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Abstract-A method for detecting the application of an unexpected dangerous load was investigated. An acceleration behavior of crack 
growth due to the application of overload and or underload during fatigue crack growth test with constant stress amplitude was 
observed. In some cases, the acceleration of crack growth brings catastrophic failure in machine structure. Therefore, it is useful for 
machine maintenance to know whether an unexpected load was applied or not by doing a daily inspection. In the present study by 
using center-crack specimen, a simple method of detecting the application of overload or underload was investigated. Such an 
unexpected load can be detected by the waveform of the function of stress and strain in the vicinity of the crack. 
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I. INTRODUCTION 

The fatigue crack growth rate would vary from an expected situation when stress amplitude fluctuates. It is well known that 
the crack growth decelerates or accelerates when an overload or an underload is applied during the crack growth test with 
constant stress amplitude [1-8]. The focus of the present study is the acceleration behavior of fatigue crack growth. If the crack 
growth rate becomes higher, a machine structure or equipment will be in a dangerous situation. 

The crack growth rate after overloading and underloading is related to the formation of residual stress in front of the crack 
tips. The crack opening stress is affected by the residual stress conditions. It is well known that the crack growth rate can be 
summarized with effective stress intensity range Keff [1-8]. The crack growth can be evaluated by the Keff to know whether 
the crack growth rate accelerates or decelerates after applying overload or underload. Therefore, to understand the crack 
growth behavior, the crack opening and closing behavior should be evaluated. 

The acceleration of crack growth is dangerous because there is the possibility of catastrophic failure in machine structure 
due to unstable crack growth. If cracks grow stably, the crack length after definite loading cycling can be predicted under the 
application of a crack growth law. In that case, the applied load can be evaluated or measured. When an unexpected load is 
applied during machine operation, it is important to know whether a dangerous overload or underload is applied or not. In the 
present study, the main objective is to detect the application of an unexpected load which leads to the acceleration of the crack 
growth. The crack initiation from a notch can be detected by using a strain gage during the operation [9, 10]. That method was 
applied to detect the application of the overload during fatigue test with constant stress amplitude in the previous study [11]. 
This work was improved in the present study, and was understood that crack opening and closing behavior is strongly related 
to the acceleration of crack growth. In this paper, it shows the effectiveness for detecting a dangerous load by evaluating the 
relationship in the variation between local strain and applied stress. 

II. MATERIAL AND CRACK GROWTH TESTING PROCEDURE 

The material used for the experiment was 0.15% carbon steel. This is called JIS-S15C in Japan (JIS = Japanese Industrial 
Standards). The chemical compositions and mechanical properties of the material are shown in Table 1. A center-cracked type 
of specimen was employed in this experiment. Fig. 1 shows the specimen geometry and the positions where strain gages were 
pasted on. Dimensions of the specimens are 20 mm in length and 4 mm in width. A notch of 3 mm in length was cut in the 
center section of the flat part of specimen by electric discharge machine. Then the specimens were polished by emery paper 
and metal polisher. Before the main experiment, about 1 mm of crack was introduced from both sides of the notch root by a 
pull-push hydraulic fatigue testing machine. The initial crack length of the present specimen is about 4 mm which includes 
notch length of 3mm. 

After annealing at 600˚C for 1 hr in a vacuum furnace, strain gages were pasted on the specimen surface as shown in Fig. 1 
to detect an unexpected load application. The fatigue crack growth tests were carried out using a hydraulic testing machine 
with a constant loading frequency of 10Hz with negative stress ratio R= -1 in laboratory room conditions. Fig. 2 shows the 
overview of the equipment used for testing. Overload or underload was applied when the crack length reached about 6 mm. 
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Such behavior of cracks can be applied to the detection of the application of a dangerous load. So, the crack opening and 
closing was measured by using the loop and waveform of the stress  and strain function H shown in Eq. (1). Figs. 6 and 7 
show the loop and waveform of  and H in the cases of overload and underload application. Figs. 8 and 9 show those in the 
case of a single underload application. The loop and waveform shapes were compared before and after the unexpected load 
was applied. Their change is strongly related to the crack opening and closing behavior. 

 
Fig. 4 Crack length a vs. Number of cycles N                                                     Fig. 5 da/dN vs. Kmax 

Fig. 6 shows the case of σuo= -113MPa and 113MPa. Now, the data was taken at N = 313760 and a= 3.10mm before 
applying an unexpected load, and at N = 322000 and a= 3.15mm after that. In the other cases, the data were detained in almost 
the same situation as the case of Fig. 6. As shown in Figs. 4 and 5, the crack growth was not accelerated after applying 
unexpected load. Also, the crack opening and closing stress were measured as shown in Fig. 3. It is understood from the loop 
of - H (Figs. 6 (a1) and (b1)) that the crack opening and closing stresses keep the value close to 0 MPa before and after the 
overload. When the crack opening and closing stresses hardly varied before and after applying an unexpected load, the crack 
growth did not accelerate after applying that. Whether a dangerous unexpected load was applied or not was examined by using 
the waveform shape of the strain function H after spending some time on the application of unexpected load. It is found that 
the crack opening and closing stresses were determined by the time where the waveform of strain function H showed the 
changing. The dotted lines show the times of crack opening and closing. In the case of Fig. 6, that waveform hardly changed 
and the local maximum point and the turning point of the waveform of H were crack opening and closing points. 

 

(a1)                                                                         (a2)                                                                          (a3) 

 

(b1)                                                                                      (b2)                                                                           (b3) 

Fig. 6 In the case of σou = -113MPa and 113MPa; (a) Before the application (N = 313760, a= 3.10mm), (a1) σ-H loop, (a2) Waveforms of σ/σmax, and H1, (a3) 
Waveforms of σ/σmax, and H2; (b) After the application (N = 322000, a= 3.15mm), (b1) σ-H loop, (b2) Waveforms of σ/σmax, and H1, (b3) Waveforms of σ/σmax, 

and H2 
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(a1)                                                                                      (a2)                                                                              (a3) 

 

(b1)                                                                                   (b2)                                                                                 (b3) 

Fig. 7 In the case of σou = -185MPa and 185MPa; (a) Before the application (N = 269005, a= 3.10mm), (a1) σ-H loop, (a2) Waveforms of σ/σmax, and H1, (a3) 
Waveforms of σ/σmax, and H2; (b) After the application (N = 272609, a= 3.20mm), (b1) σ-H loop, (b2) Waveforms of σ/σmax, and H1, (b3) Waveforms of σ/σmax, 

and H2 

 

(a1)                                                                                   (a2)                                                                                     (a3) 

 

(b1)                                                                                      (b2)                                                                             (b3) 

Fig. 8 In the case of σul = -113MPa; (a) Before the application (N = 20000, a= 3.10mm), (a1) σ-H loop, (a2) Waveforms of σ/σmax, and H1, (a3) Waveforms of 
σ/σmax, and H2; (b) After the application (N = 28506, a= 3.13mm (b1) σ-H loop, (b2) Waveforms of σ/σmax, and H1, (b3) Waveforms of σ/σmax, and H2 
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(a1)                                                                                     (a2)                                                                               (a3) 

 

(b1)                                                                                (b2)                                                                                (b3) 

Fig. 9 In the case of σul = -185MPa; (a) Before the application (N = 240110, a=3.10mm), (a1) σ-H loop, (a2) Waveforms of σ/σmax, and H1, (a3) Waveforms of 
σ/σmax, and H2; (b) After the application (N = 241108, a=3.13mm), (b1) σ-H loop, (b2) Waveforms of σ/σmax, and H1, (b3) Waveforms of σ/σmax, and H2 

Fig. 7 shows the case of σuo= -185MPa and 185MPa. Since the crack growth accelerated after applying an unexpected load, 
the detection of changes in the loop and waveform is very important to detect the crack growth acceleration. It is found that the 
loop and waveform of  and H after applying an unexpected load were changed from those before applying an unexpected 
load. Before applying an unexpected load, the loop and waveform were almost the same as the case of Fig. 6 (a). However, in 
the case of Fig. 7, the crack opening and closing stress moved to the negative stress level. Also, it is expected that the crack tip 
was fully opened just after applying unexpected load. In the case of Fig. 6 (b), the shapes of the waveform H are different from 
a sine waveform. However, in the case of Fig. 7 (b), the turning points in the waveform H are not clear, and the waveform of 
this is closer to a sine waveform than the case of Fig. 6 (b). Therefore, the application of a dangerous unexpected load by 
inspection of the waveform could be detected. 

Human health can be checked by the electrocardiogram. The waveform of strain function could be detected, like the 
electrocardiogram, continuously; then whether the dangerous load was applied or not can be detected. Therefore, it is better to 
continuously check the strain waveform for the purpose of inspecting machine health. 

Similar results were obtained in the cases of Figs. 8 and Fig. 9. A single underload was applied in those cases. It is known 
that the acceleration of crack growth tends to happen in the case of applying an underload rather than in the case of applying an 
overload [10]. The purpose of the present study is to investigate a simple method of detecting the application of a dangerous 
load. In the present stage of the study, it is found that the application of a higher level of overload and underload bring an 
acceleration of crack growth, and those loads can be detected by the waveform of a strain function. In the future, the detailed 
condition of acceleration of fatigue crack growth will be investigated. 

C. Observation in the Vicinity of Crack Tip 

The acceleration and deceleration of crack growth are related to the residual stress conditions in front of the crack tips. The 
residual stress conditions are related to the applied stress amplitude, stress ratio, and unexpected load levels. Also, crack tip 
deformation is related to the residual stress conditions [7, 8]. 

Fig. 10 shows the observation results of the crack tip. In the case of acceleration of the crack growth (σou = -185MPa and 
185MPa), from the comparison of the situation of the crack tip before (Fig. 10 (b1)) and after (Figs. 10 (b2) and (b3)) applying 
an unexpected load, it is observed that the crack tip was once blunted and sharpened again. As discussed by Makabe et al. [8], 
when the opened crack was closed again, residual tensile stress was created in front of the crack tip. Now, the arrow shows the 
position of crack tip in Fig. 10. In the case where the crack tip was not blunted much after applying an unexpected load as 
shown in Fig. 10 (a), compressive residual stress was created in front of the crack tip. One of the mechanisms of crack growth 
acceleration and deceleration after applying an unexpected load is shown in the present paper. In future, the residual stress and 
strain distributions in the vicinity of the crack will be calculated, then a more effective method of detecting dangerous loads 
will be discussed. 
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