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Abstract 

In general, the requirements of endurable light-weight structures are challenging tasks for engineers. High-strength 
steels provide a major potential by replacing commonly applied construction mild steels. However, a higher notch 
sensitivity and increased crack propagation rates may decrease the benefit of high-strength steels and their 
practicability of application. Therefore, reliable assessment methods are demanded to assess fatigue life and crack 
propagation of welded as well as un-welded structures. For this purpose, an optical measurement system consisting 
of an industrial camera, telecentric lenses, and special LED components is set-up to analyze crack initiation and 
propagation of high-strength steels compared to common construction mild steels. Furthermore, an image 
processing program is developed to investigate the crack length during testing automatically. Indirect potential drop 
measurement method with crack gauge and optical-light microscopical investigations are utilized to calibrate the 
elaborated image measurement system. Constant amplitude tests including overloads are performed for high-
strength and common construction mild steel specimens to specify the material’s service strength. Based on the 
researched data, material parameters for crack propagation analysis are evaluated for these steel grades. 
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1. Introduction 

High-strength steel application for light-weight design is a common method to reduce weight and improve fatigue 
strength of structures. However, a higher notch sensitivity and increased crack growth rates may reduce the benefit 
of high-strength steel materials. In [1–3] fatigue strength of welded and un-welded base material mild and high-
strength steel sheet specimens are investigated. Focus is laid on welded specimens with different weld toe stress 
concentration factors and the benefits of utilizing high-strength materials. Attention must be drawn on notches and 
imperfections, which lead to massive reduction on fatigue strength. In this work experimental fatigue crack growth 
testing is performed on common construction mild steel as well as on high-strength steel sheets. Proper assessment 
of both crack initiation and propagation stage is of particular interest during testing and subsequent evaluation. To 
this purpose two different crack growth measurement methods are applied and compared to determine surface crack 
initiation and propagation length. An optical measurement system consisting of an industrial high-resolution camera, 
a set of telecentric lenses and a high performance LED-illumination is calibrated for further crack propagation 
investigation. For image acquisition, the test machine is stopped between a defined number of load-cycles to obtain 
high accuracy of crack length measurement. The start-up phase and first measurements are given in detail in [4]. In 
[5,6] similar optical measurement systems are set up for flat test and round bar specimens and have been approved 
successfully. This paper additionally contributes with an indirect potential drop method to calibrate the optical 
measurement system. Constant amplitude (CA) loading as well as overload (OL) tests are executed for both material 
grades. Crack initiation and propagation are separately investigated to draw conclusion from different stages of 
fatigue life. Overload tests are performed by application of one single OL at a long-crack length of aOL = 8.5 mm. 
Delayed crack growth retardation is observed and leads to an extension of remaining service life for both types of 
materials. In [7–12] similar investigations of CA loading and variable amplitude loading were performed on 
different materials enabling a direct comparison of the presented results. 

 
Nomenclature 

aN Depth of start notch 
aOL Crack length at overload 
as Start crack length 
CA Constant amplitude 
CP Crack growth rate coefficient according to Paris 
Kmax Maximum stress intensity factor 
mP Crack growth rate exponent according to Paris 
NCA Number of load-cycles at constant amplitude loading 
NCi Number of load-cycles until crack initiation 
ND Number of delay cycles 
NDI Number of real delay cycles 
Nrout Number of run-out load-cycles 
OL Overload 
ROL Overload ratio 
rp(φ) Size of the plastic zone 
rp,OL Size of the plastic zone at overload (φ=0) 
Rσ Stress ratio 
Δa Crack extension 
ΔK Stress intensity factor range 
Δσ Stress range 
ν Poisson’s ratio 
σy Yield strength 
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2. Measurement systems 

One aim of the work is the comparison of two different crack growth measurement systems. Therefore, an optical 
and an indirect potential drop method are applied at several experimental crack propagation samples. This crack 
growth testing is performed at an electromagnetic resonance test rig. 

2.1. Optical measurement 

Optical systems are an efficient and reliable method for surface crack detection and crack length measurement. In 
this work a specialized system with an industrial camera and a telecentric lens is set-up for fatigue crack growth 
measurement. Adjustable linear bearings and tilt units are utilized to ensure an optimal as well as reproducible, 
positioning of the camera system. The adjustable optical crack length measurement system is shown in Fig. 1. A 
high resolution and object field is required wherefore a monochrome five Mega-Pixel camera is chosen [13]. A 
telecentric lens with a reproduction scale of β = 0.394, a field depth of df = 2.6 mm, and an object field of 
approximately 22x16.5 mm is applied [14]. Although flat specimens are analyzed in this work, one important 
requirement is a high field depth value to investigate crack propagation at round bar specimens. Due the curved 
surface of round bars, measurement of crack length is a challenging task and needs a high depth of field value. For 
that purpose a low opening diameter of the aperture can be recommended, which leads to a long exposure time and 
requires a strong illumination of the object field. A LED bar is chosen for a diffuse illumination of the polished 
specimen surface. For a reliable crack length measurement a dark field illumination generally works best. Therefore, 
the LED bar is mounted in tilted position close to the specimen. In case of a crack, light is reflected to the camera 
and the surface heterogeneity can be detected. Telecentric lenses have crucial advantages at measurement tasks 
compared to entocentric lenses. The reproduction scale at entocentric lenses is changing with object distance. 
Objects, which are localized closer to the lens are depicted with different size; in comparison, telecentric lenses 
exhibit a constant reproduction scale due to a parallel optical path. [15–17] 

 

 
  

Fig. 1 Adjustable optical crack length measurement system 
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2.2. Indirect potential drop method 

Indirect potential drop method is an universal applicable technique to measure crack propagation at electrically 
conductive or non-conductive materials. In comparison to the direct potential drop method only surface crack 
growth can be evaluated. A crack gauge is applied on the specimen surface and the crack length can be continuously 
measured during testing. The constant current is passed through the gauge and similar to direct potential drop, the 
resistance based voltage drop is measured. The crack gauge tears equally to the surface crack of the specimen, which 
leads to an increase of electrical resistance and electric potential. A measuring system by [18] with a precision 
voltmeter is incorporated. The measurement system is linked to the test machine to record crack length and number 
of load-cycles simultaneously. The measurement setting and test machine is illustrated in Fig. 2. 

 

3. Experimental investigations 

The investigated samples are grinded flat, single edge notch tension (SENT) specimens made of both common 
construction mild steel S355 and high-strength steel S960. The depth of the initial spark eroded start notch is 
aN = 5 mm (Fig. 3). The evaluation of crack growth rate is performed according to ASTM 647 [19] with a 
consideration of the geometry factor for stress intensity factor determination based on [20]. 

 

Fig. 2 Test machine with crack gauge measurement system 

Fig. 3 Specimen geometry with V-notch 
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Application of crack gauges needs no additional surface treatment and is therefore directly performed with an 
overlapping of the start notch. Aside, measurement of the crack length by optical system enforces a special 
treatment of the surface. Hence, the interested region is polished on the opposite side of the applied crack gauge. 
Before cyclic testing, the crack gauge needs to be pre-cut in the notch root and the measured crack length is 
considered as an offset value. 

3.1. Validation of optical crack growth measurement system 

At first, the camera system (Fig. 1) is positioned perpendicular to the surface of the specimen. The operation 
distance of the telecentric lens is 190 mm. Flat specimens of S355 and S960 are used to compare optical and crack 
gauge measurement results. 

 

For crack length monitoring utilizing the optical system, the test machine is periodically stopped to achieve 
optimal quality of the images. Fig. 4 depicts the comparison of crack gauge and optical measurement for a specimen 
made of S355 and S960 at constant amplitude loading. The results of the optical measurement are in sound 
accordance to the crack gauge measurements. The measurement methods are performed on opposite sides of the 
specimen and thus minor deviations are observed at some measurement points due a slightly asymmetric crack 
length. Fig. 5 presents two images of optical crack length measurement. Note that the start point of crack length 
measurement is the notch root. Hence, the length of notch depth has to be added to the total measured length. 

 

Fig. 4 Comparison of crack length by optical and crack gauge measurement 

Fig. 5 Optical crack length measurement for S355 and S960 specimen with crack initiation starting from V-notch 
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3.2. Constant amplitude (CA) tests 

Constant amplitude (CA) tests are performed for common construction mild steel S355 and high-strength steel 
S960. The crack initiation was performed at the same level equal to crack growth testing to investigate the cyclic 
behavior of these materials at the different propagation stages. Whereas crack initiation at the high-strength material 
took an increased time compared to the common construction steel, crack growth showed a contrary behavior. Fig. 6 
compares the results of the crack growth tests with a nominal stress range of ∆σ = 62.5 MPa at a load stress ratio 
Rσ = 0.1. The experiments are evaluated after crack initiation at as = 6 mm, which corresponds to a crack length 
from the notch tip of ∆a = 1mm. 
 

As expected, the evaluation reveals a higher crack propagation rate in case of the high-strength steel S960. 
Although crack initiation takes significantly longer for the high-strength steel specimens, the crack growth rate 
indicates increased values compared to the common construction mild steel samples. Investigations of the average 
load-cycles show an approximately 9.4 times longer crack initiation stage (crack initiation from notch up to 
Δa = 0.2 mm) for S960 compared to mild steel S355 (Tab. 1). In some cases even no crack initiation occurred up to 
a run-out level of Nrout = 5.107 load-cycles for high strength steel S960 at the load-level of ∆σ = 62.5 MPa. 

 
Load-level Δσ=62.5 MPa S355 S960 
Load-cycles until crack initiation 198,000 1,863,000 

Tab. 1 Summary of tested specimens 

Evaluated crack propagation parameters according to Paris [21] for both materials are summarized in Tab. 2. 
Whereas the parameter Cp for S960 is significantly higher, a lower slope mp is observed compared to S355 for the 
stable region of the crack growth diagram. 
 

Paris crack growth parameters S355 S960 
CP (ΔK (MPa√mm); da/dN (mm/cycle)) 1.67 10-12 4.71 10-11 

mP (-) 2.51 2.09 

Tab. 2 Evaluated crack propagation parameters 

Fig. 6 Crack growth test results for common construction mild steel and high-strength steel  
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3.3. Overload tests 

In general, crack propagation can be significantly affected by overloads (OL). Constant amplitude tests at a 
nominal stress range of ∆σ = 62.5 MPa and a tumescent load stress ratio of Rσ = 0.1 are performed, but interrupted 
by a single overload at a crack length aOL = 8.5 mm. The applied overload ratio of ROL = 2.0 (see Equ. 1) causes a 
retardation of crack growth rate and leads to a distinctive influence of remaining service life. These investigations 
are basically performed identical to the CAL-tests for high-strength steel S960 and construction mild steel S355. 
Fig. 7 shows the evaluation of two investigated S355 specimens. Crack growth rate is accelerated for a few load-
cycles after the single overload, followed by an intense retardation. Similar behavior for an austenitic CrNi-steel is 
observed in [9] and theories to explain this phenomenon are provided. 

 

𝑅𝑅𝑂𝑂𝑂𝑂 =
𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚,𝑂𝑂𝑂𝑂
𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚,𝐵𝐵𝐵𝐵

  Equ. 1 

The experimental OL-tests for S960 are executed at a higher nominal stress range of ∆σ = 122.25 MPa to achieve 
reliable crack initiation, the overload factor ROL = 2.0 is chosen in accordance to the S355 tests. Similarly to the 
experimental investigations of S355, the crack growth rate increases for some load-cycles after the introduced 
overload, followed by crack growth retardation. Fig. 8 illustrates the experimental investigations of the overload on 
crack propagation for the high-strength steel S960. 

 

Fig. 7 Crack growth retardation at two S355 specimens after one single overload 

Fig. 8 Crack growth retardation for two S960 specimens after one single overload 
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In [7,8,22] suggestions for quantification of the retardation effect are given. Based on their work, crack growth 
retardation is analyzed within these tests. Fig. 9 provides an overview of the delayed cycles after the overload 
compared to the CA-tests. The results are summarized in Tab. 3 and show an intense influence on crack growth rate 
after overloading. 

 

Although for mild steel S355 and high-strength steel S960 the effect of an overload is clearly distinctive, S355 
exhibits an enhanced retardation of the crack growth rate. This may be justified due to a greater plastic zone 
compared to high-strength steel. According to Equ. 2 [23], the mild steel S355 exhibits a 1.9 times larger plastic 
zone (rp,OL = 1.440 mm for plane stress) compared to the high-strength steel material (rp,OL = 0.754 mm for plane 
stress). 

 

𝑟𝑟𝑝𝑝(𝜑𝜑) = 1
2𝜋𝜋 ∙ (𝐾𝐾𝑚𝑚𝑚𝑚𝑚𝑚

𝜎𝜎𝑦𝑦
)

2
∙ 𝑐𝑐𝑐𝑐𝑐𝑐2 𝜑𝜑

2 ∙ {
(3 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜑𝜑

2 + 1)                   𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

(3 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠2 𝜑𝜑
2 + (1 − 2𝜈𝜈)2)   𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

   Equ. 2 

 
The comparison of remaining service life and number of delay cycles for both materials are summarized in Tab. 

3. Due to the single tensile overload a significant influence on the total lifetime is observed, especially for the 
comparably ductile mild steel S355. 
 

 S355 S960 

NCAL final 770,000 59,000 
NOL final 1,088,500 67,000 
NOL final /NCAL final 1.41 1.14 
ND 426,000 13,500 
NCA 109,000 4,500 
NDI 317,000 9,000 

Tab. 3 Summary of experimental results for S355 and S960 specimens 

Fig. 9 Comparison of CA-tests and OL-tests for S355 and S960 
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4. Discussion 

Crack growth is influenced by residual stresses introduced from manufacturing processes such as rolling, or by 
additional surface treatments like grinding or polishing, and finally the effective mean stress state is affected in 
terms of clamping induced bending stresses. Minor deviations of measured crack length are observed at 
microscopical investigations of final fracture surfaces, see Fig. 10. No correlation between deviation of crack length 
and surface treatment is observed in this study. The polished surface indicates no detectable influence on crack 
propagation. Due to flat grinding of the specimens, no fundamental distortion of the sheets occurs. Residual stress 
and distortion measurements are scheduled for further investigations to determine possible reasons of measured 
crack length deviations. 

 

Whereas crack propagation for high-strength steel S960 is significantly higher compared to common construction 
mild steel S355 (both materials tested at same stress level), crack initiation took fundamentally longer (Fig. 11) or in 
some cases even did not occur. The benefit of high-strength steel application is therefore feasible as long as the 
crack initiation phase is dominant and no fatigue crack is initiated. This behavior makes a specification of inspection 
intervals necessary due to the remaining risk of crack initiation and subsequent comparably fast propagation rate for 
high-strength steels. 

 

Fig. 10 Deviation of crack length on opposite sides of specimen 

Fig. 11 Comparison of crack initiation and crack growth 
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5. Conclusions 

The demand of high-strength steel for light-weight structures requires a sophisticated investigation of crack 
initiation and crack growth. To this purpose an optical crack length measurement system is set-up and successfully 
calibrated. Additionally, an indirect potential drop method is applied for continuously crack length measurement 
during testing. Constant amplitude as well as overload tests are performed to examine crack growth behavior for 
common construction mild steel S355 and high-strength steel S960. Crack growth parameters are properly 
determined and compared for these steel grades. The remaining service life due to one single overload is strongly 
influenced, whereat the common construction steel possesses a more pronounced retardation effect due to a 
1.9 times greater plastic zone compared to the high-strength steel. The overload leads to 1.41 and 1.14 times longer 
crack growth stage compared to CA-tests for S355 and S960 respectively. The crack growth rate is approximately 
300 times (9.10-6 to 3.10-8 mm/cycle) reduced right after the overload at common construction mild steel, whereas 
crack propagation at the high-strength steel is decreased about 50 times (1.5.10-4 to 3.10-6 mm/cycle). Although the 
high-strength steel S960 exhibits faster crack growth, crack initiation requires 9.4 times longer compared to the 
common construction steel S355 at the same load-level. Further investigations considering crack initiation and crack 
growth at constant amplitude loading as well as variable amplitude loading for mild and high-strength steel grades 
are scheduled to differentiate the effects on varying crack propagation stages. Influence of bending stresses due to 
distortion and residual stresses may affect asymmetric crack extension. Hence, distortion measurements and strain 
gauge based surface stress analysis during clamping and testing are of interest. Finally, residual stress distribution 
within the surface layer will be determined by X-ray diffraction analysis. 
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