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Evolution of surface roughness of notched steel details under 
fatigue loading 
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A B S T R A C T   

A fatigue crack initiates on the surface of the steel members, which can be attributed to the extrusions and in
trusions caused by cyclic loading. The surface roughness parameters, including the statistical surface roughness 
and maximum surface roughness parameters, can characterize the increase in extrusion and intrusion. Six 
notched specimens were loaded with cyclic loading, and the evolution of the surface roughness parameters was 
monitored during the test to explore the characteristics of the surface roughness during the fatigue loading 
procedure in the high-cycle fatigue regime and clarify the effects of the initial surface finish and load ratio on the 
surface roughness evolution. Based on the test results, it was found that the 3D average surface roughness Sa and 
3D root-mean-square surface roughness Sq were preferable for detecting the onset of fatigue cracks compared 
with the 2D average surface roughness Ra and 2D root-mean-square surface roughness Rq. The 3D maximum 
valley depth, Sv, was an effective indicator of the fatigue crack initiation location, except for compression- 
dominant fatigue loading. The evolution patterns of the 3D average surface roughness, Sa, and 3D root-mean- 
square surface roughness Sq during fatigue loading can be classified into three phases: instant response, dam
age accumulation, and crack-induced response. In addition, surface polishing is recommended for evaluation 
using 2D surface roughness parameters. However, it is not mandatory for evaluations using 3D surface roughness 
parameters. The effects of typical load ratios (0.1, −1, and 10) on the evolution pattern of the 3D statistical 
surface roughness parameters, especially in the instant response phase, were also investigated.   

1. Introduction 

Fatigue cracks are frequently observed in steel structures; they 
significantly decrease their service life and may even result in severe 
catastrophes [1]. In general, the initiation of fatigue cracks is due to the 
formation of a persistent slip band (PSB) on the surfaces of steel mem
bers subjected to a large number of repeated loads [2–3]. The occurrence 
of PSB is due to the extrusion of the surface profile, and the extrusion 
part cannot recover because of the oxidation reaction with air, resulting 
in plasticity deformation [23]. Simultaneously, intrusions occurred and 
developed with cyclic loading. Under such a mechanism, the stress 
concentration will increase on the server, and finally, a microcrack is 
initiated at one intrusion site. When tracing back to the initiation 
mechanism of the fatigue crack, that is, the occurrence and evolution of 
the PSB, the direct result is a surface profile change, which the surface 
roughness parameters can quantitatively evaluate. It is reasonable to 
correlate fatigue behavior with surface roughness. 

Several studies have been conducted to explore the practical 

applicability of fatigue crack characterization using the concept of sur
face roughness. Itoga et al. [4] performed rotary-bending fatigue tests on 
high-strength steel specimens polished under four initial surface 
roughness conditions. They concluded that surface roughness only af
fects the fatigue life if the fatigue cracks initiate on the material surface, 
whereas it has little effect on the fatigue life in cases where fatigue 
cracks initiate below the material surface. The transition stress, i.e., the 
fatigue limit below which subsurface cracks occur in the fatigue pro
cedure, is then quantitatively predicted with surface roughness param
eters based on their experimental results by taking the surface roughness 
as notches. Alang et al. [5] conducted single-cantilever rotating–bend
ing fatigue tests for three groups of carbon steel specimens with different 
initial surface roughness conditions and found that the fatigue lives of 
specimens with lower initial surface roughness conditions were higher 
than those of specimens with higher initial surface roughness conditions. 
In addition, fatigue fractures were observed to initiate and propagate in 
a transgranular manner. Saberifar et al. [6] studied the effects of non- 
metallic inclusions and surface roughness on fatigue life using the 
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experimental results of rotating–bending fatigue tests for two groups of 
30MnVS6 specimens with different inclusion sizes and initial surface 
roughness conditions. This study concluded that fatigue damage occurs 
at locations where large non-metallic inclusions exist, and both non- 
metallic inclusions and surface roughness act as stress intensifiers that 
decrease the fatigue strength of the materials. Lai et al. [7] proposed a 
unified model for predicting S-N properties such as the upper and lower 
limits, and the model considered the effect of surface roughness by 
treating the surface groove as a notch and employing fracture me
chanics. Similar to Itoga [4], fatigue cracks tend to initiate at subsurface 

non-metallic inclusions in smooth specimens, whereas fatigue crack 
initiation occurs on free surfaces in rough specimens. For traditional 
metallic materials and additive manufacturing components, surface 
roughness also plays an important role in fatigue behavior. Gockel et al. 
[8] found that the maximum pit height, a surface roughness parameter, 
affects the fatigue life of additive-manufactured alloy 718. By contrast, 
Shrestha et al. [9] drew a distinct conclusion. They performed uniaxial 
fatigue tests for laser beam powder bed fusion (LB-PBF) additive of 316 L 
stainless steel rod specimens with cylindrical shapes. In the fatigue tests, 
the specimens were classified into two categories (as-built surface con
ditions with two different fabrication orientations) and loaded using a 
strain control method. They found that surface roughness had little ef
fect on the fatigue life of LB-PBF 316 L stainless steel. This indicates that 
the relationship between the surface roughness and fatigue behavior 
differs from material to material. 

In addition to discussing the relationship between surface roughness 

Fig. 1. Geometry of two types of specimens (unit: mm).  

Table 1 
Test specimens.  

Series Surface finish Load ratio R Notch root radius/ mm Fatigue load/kN 

minimum maximum 

MR-U unpolished 0.1 20 3.72 37.2 
MR-P polished 0.1 20 3.72 37.2 
SR-U unpolished 0.1 10 3.44 34.4 
SR-P-1 polished 0.1 10 3.44 34.4 
SR-P-2 polished −1 10 −15.48 15.48 
SR-P-3 polished 10 (−5) 10 −34.4 (−25.8) −3.44 (5.16)  

Table 2 
Material properties of the steel.  

Steel grade Yield strength Tensile strength Elastic modulus 

S355 405.9 MPa 481.95 MPa 211 GPa  

Fig. 2. Selected regions for surface roughness measurement.  
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and fatigue behavior, studies have been performed to investigate surface 
roughness-based fatigue life prediction. Maiya and Busch [10] quanti
tatively studied the relationship between the fatigue crack initiation life 
and the surface roughness parameter for hourglass-shaped specimens of 
type 304 stainless steel and established a power equation for the fatigue 
crack initiation life in terms of the root mean square surface (RMS) 
roughness parameter. Xiao et al. [11] performed low-cycle fatigue tests 
of 34 dumbbell specimens that were divided into ten groups with 
different surface roughness varying from 0.1 μm to 1.7 μm. From the 
results, a power equation between the surface roughness parameter and 
fatigue life was proposed, and a qualitative interpretation of this equa
tion was provided by correlating the surface roughness parameters and 
the stress concentration factor. In contrast to the empirical methods used 
in [10,11], Wang et al. [12] and Li et al. [13] employed the Tanaka and 
Mura model, which correlates surface crack initiation to slip band 
dislocation movement, to predict the fatigue crack initiation life of 
FV520B-I stainless steel and medium-carbon steel, respectively. Surface 
roughness parameters were used to calculate the relevant parameters in 
the Tanaka and Mura models. 

Despite the interesting findings between surface roughness and fa
tigue behavior of metallic materials, it is still difficult to directly apply 
these outcomes to engineering structures. A major requirement for en
gineering structures is the detection of fatigue cracks during early stages. 
As the fatigue crack initiates from the PSB, that is, the initiation of the 
fatigue crack occurs on the surface of the specimens [17], surface 
measurements can be conducted to detect the onset of fatigue cracks. 
However, despite the many available detection methods, detecting fa
tigue cracks is often difficult because of the elusive initial size and crack 
closure phenomenon caused by compressive action. For example, the 
eddy-current method can be used to detect a minimal crack size of 
approximately 3–4 mm [14]. Since the widely adopted initial crack 
length is from 1 μm to 1 mm [15], however, it cannot detect the initial 
fatigue cracks. Therefore, monitoring surface roughness evolution is a 
potential fatigue assessment method for studying the fatigue process and 
has drawn the attention of scholars in recent decades [16]. In Ogawa and 
Hatanak’s work [18], atomic force microscopy (AFM) was used to 
measure the surface roughness evolution for a JIS S45C rod specimen 
during a tension–compression cyclic loading with load ratio R = -1, and 
the increase of surface roughness with fatigue loading cycles was 

Fig. 3. Experimental setup.  

Fig. 4. S-N plots of the fatigue test results.  

Table 3 
Definitions of surface roughness parameters.  

Description 2D 3D 

Arithmetic average of profile height 
deviations from the mean line (2D) 
or plane (3D) 

Ra =
1
L

∫ L

0 
|z(x) |dx 

Sa =

1
A

∬ A|z(x, y) |dxdy 

Quadratic average of profile height 
deviations from the mean line (2D) 
or plane (3D) 

Rq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
L

∫ L

0
z2(x)dx

√

Sq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
A

∬ Az2(x, y)dxdy
√

Maximum peak height above the mean 
line (2D) or plane (3D) 

Rp = max(z(x) ) Sp = max(z(x, y) )

Maximum valley depth below the 
mean line (2D) or plane (3D) 

Rv = min(z(x) ) Sv = min(z(x, y) )
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observed. In addition, they observed an increasing surface roughness 
rate and found that the rate was high at the early stage of fatigue loading 
and decreased later with an increase in the number of loading cycles. 

Yue [17] employed a rate-dependent crystal plasticity model to establish 
a finite element model containing 250 aluminum grains to simulate 176 
fatigue load cycles and observed that the surface roughness parameter 

Fig. 5. Contour plots of the surface profile of MR-U at different loading cycles.  

Fig. 6. Evolution of 3D parameters for MR-U.  
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increased with loading cycles. Hussein et al. [19] established 3D discrete 
dislocation dynamics models for single crystals with different sizes and 
initial dislocation densities under axial fatigue loading and confirmed 
that the surface roughness increases with loading cycles, and the 
changing rate increases with crystal size. Wang et al. [20] found that in a 

low-cycle fatigue (LCF) loading procedure, the surface roughness 
increased with the loading cycles and stress levels, and the occurrence of 
out-of-plane grain displacement was also explained. Lacerda et al. [21] 
observed the microstructural intrusions and extrusions of the surface of 
SAE 1020 steel specimens under three fatigue load levels. They proposed 
using the ratio of the inclination of the evolution curves of the peaks and 
valleys to predict fatigue failure. Tada and Uemori [22] experimentally 
studied the microscopic surface deformation of a pure titanium plate 
specimen subjected to cyclic tension loading, and the surface height 
change, that is, the elastic and plastic deformation of surface grains, was 
measured. The mechanism by which the surface grains undergo rise and 
sink deformations during the cyclic loading procedure was explained 
and attributed to the effect of the geometries and crystal orientations of 
the subsurface grains. Haghshenas and Khonsari [23] monitored the 
surface roughness evolution during fatigue loading for specimens with 
different surface finishes and found that the feasible and sensitive sur
face roughness parameter characterizes the initiation of fatigue cracks. 
In addition, a relationship between the critical surface roughness 
parameter and the stress level was proposed. Sola et al. [24] performed a 
fatigue test on a nickel plate specimen with intermittent surface topol
ogy measurements during the test. The surface topology was obtained 

Fig. 7. Evolution patterns of Sa and Sq.  

Fig. 8. Evolution of 2D parameters for MR-U.  
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using scanning white light interferometry (SWLI), and the surface 
roughness changes were evaluated using an image registration tech
nique. According to the results, they observed that the heights of the slip 
bands increased with the loading cycles, and a surface roughness 
parameter-based fatigue damage initiation prediction was proposed. In 
addition to studying the evolution of the surface roughness before fa
tigue crack initiation, attention was paid to the changes in the surface 
roughness during fatigue crack propagation. Kelton et al. [25] investi
gated the relationship between the change in the surface roughness and 
the growth of the plastic zone around the crack tip of a fatigue crack 
when it was pinned and released to propagate. In this study, a nickel 
center-notch specimen was subjected to fatigue loading, and the surface 
roughness change at the crack tip was monitored. When the fatigue 
crack was pinned, they observed a considerable surface roughness 
change within the cyclic plastic zone around the crack tip. After the 
fatigue crack was released from the pinned state, a significant surface 
roughness change occurred within the monotonic plastic zone. 

This study uses a local structural detail in steel bridges as the 
research object: a cutout, which is a notch in shape that exhibits obvious 
notch effects when subjected to actual traffic loads. Some fatigue cracks 
initiated from cutouts in existing bridges propagated to a considerable 
size when initially observed, which means that a fatigue crack detection 
method capable of early detection is preferable for engineering prac
tices. A material-level behavior investigation is necessary to achieve 
such early detection because fatigue cracks are essentially local damage 
initiated from PSBs in surface grains, which is too subtle to be captured 
by structural measurements. Material-level fatigue damage investiga
tion helps in understanding the damage mechanism. In particular, lab
oratory steel coupons can reproduce the dominant stress state for cutout 
details in steel bridges, resembling the real situation. According to the 

aforementioned relationship between fatigue and surface topology 
changes and the results obtained in [23], the surface roughness-based 
method may be a potential solution to our research objective. Howev
er, the fatigue occurring at the cutout can be classified as high-cycle 
fatigue (HCF), and the fatigue mechanism is different from that of 
LCF, which is the mainstream literature on this topic. In addition, 
structural steel used in civil engineering has different material proper
ties from the materials employed in the available literature, and the 
evolution pattern of the surface roughness during the fatigue loading 
procedure may differ from material to material, making it necessary to 
conduct high-cycle fatigue tests with surface roughness monitoring 
during the fatigue loading process. Another noteworthy question is 
whether surface treatment (e.g., polishing) is preferable before 
measuring the surface roughness of the structural details despite 
changes to the initial surface finishing state. Although it has been re
ported that surface finishing comprehensively affects the fatigue life of a 
fatigued member [26,27], the effects of surface finishing on the surface 
roughness evolution are still unclear. In addition, some fatigue-prone 
structural details experience complex stress histories (even those 
dominated by compressive stress [28]), resulting in load ratios that 
differ from those under most laboratory conditions. Although the effects 
of the load ratio on fatigue life have been studied by Xin [29], its effects 
on surface roughness evolution have not yet been investigated [20]. 
Against this background, this study aimed to investigate the effects of 
different initial surface finishing states and load ratios on the evolution 
of surface roughness during fatigue loading. A sampling region 
(observed area) should be specified when the surface roughness is 
measured. However, a clear recommendation for deciding the di
mensions of the sampling regions is not available. Therefore, this study 
also discusses the effect of the sampling region on the surface roughness 

Fig. 9. Contour plots of the surface profile of MR-P at different loading cycles.  
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measurements. The results of this pilot study can provide a reference for 
in situ fatigue crack detection, where surface roughness is employed as 
an indicator. 

2. Description of the test 

2.1. Specimen design and preparation 

To explore the applicability of surface roughness monitoring in the 
field of bridge engineering, particularly for steel bridges, two dog-bone- 
like specimens were designed based on the observed fatigue cracks in 
real bridges [30,31], as shown in Fig. 1. Similar notched details are 
widely applied in the cutouts of rib-to-floor beam connections in 
orthotropic steel bridges [32–35] and ship engineering, for example, the 
corner of the balcony opening of a cruise ship [36]. Fatigue cracks are 
prone to initiate at these notched details. Another goal of such a design is 
to compare the differences in the surface roughness evolution at 
different stress levels. For convenience, specimens with radii of 20 mm 
and 10 mm were designated as medium radius (MR) and small radius 
(SR), respectively. 

Table 1 shows a summary of the specimens used in this study. A total 

of six specimens were manufactured using the waterjet cutting method. 
Among these specimens, the main varying parameters are the initial 
surface finishing and load ratio. Four specimens were polished with 
sandpapers P120, 240, 320, 400, 600, 800, and 1200 in sequence to 
study the effect of the initial surface finish on the evolution of the surface 
roughness while the remaining two specimens remained in their pristine 
state. Three load ratios, 0.1, −1, and 10 were set to study the effect of 
load ratio on the surface roughness evolution, and they represent the 
tension–tension, tension–compression, and compression-compression, 
respectively. In particular, a load ratio of 10 was selected because the 
stress status near the critical notched detail remained almost compres
sive during the field measurement period, according to the data reported 
in [37]. Note that because SR-P-3 is always loaded with compressive 
force and this cannot enable the initiation of macro fatigue cracks, a load 
ratio of −5 (from −25.8 kN to 5.16 kN) is applied instead after 1 million 
cycles. 

The measured material properties of the steel plate are listed in 
Table 2. 

Fig. 2 illustrates the regions selected during the surface roughness 
measurement. Although the fatigue loads applied to the specimens 
caused the fatigue life to lie in the HCF regime, local yielding occurred 

Fig. 10. Evolution of 3D parameters for MR-P.  
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when the cyclic load approached its maximum value. Preliminary 
elastoplastic finite element (FE) analyses were performed using ABA
QUS to ensure that the fatigue crack could be captured. The FE model 
was statically loaded with the maximum cyclic loads listed in Table 1, 
and the material properties listed in Table 2 were employed. The C3D8R 
element was used in the FE model, and the boundary conditions were 
based on the actual conditions in the fatigue test. The mesh near the 
notch root was approximately 0.125 mm, and a mesh sensitivity analysis 
was conducted [41] to obtain convergent results. Taking the MR series 
as an example, the maximum principal plastic strain (PE, Max. Principal) 
is presented in Fig. 2(a). Then, the rectangular area in Fig. 2(b) was 
selected such that area A0 covered the local yield zone predicted by the 
FE analyses, and five typical areas and lines in Fig. 2(c) were selected to 
investigate the effects of the stress level. Notably, the 2D surface 
roughness parameters shown in Fig. 2(c) were extracted from the mea
surement results of A0. 

2.2. Fatigue test procedure 

For each specimen, the initial surface roughness was first measured. 
Then, the specimen was mounted to be loaded with cyclic loading for 
several cycles (30,000 cycles in most cases), after which the specimen 
was unmounted and sent back for measurement by the interferometer. 
These steps were repeated until a fatigue crack was formed. 

The surface roughness measurement was conducted using the 
BRUKER ContourGT InMotion White Light Interferometer, which en
ables accurate measurement of 0.1 nm in the height direction and lateral 
resolution up to 380 nm, as shown in Fig. 3(a). Compared to the 
magnification factor of 2.75× when measuring area A0, a scope with a 
slightly higher magnification factor of 5× was used when measuring 
areas A1–A5. Due to the difference in magnification factor, the lateral 
resolution for areas A1 to A5 is around 1 μm, while for A0, it is around 3 
μm. 

Fig. 3(b) shows the experimental setup of the fatigue test, in which 
the fatigue testing machine MTS 810 (loading capacity: 100 kN) was 
used. A constant amplitude sinusoidal loading was applied for each 

Fig. 11. Evolution of 2D parameters for MR-P.  
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specimen with a load ratio of R = 0.1 (also −1 and 10 for series SR). The 
loading frequency was set to 20 Hz. Once the displacement range 
increased to 1.25 times the initial displacement range, which indicated 
fatigue crack initiation in the experiment, the fatigue loading was 
terminated, and the final surface roughness was measured. 

3. Results and discussions 

3.1. Fatigue test results 

As shown in Fig. 4, the log–log plot of the nominal stress ranges and 
fatigue lives of the specimens in this study is presented in Fig. 4. For 
comparison, previous fatigue test results [41] conducted by the authors 
on the same specimens are also plotted. It can be found that for the SR 
series (both polished and unpolished) with a load ratio of 0.1, similar 
fatigue lives were obtained, and the unpolished SR specimen in this 
study also yielded similar fatigue lives to the ones in our previous test. 
But when it comes to the specimens with load ratios of −1 and 10, fa
tigue lives were greatly increased, which can be accounted for by the 
contribution of the compressive stress. For the MR series, the polished 
specimen in this test had a lower fatigue life than the unpolished spec
imen. This contradicts the common idea that polishing contributes to a 
higher fatigue life owing to the possible elimination of micro defects that 
can develop into long cracks. This may be because the polishing in this 
study did not cover the cut face of the specimen, where a fatigue crack 
might also be initiated. If a crack initiates from the cut face (or the 
cutting process introduces large initial defects to the cut face), then 
polishing may not enhance the fatigue life. However, the polished MR 
specimens had a longer fatigue life than all the unpolished MR speci
mens in our previous test. 

3.2. Surface roughness evolution results 

The surface roughness evolution is presented by the evolution of 
relevant parameters frequently used in practice, and the definitions of 
these parameters [38] are given in Table 3. The surface parameters with 
subscripts a, q, p, and v represent the arithmetic average surface 
roughness, quadratic average surface roughness, maximum peak height, 
and maximum valley depth, respectively. The height of the surface 
profile z is based on the mean line (mean plane) system, in which the 
average value of all measured data points is equal to zero. Linear fit and 
plane fit were used in this study to determine the mean line (mean 
plane). 

3.2.1. MR-U 
Fig. 5 shows the contour plots of the surface profile of the MR-U 

specimen at different loading cycles. With the loading cycles varying 
from 0 to 30,000, the contour plot does not show any significant changes 
in terms of pattern, while the increasing of peak height (from 32 μm to 
46 μm) and the decreasing of valley depth (from −35 μm to −38 μm) are 
observed. When a fatigue crack initiates on the other side of the spec
imen, the contour plot corresponding to the crack state (Fig. 5(c)) ex
hibits a large concavity that is caused by cracking and the subsequent 
decrease in the effective section, which can be seen as the most signif
icant contributing factor to the surface roughness increase of A0 (see 
Fig. 6(a)). 

Fig. 6 shows the evolution of the 3D roughness parameters for the 
MR-U specimen. The statistical surface roughness parameters Sa and Sq 
present a relatively clear evolution pattern compared with the other two 
maximum surface roughness parameters, Sp and Sv. This is because, as 
illustrated in Table 3, the definitions of Sa and Sq are in integral form, 
which can significantly weaken the effects of random factors in the 
measurement, such as dirt on the measured surface or the shifted posi
tion of the specimen between two different measurements. Similar to 
that reported in Haghshenas’s research [23], the evolutions of the sur
face roughness parameters Sa and Sq show three phases (see Fig. 7): 
Phase I, a rapid rise owing to the first application of the fatigue load; 
Phase II, a steady increase with the loading cycles, and the increasing 
rate remains approximately constant; Phase III, another rapid rise trig
gered by the fatigue crack initiation. However, in some measurement 
areas, such as A1 and A4, a short plateau was observed at the end of 
Phase II. According to Meng [39], this was presumably because a satu
ration regime was reached after several cycles. In this regime, the 
heights of the extrusions and intrusions remain unchanged. However, 
the mechanisms underlying this short plateau require further 
investigation. 

To evaluate the maximum surface roughness parameters Sp and Sv in 
this study, surface roughness measurements were conducted with the 
specimen mounted and demounted during the entire fatigue loading 
procedure, making the measured area slightly different among all the 
measurements. The zero plane and line in the surface roughness calcu
lation are based on all data points, which makes the results sensitive to 
changes in the observed area. In addition, according to Tada and Uemori 
[22], the fluctuation in the measurement results can also be accounted 
for by the reversibility of slip deformation. Therefore, a linear regression 
method was used to obtain the evolution tendencies of these two pa
rameters. The coefficient of determination R2 values for each linear fit 
equation for both Sp and Sv in the different measured regions are also 

Fig. 12. Contour plots of the surface profile of SR-U at different loading cycles.  
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presented in Fig. 6(b). At A1 and A5, where plastic deformation devel
oped, the evolution of Sv had a stronger correlation with the loading 
cycles than Sp, whereas at A2 and A4, where no plastic deformation 
developed, the evolution of Sp had a stronger correlation with the 
loading cycles. This is compatible with the conclusion drawn in [23], 
which shows that Sv is more sensitive to fatigue damage accumulation in 
the LCF regime, while Sp shows more sensitivity to fatigue damage 
accumulation in the HCF regime. 

Fig. 8 shows the evolution of the 2D roughness parameters for the 
MR-U specimen. These results show that, unlike Sa and Sq, no obvious 
damage accumulation is observed in Ra and Rq as the number of loading 
cycles increases, and the huge jump corresponding to the cracking state 
results from the emergence of a concavity triggered by the fatigue crack. 
A similar evolution in the damage-accumulation phase was also 
observed in Rp and Rv. 

3.2.2. MR-P 
Fig. 9 shows the contour plots of the surface profile of MR-P at 

different loading cycles. By comparing the surface profiles shown in 
Fig. 9(a) and (b), a concave shape was observed in the highly stressed 

region when N = 120,000. From the contour plot corresponding to the 
cracking state, it can also be observed that there is a local concavity 
around the crack tip, which can be seen as the most significant 
contributing factor to the surface roughness increase of the A0. It is 
worth mentioning that during the fatigue test, an overload was acci
dentally applied to the specimen when the number of loading cycles 
reached 150,000, and then a necking-like region emerged. 

Fig. 10 shows the evolution of the 3D roughness parameters for the 
MR-P specimen. It is clear that the accidental overload spikes the values 
of Sa and Sq at all measured areas, and the amount of change at A1 and 
A5 is around 0.05 μm, which is lower than that of the other three areas. 
If the abrupt increase caused by accidental overload is ignored, the 
evolution patterns of Sa and Sq still follow a three-phase behavior, 
although the rapid increase in Phase I is not obvious at A1. This indi
cated that a large plastic deformation had a limited effect on the evo
lution patterns of Sa and Sq. As for Sp and Sv, a linear fit was not 
performed because the overload at 150,000 cycles significantly affects 
their values, as it could not yield reasonable results. 

Fig. 11 shows the evolution of the 2D roughness parameters for the 
MR-P specimen. In contrast to MR-U, the damage accumulation of both 

Fig. 13. Evolution of 3D parameters for SR-U.  
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Ra and Rq is evident in MR-P; in particular, the evolution at L1 exhibits a 
clear, rapid increase in Phase I. Similarly, if the abrupt increase due to 
the accidental overload, which can be observed from 120,000 cycles to 
150,000 cycles in Fig. 11 is ignored, the rate of change in the damage 
accumulation phase at all locations remains almost constant. This shows 
that the large plastic deformation limits the evolution pattern of Ra and 
Rq. Similar to Sp and Sv, no linear fit was obtained for Rp and Rv. How
ever, before the overload, the evolutions of Rp and Rv at L1 show an 
increasing and decreasing tendency, respectively. 

3.2.3. SR-U 
Fig. 12 shows the contour plots of the surface profile of SR-U at 

different loading cycles. After being loaded for 180,000 cycles (from 
Fig. 12(a) and (b)), the surface within the highly stressed region, that is, 
the notch root, tended to drop. A large concave shape formed at the 
crack tip when a fatigue crack was initiated. In addition, there was an 
apparent height difference along the fatigue-crack propagation path. 

Fig. 13 shows the evolution of the 3D roughness parameters for SR-U. 
A rapid increase was observed in the first loading interval (0–30,000 

cycles) in all areas except A3. Several unexpected drops at N = 90,000, 
120,000, and 180,000 were observed in the damage accumulation 
phase, which can be attributed to alignment errors among the different 
loading intervals. If these drops are ignored, the evolutions of Sa and Sq 
at A1, A2, A4, and A5 demonstrate three-phase behavior. In particular, a 
short plateau was observed at A1 and A4 from 240,000 to 300,000 cy
cles. By comparing the evolutions of Sp and Sv at A1 to A5, it was found 
that Sv had a stronger correlation with the loading cycles at all locations 
except A3, where the stress level was the minimum. 

Fig. 14 shows the evolution of the 2D roughness parameters for SR-U. 
Similar to MR-U, no obvious damage accumulation was observed in Ra 
and Rp as the number of loading cycles increased, and the large jump 
corresponding to the cracking state resulted from the concavity trig
gered by the fatigue crack. When approaching the crack initiation 
location, that is, from L1 to L5, the correlation between Rv and the 
loading cycles increases, whereas for Rp, the opposite tendency is 
observed. This indicates that Rv is more sensitive to the fatigue loading 
cycles near where the fatigue crack is about to be initiated. 

Fig. 14. Evolution of 2D parameters for SR-U.  
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Fig. 15. Contour plots of the surface profile of SR-P-1 at different loading cycles.  

Fig. 16. Evolution of 3D parameters for SR-P-1.  
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3.2.4. SR-P-1 
Fig. 15 shows the contour plots of the surface profile of SR-P-1 at 

different loading cycles. With the loading cycles applied up to 240,000 
cycles, no obvious surface profile, height, or peak value changes were 
observed. When the fatigue crack was initiated (Fig. 15(c)), a concave 
shape and a height difference along the propagation path were observed. 

Fig. 16 shows the evolution of the 3D roughness parameters for 
specimen SR-P-1. From the evolution results of A1, which is very close to 
the crack initiation location, it can be seen that both Sa and Sq abruptly 
increase when loaded for 380,000 cycles, just 8,000 cycles earlier than 
the final cycle, indicating that Sa and Sq detect the onset of the fatigue 
crack in advance compared with manual observation. In this specimen, 
the evolutions of Sa and Sq at A1, A2, and A3 showed a three-phase 
behavior and reacted sensitively to crack initiation, although the dam
age accumulation phase was almost horizontal. As A4 and A5 were far 
from the initiation location, the changes in Sa and Sq in the final loading 
interval were not distinguishable. For the maximum surface roughness 
parameters, Sv exhibited a stronger correlation with the loading cycles 
than Sp at A1, A2, and A3. 

Fig. 17 shows the evolution of the 2D roughness parameters for 

specimen SR-P-1. A three-phase behavior of the evolution of Ra and Rq 
was shown at L1, whereas no apparent damage accumulation was found 
for the other locations. This is reasonable because the surface near the 
crack initiation location has larger extrusions and intrusions that initiate 
fatigue cracks, resulting in a sensitive increase in the surface roughness 
parameters. A similar phenomenon was observed in the maximum sur
face roughness parameters; only at A1 did the Rv have a relatively strong 
correlation with the loading cycles. This can also be attributed to 
intrusion being the main contributor to fatigue crack initiation [40]. 

3.2.5. SR-P-2 
Fig. 18 shows the contour plots of the surface profile of SR-P-2 at 

different loading cycles. In contrast to the cases in which the load ratio 
was 0.1, the concavity formed at the crack tip in this specimen had a 
smaller area and depth. Also, the valley depth decreases from −104 μm 
to −89 μm after applying 560,000 loading cycles, which shows a 
different tendency compared to SR-P-1. 

Fig. 19 shows the evolution of the 3D roughness parameters of SR-P- 
2. It can be observed that the evolutions of Sa and Sq at A1, A2, and A3 
exhibit irregular fluctuation within a range of ±0.005 μm, and no 

Fig. 17. Evolution of 2D parameters for SR-P-1.  
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Fig. 18. Contour plots of the surface profile of SR-P-2 at different loading cycles.  

Fig. 19. Evolution of 3D parameters for SR-P-2.  
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sensitive response of the fatigue crack is found in these areas. However, 
the evolutions of Sa and Sq at A4 and A5 present a familiar three-phase 
behavior, and the amount of change in value is two times or more, which 
indicates that Sa and Sq react sensitively to fatigue loading at locations 
where fatigue cracks are about to be initiated. In the case of Sp and Sv, Sv 
still had a higher correlation with loading cycles than the others at A5. 

Fig. 20 shows the evolution of the 2D roughness parameters for 
specimen SR-P-2. On the lines far from the crack initiation location, the 
evolution of Ra and Rq remained approximately constant during the 
entire loading procedure. On L4, though the instant response and 
damage accumulation phases were not obvious, abrupt increases caused 
by crack initiation were observed. A rapid increase in Ra and Rq in the 
first loading interval can be observed at L5, which roughly shows three- 
phase behavior. Neither Rp nor Rv can build a strong correlation with the 
loading cycles, even on the lines near the crack initiation location. 

3.2.6. SR-P-3 
Fig. 21 shows the contour plots of the surface profile of SR-P-3 at 

different loading cycles. Because the fatigue loading in this specimen 
was compression-dominant, the fatigue crack was difficult to observe, 
and neither the concavity around the crack tip nor the height difference 
along the crack propagation path was observed, as shown in Fig. 21(c). 

Fig. 22 shows the evolution of the 3D roughness parameters for 
specimen SR-P-3. It is clear from Fig. 22(a) that only at A4 and A5, Sa 
and Sq exhibit an abrupt increase due to fatigue crack initiation, whereas 
in the remaining three areas, no such response is observed. However, it 
can also be seen that in all areas, there is a rough tendency to drop 
during the early stage of fatigue loading, which might be due to exces
sive compressive stress. After decreasing, a roughly horizontal curve 
with minor fluctuations was observed. Fig. 22(b) shows that Sp and Sv 
are almost independent of the loading cycles, meaning neither Sp nor Sv 
can indicate the crack initiation location in a compression-dominant 
fatigue loading procedure. 

Fig. 23 shows the evolution of the 2D roughness parameters of SR-P- 
3. Similar to the evolution of Sa and Sq at A5, a decrease – flat – abrupt 
increase in the evolution patterns of Ra and Rq reappears at L4 and L5. 

Fig. 20. Evolution of 2D parameters for SR-P-2.  
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Fig. 21. Contour plots of the surface profile of SR-P-3 at different loading cycles.  

Fig. 22. Evolution of 3D parameters for SR-P-3.  
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This indicates that the statistical surface roughness parameters may 
decrease with the application of excessive compressive stress during the 
early stages of fatigue loading. As for Rp and Rv, which are shown in 
Fig. 23(b), neither shows any tendencies of strong correlation with 
loading cycles, which is the same as Sp and Sv in this specimen. 

3.3. Discussion on the results 

Based on the aforementioned results, the characteristics of the sur
face roughness evolution were affected by the initial surface finish and 
load ratio. In addition, the effects of the sampling region on surface 
roughness parameters were investigated. 

3.3.1. Effect of the initial surface finish 
From the measurement results of MR-U and MR-P (or SR-U and SR-P- 

1), it can be observed that regarding the evolution of the surface pa
rameters Sa and Sq for the polished specimens, the rate of change in the 
damage accumulation phase is lower than that of the corresponding 
unpolished specimens, which indicates that polishing decreases the rate 
of change in the damage accumulation phase. This might be due to 

eliminating the deep valleys or high peaks, contributing to 3D statistical 
surface roughness parameter increases. However, for Ra and Rq, after 
polishing, it was easier to observe the damage accumulation phase 
owing to the optimization effect of the polishing process [26]. Therefore, 
to make the damage accumulation phase more obvious, it is recom
mended to have the surface polished for evaluation using 2D surface 
roughness parameters. For evaluation using 3D surface roughness pa
rameters, surface polishing is not mandatory. 

3.3.2. Effect of the load ratio 
From the SR-P-1, SR-P-2, and SR-P-3 measurement results, it can be 

observed that, with the load ratio varying from 0.1 to −1, then to 10 (i. 
e., from tension-tension loading to tension–compression loading, then to 
compression-compression loading), the evolutions of the maximum 
surface roughness parameters have a weaker correlation with the 
loading cycles. In addition, the evolution pattern of the 3D statistical 
surface roughness parameters depended on the load ratio. When the load 
ratio was 0.1, the evolution patterns of Sa and Sq exhibited a clear three- 
phase behavior. When the load ratio is −1, the instant response and 
damage accumulation phases cannot be clearly observed (except for the 

Fig. 23. Evolution of 2D parameters for SR-P-3.  
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Fig. 24. Comparison of 3D parameters of SR-U using different sampling areas.  

Fig. 25. Comparison of 3D parameters of SR-P-1 using different sampling areas.  
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region near the fatigue crack initiation location). When the load ratio 
was 10, there was a decreasing trend in the instant response phase, 
which showed the opposite behavior compared to the case with a load 
ratio of 0.1. In addition, Sa and Sq showed no obvious increase with the 
load cycles in the damage accumulation phase. However, the load ratio 
does not affect the third phase in each case, which indicates that Sa and 

Sq can capture the fatigue crack initiation regardless of the change in the 
load ratio, proving that they are better candidates for fatigue crack 
detection using surface roughness parameters. 

3.3.3. Effect of the sampling region 
A sampling region should be specified in surface roughness 

Fig. 26. Comparison of 2D parameters of SR-U using different sampling lengths.  

Fig. 27. Comparison of 2D parameters of SR-P-1 using different sampling lengths.  

R. Hao and W. Lin                                                                                                                                                                                                                             



Structures 58 (2023) 105441

20

measurements; however, its effects on the surface roughness parameters 
are still not clear, and the choice of sampling region does not have a 
widely adopted standard or recommendation. It was reported in [23] 
that the size of the sampling region has no appreciable effect on the 
measurement if the critical region, where the maximum stress is located, 
and fatigue cracks are highly anticipated to initiate, is included. How
ever, in this study, if different regions were used, the surface roughness 
parameters changed accordingly, as shown in Fig. 6(a) and Fig. 10(a). 
The measurement results obtained from different sampling regions were 
compared using parametric studies to study the effects of the sampling 
region on the surface roughness parameters, as shown in Fig. 24, Fig. 25, 
Fig. 26 and Fig. 27. SR-U and SR-P-1 were selected for simplification. 

First, parametric analyses of 3D parameters were performed, and the 
five different sampling areas were 0.5 × 0.5 mm2, 0.7 × 0.7 mm2, 1 × 1 
mm2, 1.5 × 1.5 mm2, 2 × 2 mm2. Comparisons of the surface roughness 
evolutions derived from these areas were made for SR-U, as shown in 
Fig. 24. With an increase in the sampling area, the statistical surface 
roughness parameters Sa and Sq decreased at A3, remained stable at A4, 
increased before the sampling area reached 1 mm2 and stabilized at A5. 
While for maximum surface roughness parameters Sp and Sv, their ab
solute values increased with the sampling area. The comparison shows 
that the Sa and Sq become stable after the sampling area reaches 1 mm2 

and the variation range is within ±5%. 
The same parametric study was conducted for SR-P-1, as shown in 

Fig. 25. At A1, there was a speck of dust with a diameter of around 10 μm 
attached to the surface during the measurement, and it was covered by 
the region of 2 × 2 mm2 but not the 1.5 × 1.5 mm2. As it was larger than 
the peak height of the surface, the derived surface roughness signifi
cantly increased. Thus, the 2 × 2 mm2 results were removed from the 
comparison shown in Fig. 25(c). With an increase in the sampling area, 
the statistical surface roughness parameters Sa and Sq fluctuated slightly 
at A3 and remained stable at A2 but increased at A1. While for maximum 
surface roughness parameters Sp and Sv, their absolute values increased 
with the sampling area. The comparison shows that the Sa and Sq 
become stable after the sampling area reaches 2.25 mm2 and the vari
ation range is within ±5%. 

Secondly, the parametric analyses on 2D parameters are conducted 
for SR-U, and four different sampling lengths, which are 0.75 L = 6.45 
mm, 0.55 L = 4.73 mm, 0.35 L = 3.01 mm, 0.15 L = 1.29 mm, are 
selected. A comparison of the surface roughness evolution derived from 
these regions is shown in Fig. 26. It can be observed that with an increase 
in the sampling length, the statistical surface roughness parameters Ra 
and Rq increase and tend to be stable after 4.73 mm. The maximum 
surface roughness parameters Rp and Rv also show an increasing trend 
with increasing sampling length, but no consistent convergent limit can 
be found from L3 to L1. 

The same parametric study was conducted for SR-P-1, as shown in 
Fig. 27. With an increase in the sampling length, all the surface rough
ness parameters increased monotonically, and the rate of increase was 
approximately linear. The monotonic increase in the statistical surface 
roughness parameters Ra and Rp was more evident at L1 and L2 than at 
L3, which can be accounted for by the irreversible surface roughness 
change caused by the plastic deformation developed around the notch 
root (see Fig. 2(a)). According to [22], the change in the surface height 
due to plastic deformation is significantly greater than that due to elastic 
deformation, and the height change is not uniform owing to the aniso
tropic characteristics of the surface grains. This indicates that a longer 
sampling length results in a more diverse change in the surface rough
ness, resulting in a higher surface roughness value. As for Rv, the vertical 
deformation (normal direction of the surface) at L1 was larger than that 
at L2 and L3 and presented a sagging distribution along the sampling 
length. Because the calculation of Rv is based on the average value of all 
data points, the shorter the sampling length, the lower the absolute 
value of Rv. 

In conclusion, all the maximum surface roughness parameters (both 
2D and 3D) increased with the sampling region, regardless of the level of 

stress and the initial surface finish. In the case of the statistical surface 
roughness parameters, Sa and Sq tended to be stable after the sampling 
area reached a certain value (2.25 mm2 in this study), but Ra and Rq only 
exhibited a tendency to be stable when the surface was unpolished and 
the sampling length reaches 4.73 mm. 

4. Conclusions 

An experimental study on the surface roughness evolution of steel 
specimens subjected to fatigue loading is presented herein. The effects of 
surface polishing and load ratio on surface roughness evolution were 
quantitatively studied. In addition, the sensitivity of surface roughness 
measurements to the sampling region was explored by conducting 
parametric studies. Based on the results of this study, the following 
conclusions were made:  

(1) Compared with the 2D surface roughness parameters Ra and Rq, 
Sa and Sq are preferable for detecting the onset of fatigue cracks, 
and their evolution patterns during fatigue loading can be clas
sified into three phases: instant response, damage accumulation, 
and crack-induced response.  

(2) Sv effectively indicates the fatigue crack initiation location, 
except in compression-dominant fatigue loading cases. It has a 
stronger correlation with the loading cycles when the measured 
region is close to the initiation location of the fatigue crack.  

(3) Surface polishing makes the damage accumulation of Ra and Rq 
more obvious while having a limited influence on Sa and Sq. 
Therefore, it is recommended to polish the surface for evaluation 
with 2D statistical surface roughness parameters, and for evalu
ation with 3D statistical surface roughness parameters, surface 
polishing is not mandatory.  

(4) The load ratio affects the evolution pattern of the 3D statistical 
surface roughness parameters. When the load ratio was 0.1, the 
evolution pattern exhibited a clear three-phase behavior. When 
the load ratio is −1, the instant response and damage accumu
lation phases cannot be clearly observed except for the region 
near the fatigue crack initiation location. When the load ratio was 
10, the instant response phase tended to decrease.  

(5) All 2D surface roughness parameters and 3D maximum surface 
roughness parameters increased with the sampling region, 
regardless of the level of stress and initial surface finish, and no 
tendency of convergence was observed. Sa and Sq increased with 
the sampling area and tended to be stable after the sampling area 
reaches a certain value (2.25 mm2 in this study). 
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