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INTRODUCTION

The mechanical performance and structural 
reliability of metallic components subjected to 
service loads have long been critical concerns in 
the engineering domain, particularly in the appli-
cations involving civil infrastructure, transporta-
tion systems, and heavy machinery [1]. Among 
the commonly used structural steels, S235R has 
established itself as a material of choice due to 

its optimum combination of ductility, weldabil-
ity, and strength by making it particularly suit-
able for load-bearing applications [2]. However, 
under tensile loading and long-term operational 
stress, metallic structures often suffer from vari-
ous forms of degradation, including fatigue, cor-
rosion, and mechanical failure. This has necessi-
tated the exploration of advanced reinforcement 
techniques aimed at prolonging structural life and 
enhancing mechanical performance [3].
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ABSTRACT
The application of the adhesive-bonded CFRP laminates prolonged the durability of steel specimens. This study 
investigated the influence of carbon fiber reinforced polymer (CFRP) tape reinforcement on the fracture surface 
characteristics of S235JR carbon steel specimens subjected to uniaxial static tensile load. The steel specimens were 
reinforced with high strength unidirectional CFRP plates, while one unreinforced specimen served as a reference. 
To evaluate the topographical and morphological features of all fracture surfaces the 3D optical profilometry and 
scanning electron microscopy had been used. The chosen ISO 25178-compliant roughness parameters were cal-
culated, including height, functional, and functional volume parameters, as well as non-standard descriptors, such 
as furrow geometry and texture isotropy. The results indicate that height parameters are not significantly affected 
by the presence of CFRP, since they are sensitive to localized anomalies. In contrast, the functional and functional 
volume parameters revealed notable differences: reinforced specimens showed lower values of peak material vol-
ume Vmp and core void volume Vvc along with reduced plastic deformation and more localized fracture behavior. 
Additionally, peak material portion Smr1 and valley material portion Smr2 were slightly higher in the unreinforced 
specimen, indicating more homogeneous plastic deformation. Analysis of furrow geometry and texture isotropy 
revealed that unreinforced steel exhibited ductile fracture with high furrow density and isotropic texture, while 
CFRP reinforcement introduced anisotropy texture and features associated with mixed ductile-brittle fracture. The 
presented findings demonstrate the significant impact of composite on fracture mechanisms and surface morphol-
ogy of the reinforced specimens.
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One promising feasibility in recent decades 
has been the application of composites containing 
fiber-reinforced polymer (FRP) used as external 
reinforcements to existing metallic or concrete 
elements. Among these, carbon fiber-reinforced 
polymers (CFRPs) have garnered considerable 
interest due to their exceptional specific strength, 
stiffness, and resistance to environmental deg-
radation [4]. The integration of conventional 
ductile metals, like steel with advanced carbon 
fiber-reinforced polymer composites, engenders 
a synergistic interaction that significantly broad-
ens the scope for innovative approaches in struc-
tural rehabilitation and the engineering of hybrid 
material systems. In particular, reinforcing steel 
substrates with CFRP laminates can significantly 
improve load-bearing capacity and delay the on-
set of critical failure modes, such as yielding or 
brittle fracture. Mohabeddine et al. [5] present 
the prediction of fatigue life of metallic structural 
details reinforced with CFRP. The authors intro-
duced the cycle-dependent stiffness degradation 
parameter of the composite patch. Duda et al. [6] 
analyzed the mechanical performance of CFRP 
thin-walled structures under multiaxial loadings. 
Their nonlinear shear model, based on the FEA, 
showed a good agreement for damage distribu-
tion with the experiment.

Despite numerous studies that have quantified 
the mechanical enhancements afforded by CFRP 
reinforcement, less attention has been directed to-
wards a comprehensive understanding of the post-
failure morphology of these hybrid systems [7]. 
The fracture topography provides the information 
regarding the failure mechanisms, energy dissipa-
tion characteristics, and the role of microstructural 
features in crack propagation [8]. Fractographic 
analysis, especially when performed in a quantita-
tive manner using surface topography parameters, 
enables the detailed examination of the interplay 
between reinforcement and matrix material dur-
ing failure [9–11]. Such analyses are particularly 
relevant in hybrid steel-composite systems, where 
complex interactions at the interface between steel 
and CFRP layers can result in non-trivial stress re-
distributions and fracture pathways.

Analysis of surfaces of materials – both prior 
to use and after failure – provides valuable insights 
into their durability and load-bearing capabilities 
[12, 13]. Fractography, in particular, which in-
volves the analysis of fracture surfaces, can reveal 
important details about the history of the material, 
leading up to its failure [14, 15]. External factors, 

such as elevated temperatures, are often reflected 
in the fracture topography [16, 17]. Advanced 
measurement techniques, including digital image 
correlation and various forms of microscopy [18, 
19], are especially useful for quantitative fracture 
surface analysis. Combining modern research 
methods with optical surface observation tech-
niques also enables the development of alternative 
approaches to fracture surface characterization, 
such as the FRASTA (fracture surface topography 
analysis) method [20, 21] or the Entire Fracture 
Surface Topography method [22, 23]. These mea-
surement tools further support the refinement of 
classical computational models and the explora-
tion of unconventional approaches, such as fractal 
dimension analysis [24, 25].

This study aimed to bridge this gap by con-
ducting an exhaustive topographical investigation 
of the fracture surfaces of S235R steel specimens 
reinforced with CFRP composites and subjected 
to uniaxial static tensile testing. In the scope of 
this study post-mortem surfaces are character-
ized by assessing the parameters of surface me-
trology along with statistical parameters (rough-
ness, skewness, kurtosis, and fractal dimension) 
[26–28]. The obtained results are used to reveal 
the underlying failure mechanisms and to distin-
guish between ductile and brittle failure modes, 
to identify the areas of localized stress concentra-
tion, and to assess the influence of reinforcement 
on crack initiation and propagation [29].

METHODOLOGY

In this study, the authors tested the specimens 
produced from S235JR carbon steel. The chemical 
composition of the steel is provided in Table 1.

As the first step of the experiments, the me-
chanical properties of the steel plates were deter-
mined through tensile coupon tests at ambient tem-
perature. Considering the results of these tests, the 
following mechanical properties were assessed: 
Young modulus of 205 GPa, yield strength of 
287.1 MPa, ultimate tensile strength of 432.0 MPa, 
and ultimate tensile elongation 0.25%. 

To produce CFRP reinforced specimens, 
high modulus unidirectional plates were used 
as the patching system. The composite S&P 
CFK-Lamellen 200/2000 tapes based on ep-
oxy resins with carbon fibers were selected 
as reinforcement. The width of the tapes was 
20 mm and a thickness of 1.4 mm. According 
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to the manufacturer, the mechanical properties 
of CFRP plate are following: ultimate tensile 
strength of 2500 MPa, ultimate strain of 1.25% 
and Young modulus of 210.0 GPa.

Eight specimens were reinforced by CFRP 
tapes of 300 mm long and 20 mm wide, bonded 
at distance of 8 mm from the edge of the hole 
taking into account the presence of the rivet 
head. The geometry of the reinforced specimens 
is presented in Figure 1. The configuration of the 
tape arrangement and end shapes is presented in 
Table 2. Also, a reference specimen was pre-
pared as one with no reinforcement tapes (unre-
inforced specimen).

Uniaxial static tensile tests of a reference 
steel specimen and eight composite-reinforced 
specimens were performed on the MTS 809 
Axial/Torsional testing machine (model No 
319.2) with load range 250 kN. All tests were 
performed by controlling a displacement of the 
piston equaled 0.45 mm/min.

In this study, the observations of the fracture 
surfaces were performed on both sides of the 
specimens, which has accumulated to a total of 

18 entire fracture surfaces studied. The entire 
fracture area measurements were performed by 
using the Sensofar S neox 090 3D optical pro-
filometer utilizing confocal microscopy tech-
nique. These measurements were conducted by 
using the Nikon EPI objective with a 5.0× mag-
nification. The pixel size was 2.76 µm/pixel. 
The SensoSCAN S neox 7.7 software was ap-
plied to collect the fracture surface images. The 
data files were transferred to the surface texture 
analysis software MountainsMap 8.0 and resa-
mpled into height maps. Chosen ISO 25178 sur-
face topography parameters were calculated and 
analyzed [30, 31]:
	• Height parameters: arithmetical mean height 

(Sa), root mean square height (Sq), maxi-
mum height (Sz), maximum peak height 
(Sp), maximum pit height (Sv), skewness 
(Ssk), kurtosis (Sku);

	• Functional parameters: core roughness depth 
(Sk), reduced peak height (Spk), reduced dale 
height (Svk), peak material portion (areal ma-
terial ratio dividing the reduced peaks from the 
core surface) (Smr1), valley material portion 

Table 1. Chemical composition (wt%) of S235JR steel specimens tested in the study
Parameter Fe C Mn P S N Cu

Wt% balance ≤ 0.17 ≤ 1.40 ≤ 0.035 ≤ 0.035 ≤ 0.12 ≤ 0.55

Figure 1. Geometry of the reinforced specimens prepared for the tensile testing
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(areal material ratio dividing the reduced val-
leys from the core surface) (Smr2);

	• Functional volume parameters: material vol-
ume (Vm), void volume (Vv), peak material 
volume (Vmp), core material volume (Vmc), 
core void volume (Vvc), valley void volume 
(Vvv).

Texture isotropy and non-standard param-
eters, such as maximum depth of furrows and 
mean density of furrows were also calculated us-
ing mentioned software, without applying any ad-
ditional filtering.

The fracture surfaces of all tested samples 
were inspected with a high resolution scanning 
electron microscope Tescan Vega along with a 
secondary electron detector operating at an accel-
eration voltage of 15 keV.

RESULTS AND DISCUSSION

To obtain an analyzed 3D fracture surface 
topography of each tested fracture, an inspected 
surface was modified by filling non-measured 
points (NMPs) through an interpolation method. 
Next, the region of interest (ROI) was exported 
from this updated surface. The study area was 
limited to a rectangle measuring 24 mm by 7 mm. 
This ROI has the same area for all tested speci-
mens. Figure 2 presents the observed surface (see 
Figure 2(a) and 2(b)) and its extraction for ROI 
(see Figure 2(c) and 2(d)).

The standardized surface roughness height 
parameters S are frequently employed to quantita-
tively characterize the topography of fracture sur-
faces in metallic materials [32, 33]. These param-
eters reflect the geometric features of the surface 
and serve as reliable indicators of its structural 

condition and quality. In the context of fracture 
analysis, these indicators facilitate a deeper un-
derstanding of the dominant fracture mechanisms 
and to establish the main conditions that governed 
the failure process [34–36]. Figure 3 presents bar 
charts of the seven height parameters assessed for 
two fractures of each tested specimen.

The parameters Sa, Sq, Sz, Sp, and Sv (Sx) 
represent general amplitude characteristics of the 
surface. These parameters are sensitive to local 
variations; however, they do not specifically cap-
ture the directionality or functional distribution of 
surface features. In both reinforced and reference 
specimens, despite differences in fracture mecha-
nisms, the overall surface roughness amplitude 
can remain similar due to compensating effects. 
Ductile fractures produce more uniform but wide-
spread deformation, while brittle fractures result 
in localized sharper features, which may average 
out to comparable values in terms of Sx param-
eters. Therefore, these parameters do not clearly 
differentiate the influence of CFRP reinforcement, 
as they lack a sensitivity to fracture mode or an-
isotropy due to focusing only on overall surface 
height variations. On the other hand, the Ssk pa-
rameter measures the asymmetry of the height dis-
tribution and it can take positive or negative val-
ues, but even small local peaks or valleys can sig-
nificantly affect its value. Both brittle and ductile 
fractures can have different local forms and this 
leads to a lack of a clear trend. The Sku parameter 
can be strongly affected by single extreme points, 
regardless of the fracture mechanism. Moreover, 
differences between samples may be more caused 
by the random nature of the fractures than the 
presence or absence of reinforcement.

Functional parameters such as Sk, Spk, Svk, 
Smr1 and Smr2 provide detailed information 
about the distribution of surface profile heights 

Table 2. Tape arrangement and end shape of the produced specimens
Specimen designation Tape arrangement CFRP tape end shape

Ref - -

1S1-Z Single side of the specimen, one tape Rectangular

1S2-Z Single side of the specimen, two tapes Rectangular

1S1-F Single side of the specimen, one tape Chamfered in thickness with adhesive flow

1S2-F Single side of the specimen, two tapes Chamfered in thickness with adhesive flow

1S1-R3 Single side of the specimen, one tape With rounded corners – radius of 3 mm

1S2-R3 Single side of the specimen, two tapes With rounded corners – radius of 3 mm

1S1- R42R3 Single side of the specimen, one tape Three times rounded with a radius 3 mm/ 42 mm/ 3 mm

1S2- R42R3 Single side of the specimen, two tapes Three times rounded with a radius 3 mm/ 42 mm/ 3 mm
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referring to bearing capacity, deformation and 
damage. Figure 4 presents the values of function-
al parameters for all fractures of eight specimens 
tested in this study.

The Sk parameter shows no clear trend, be-
cause it reflects the core roughness, which de-
pends on a complex interplay of surface fea-
tures influenced by both material deformation 
and fracture mode. In reinforced samples, local 
stress concentrations and anisotropic constraints 
can either increase or decrease core roughness 
compared to the unreinforced sample, leading to 
inconsistent variations without a systematic de-
pendence. No significant differences in the Spk 
parameter were observed in the case of the ref-
erence and reinforced samples. When inspecting 

a reference sample, one can notice that plastic 
deformation creates numerous small-scale peaks 
due to microvoid coalescence and tearing, but 
these peaks tend to be relatively rounded and less 
sharp. Meanwhile, when inspecting the reinforced 
specimens, one can identify that a brittle charac-
ter of the fracture produces sharper and more pro-
nounced peaks, and these features may be fewer 
in number and more localized. As a result, the 
overall height of the reduced peaks averages out 
to similar values across both types of fractures, 
reflecting a balance between many small rounded 
peaks in ductile fractures and fewer but sharper 
peaks in brittle fractures. The Svk parameter, 
which represents the reduced valley depth, was 
lower for the unreinforced material compared to 

Figure 2. Contour maps present: 2D picture (a) and 3D picture (b) of inspected surfaces with filled NMPs
and indication of ROI; 2D picture (c) and 3D picture (d) with the extracted ROI surface
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the reinforced specimens due to differences in 
fracture mechanisms and surface morphology. 
When inspecting an unreinforced specimen, one 
can identify that fracture occurs through exten-
sive plastic deformation that leads to a more uni-
form and rounded surface with shallower valleys, 
as a result of ductile fracture. This results also in 
fewer deep cracks or cavities (lower Svk values). 
In contrast, the CFRP-reinforced specimens tend 
to exhibit more brittle or mixed-mode fracture 
behavior, characterized by sudden crack propa-
gation and localized material separation. This 

produces sharper and deeper valleys on the frac-
ture surface, increasing the Svk parameter. The 
reinforcement constrains deformation and pro-
motes anisotropic crack paths, which contribute 
to the formation of pronounced valleys and high-
er Svk values. The slightly higher values of Smr1 
and Smr2 observed in the unreinforced specimen 
can be explained by the nature of its fracture sur-
face and involved ductile failure mechanism. In a 
ductile fracture of the reference sample, one can 
identify that the material undergoes significant 
plastic deformation before rupture. This results 

Figure 3. Bar graphs of height parameters – Sa and Sq (a), Sz, Sp and Sv (b), Ssk and Sku
(c) for all tested specimens

Figure 4. Bar graphs of functional parameters – Sk, Spk and Skv (a), Smr1 and Smr2 (b) for all tested specimens
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in a more uniform and smoother surface profile, 
with fewer extreme peaks or valleys, and a more 
evenly distributed material height. As a result, 
the percentage of the surface area located above 
the core and below the core is slightly higher be-
cause the height distribution is broader but less 
extreme, which can be explained by higher values 
of Smr1 and Smr2 parameters. In contrast, the re-
inforced specimens due to more brittle or mixed-
mode fracture mechanisms develop surfaces with 
sharper peaks and deeper valleys that are often lo-
calized. These features increase the kurtosis (Sku) 
and create a more extreme surface profile, but re-
duce the relative amount of surface area close to 
the core height, thereby lowering Smr1 and Smr2.

According to ISO 25178, the functional vol-
ume parameters play a key role in the analysis 
of fracture surfaces by giving in-depth informa-
tion on surface morphology and fracture features 
[37]. Figure 5 presents a summary of the mea-
sured values of these parameters for two frac-
tures of each specimen.

The slight increase in the values of the Vm, 
Vmc and Vvv parameters for the reinforced spec-
imens compared to the unreinforced specimens is 
due to the influence of the more brittle and lo-
cally violent nature of fracture, which is typical 
of materials with CFRP reinforcement. The value 
of the Vmc parameter is increased for reinforced 
specimens compared to unreinforced steel. The 
reason of this are brittle fractures due to the influ-
ence of added reinforcement that generates steep-
er and sharper structures on the surface that in-
crease the volumes counted in 3D analysis, even 
though they are more local. In the case of the Vvv 
parameter, a gentle increase was also observed, 
as deeper and more abrupt valleys are typical 

of brittle fractures – fracture occurs quickly and 
with less extension, leading to deeper voids and 
micro-cracks. The Vmp parameter is decreased in 
reinforced specimens, because CFRP reinforce-
ment limits plastic deformation and promotes 
more brittle fracture mechanisms, in which mul-
tiple protrusions and stretches of material are not 
formed at the fracture surface. In the case of the 
reference sample, the ductile fracture results in a 
formation of numerous but mild elevations on the 
surface, like through micro-cracks, merging of 
micro-cavities, local outflows of material, and this 
results in a larger volume of material above the 
core. In contrast, reinforced specimens manifest 
cracking more violently and without stretching, 
have a surface with fewer peaks and heights, re-
sulting in a lower Vmp. When analyzing the Vvc 
parameter, it is observed that its value decreases 
for unreinforced samples. Although CFRP rein-
forcement promotes more brittle fracture, the lo-
cal valleys are deeper but less extensive in surface 
area than in ductile fracture. In an unreinforced 
specimen, the material is stretched and plastic 
deformation results in more extensive microcavi-
ties and valleys below the core. Moreover, even 
if they are not very deep, they cover a larger area 
and increase the total volume Vvc. In reinforced 
samples, although the valleys may be steeper and 
point-deeper, the values of the Svk and Vvv pa-
rameters are increased and they are less numer-
ous as well as have a smaller area by leading to a 
smaller total volume of voids below the core and 
a decrease in the value of the Vvc parameter.

Figure 6 presents a graphical depiction of 
functional volume and functional parameters 
for the reference specimen and a representative 
CFRP reinforced sample 1S1_R42R3.

Figure 5. Bar graphs of functional volume parameters – Vm, Vmc and Vvv (a), Vmp,
Vv and Vvc (b) for all tested specimens
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In this study, the texture isotropy parameter 
referring to the fracture surface topography was 
assessed. The directional characteristics of the 
surface texture are shaped by crack propagation 
and are directly linked to the kinematics of the 
fracture process [38]. Moreover, an isotropic 
surface exhibits uniform physical and geometric 
properties in all directions. In the scope of the 
presented study, the texture isotropy was deter-
mined through the evaluation of the autocorre-
lation function that assesses the directional uni-
formity and potential periodicity of the surface. 
This parameter provides valuable insight into the 
anisotropy induced by the fracture mechanism. 
Figure 7 presents the texture isotropy for the ref-
erence sample and chosen representative CFRP 
specimen (1S1_R42R3).

According to the reported evidence, the re-
inforced specimens exhibited lower isotropy in 
comparison to unreinforced specimens. Higher 
isotropy observed on the fracture surface of the 

unreinforced specimen can be attributed to the 
uniform stress distribution within the material 
during uniaxial static tensile loading. Without the 
presence of external reinforcements, the S235JR 
base material undergoes plastic deformation and 
eventual failure in a relatively homogeneous 
manner. The fracture propagates without a pre-
ferred orientation, resulting in a surface morphol-
ogy that is more uniform and directionally nature. 
This leads to a higher degree of isotropy on the 
fracture surface. In contrast, the specimens rein-
forced with CFRP tapes exhibit a lower degree 
of isotropy. The addition of unidirectional CFRP 
tapes significantly alters the stress distribution 
within the specimen. Due to the high stiffness 
and strength of CFRP, as well as its directional 
nature, plastic deformation in the reinforced re-
gion is constrained. This introduces anisotropy 
in the mechanical response of the specimen, 
particularly near the CFRP-stiffened zones. As a 
result, crack initiation and propagation become 

Figure 6. Graphical representation of discussed functional volume parameters (a and b)
and functional parameters (c and d) for the unreinforced specimen (a and c)

and representative CFRP reinforced specimen – 1S1_R42R3 (b and d)
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directionally influenced, often occurring along 
the interface between the steel and the composite 
or in the regions where stress concentrations are 
elevated due to the presence of the reinforcement. 
Consequently, the fracture surface becomes more 
directional and exhibits features characteristic of 
anisotropic failure.

The analysis of furrow depth (both maximum 
and mean) as well as furrow density is essential 
for characterizing fracture surfaces and for iden-
tification of the microstructural response of the 
material during crack propagation. Greater fur-
row depths typically indicate more brittle fracture 
behavior and is associated with sudden energy 
release along with localized material separation. 
On the other hand, higher furrow density suggests 
ductile behavior that involves extensive micro-
cracking and plastic deformation. The described 
metrics provide valuable insight into the fracture 
mechanism and complement standard surface 
roughness parameters in evaluating failure char-
acteristics. Figure 8 presents the graphical repre-
sentation of furrow characteristics of the reference 
sample and chosen CFRP reinforced specimen, 
while Figure 9 shows the values of the maximum 
and mean depth of furrows (a) and mean density 
of furrows (b) for all the tested specimens.

The unreinforced specimen exhibited low-
er values of maximum depth of furrows and 
mean depth of furrows compared to some 

CFRP-reinforced specimens, although all rein-
forced specimens simultaneously show a lower 
mean density of furrows with respect to the refer-
ence one. This can be explained by considering 
the differences in fracture mechanisms and sur-
face morphology. In the unreinforced specimen, 
the material failed under relatively uniform ten-
sile stress, leading to a more ductile fracture pro-
cess with evenly distributed plastic deformation. 
As a result, the surface of the fracture showed a 
finer and more homogeneous topography. These 
furrows are shallower on average and lack deep 
localized features, leading to lower maximum 
and mean depth values. However, due to the uni-
formity of the ductile fracture mechanism, the 
surface is covered with a greater number of these 
small features and this causes a higher mean den-
sity of furrows. On the other hand, the presence 
of CFRP reinforcement alters the stress distribu-
tion and restricts plastic deformation in specific 
regions. The increased stiffness caused by the 
localized constraints (imposed by the CFRP) 
produce more concentrated and abrupt fracture 
paths, particularly in the areas near the interface 
between the composite and the steel substrate. 
This often leads to more brittle-like failure modes 
or mixed-mode fracture, which produce fewer but 
significantly deeper furrows due to sudden crack 
propagation and localized material separation. 
Consequently, the maximum and mean depth of 

Figure 7. Texture isotropy of the unreinforced specimen and representative CFRP reinforced specimen – 1S1_R42R3
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furrows increase, while the overall number of fur-
rows decreases, leading to a lower mean density.

The tested samples were also observed with 
the use of high-resolution scanning electron mi-
croscope. Figure 10 presents the fracture sur-
faces of the reference unreinforced specimen and 

chosen sample with CFRP tape (1S1_R42R3). 
Both fractures exhibit features characteristic of 
ductile failure, such as visible dimples and evi-
dence of plastic deformation. However, the sur-
face of the CFRP-reinforced sample also shows 
localized brittle features – such as sharper edges 

Figure 8. Graphical representation of furrows for extracted ROIs for the unreinforced specimen (a)
and a representative CFRP reinforced specimen – 1S1_R42R3 (b)

Figure 9. The values of the maximum and mean depth of furrows (a) and mean density of furrows
(b) obtained for all the tested samples
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and cleavage-like regions – indicating a mixed 
fracture mode resulting from the constraint ef-
fects introduced by the composite reinforcement. 
These brittle features observed in the CFRP-rein-
forced specimen arise due to the constraint effect 
imposed by the high-stiffness composite material. 
The CFRP tape limits the local plastic deforma-
tion of the steel, especially near the fracture zone, 
which leads to stress concentration and reduced 
ductility in those regions. As a result, the material 
is more prone to localized brittle cracking, even 
though the overall fracture remains predominant-
ly ductile. This mixed-mode failure is observed 
when a ductile substrate is reinforced with a much 
stiffer and less deformable material like CFRP.

CONCLUSIONS

Considering the presented results, following 
main conclusions were formulated:
1.	Height parameters (Sa, Sq, Sz, Sp, Sv, Sku and 

Ssk) do not show a clear influence of CFRP rein-
forcement, because these height parameters are 
sensitive to local anomalies and do not clearly 

reflect the type of fracture and/or the influence 
of anisotropy introduced by the reinforcement.

2.	The decrease in Vmp in the reinforced speci-
mens is caused by a reduction of plastic strain 
and the formation of protrusions on the fracture 
surface. This behavior is induced by the pres-
ence of CFRP that caused more brittle nature 
of fracture. The decrease in Vvc in reinforced 
specimens is due to the more localized nature 
of the cracks. The valleys are deeper but less 
extensive and this reduces the total volume of 
voids relative to the more stretched ductile sur-
face of unreinforced steel.

3.	The unreinforced specimen exhibited slightly 
higher Smr1 and Smr2 values and also reflects 
more uniform distribution of surface heights re-
sulting from ductile fracture and evenly distrib-
uted plastic deformation. In contrast, the rein-
forced specimens showed lower material ratios 
due to more localized and anisotropic fracture 
features caused by constrained crack propaga-
tion influenced by the CFRP reinforcement.

4.	The analysis of furrow geometry and surface 
isotropy leads to consistent and mutually 
reinforcing conclusions about the fracture 

Figure 10. SEM pictures of the unreinforced specimen (a and b) and representative CFRP reinforced specimen – 
1S1_R42R3 (c and d)



12

Advances in Science and Technology Research Journal 2025, 19(10), 1–14

behavior of the tested specimens. In the un-
reinforced specimen, the fracture process was 
governed by relatively uniform stress distri-
bution and unrestricted plastic deformation 
that led to a ductile fracture mechanism (a 
high density of shallow furrows formed in 
various directions without a dominant orien-
tation) that has an isotropic texture. Due to the 
directional stiffness influenced by CFRP tape 
(tapes) the reinforcement introduced signifi-
cant anisotropy in the mechanical response 
and the fracture surface exhibited deeper fur-
rows with lower density.

5.	The analysis of furrows and surface isotropy 
leads to consistent conclusions about fracture 
behavior. In the unreinforced specimen, uni-
form stress distribution caused ductile isotro-
pic failure with many shallow and randomly 
oriented furrows indicating high isotropy. 
In contrast, the CFRP-reinforced specimens 
showed deeper but fewer furrows, aligned 
with the reinforcement direction that reflect 
anisotropic crack propagation. Moreover, fur-
row geometry and isotropy measurements con-
firm that reinforcement introduces directional 
constraints that caused less uniform and more 
anisotropic fracture.

6.	In light of increasing demands for lightweight, 
durable, and retrofittable engineering solutions, 
understanding the fracture behavior of such 
hybrid materials is both timely and technically 
significant. The results of this study have prac-
tical implications for the design of reinforced 
steel structures, predictive modeling of failure, 
and the development of advanced composite-
steel hybrid systems. Furthermore, the research 
aligns with current trends in sustainable engi-
neering by enabling the extension of service 
life in existing structures through non-invasive 
reinforcement techniques.

7.	The study described in this paper was a pre-
liminary to fractography after fatigue tests of 
steel members with CFRP composites.
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