK NASGROef 

5.0
,max,, 0.14.34.4 MPamKKK NASGROefthPICCOP 

5.09.2 MPamKef 

5.0
, 0 MPamK OICCOP 

efNASGROefRICCOPOICCOP KKKK  ,,,

5.0
,,, 5.009.24.3 MPamKKKK OICCOPefNASGROefRICCOP 

type of induced crack closure value amount of closure 

Plasticity  KOP,PICC 1.0 MPam0.5 67% 

Roughness KOP,RICC 0.5 MPam0.5 33% 

Oxide KOP,OICC 0.0 MPam0.5 0% 

estimated results of induced crack closure 

OICCOPRICCOPPICCOPOP KKKK ,,, 
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Estimation of distribution of ICC in lab air RH 30-40% 

5.0
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efthOP

OPthef

KKK

KKK





max,

max,

5.0
, 3.5 MPamK NASGROef 

5.0
,max,, 6.13.59.6 MPamKKK NASGROefthPICCOP 
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5.0
,,, 9.15.09.23.5 MPamKKKK RICCOPefNASGROefOICCOP 

type of induced crack closure value amount of closure 

Plasticity  KOP,PICC 1.6 MPam0.5 40% 

Roughness KOP,RICC 0.5 MPam0.5 12% 

Oxide KOP,OICC 1.9 MPam0.5 48% 

estimated results of induced crack closure 

OICCOPRICCOPPICCOPOP KKKK ,,, 
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Conclusion 

- The work was focused on fatigue crack growth in railway axle steel 

EA4T. 
 

- Railway axles are subjected to variable stress ratio during operation 

loading. 
 

- The threshold value is important parameter for determination of residual 

fatigue lifetime of railway axle. 
 

- The threshold value is significantly influenced by crack closure 

mechanisms. 
 

- NASGRO describes only plasticity induced crack closure. 
 

- In threshold area of EA4T there are another sources of crack closure 

(oxide + roughness). The oxide induced crack closure is the most 

dominant crack closure in threshold area (for air with common 

humidity)!!! 
 

- Effect of low humidity (railway axles operate in different conditions)  

should be considered in calculations of residual fatigue lifetime of railway 

axles (trains operate in various conditions). 
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More information can be found in our published paper: 

P. Pokorný, T. Vojtek, L. Náhlík, P. Hutař 

Crack closure in near-threshold fatigue crack propagation in railway 

axle steel EA4T 

Engineering Fracture Mechanics, Available online 21 February 2017, 

ISSN 0013-7944, https://doi.org/10.1016/j.engfracmech.2017.02.013. 

http://www.sciencedirect.com/science/article/pii/S0013794416307196  

http://www.sciencedirect.com/science/article/pii/S0013794416307196
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