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ASSESSMENT OF THE IMPACT OF MATERIAL DEFECTS
ON THE PERFORMANCE OF STEEL STRUCTURAL ELEMENTS

The purpose of this study is to investigate the influence of rolled metal defects of various origins on the stress—
strain state and load-bearing capacity of steel structural elements, as well as to assess the extent of their impact de-
pending on the type and volume of defects. Methodology. The study was carried out using the finite element meth-
od, employing a computational model in the form of a cantilever beam with a rectangular cross-section. Several
beam lengths and different operating scenarios were considered: a solid material without defects, as well as models
with internal voids and surface damage. Internal defects were modeled as localized volumetric voids, while external
defects were represented as geometric surface irregularities. For each case, stresses and displacements were deter-
mined and subsequently compared. Findings. The results showed that the presence of defects leads to changes in the
stress distribution and increases displacements compared to defect-free models. It was established that as the volume
of defects increases, the equivalent stresses and deflections of the structural element also increase. Internal defects
were found to have a more pronounced effect, as they contribute to the formation of local stress concentrations with-
in the material. External defects also affect the performance of the element, but their influence is less significant.
Furthermore, a relationship between the geometric parameters of the beam and sensitivity to defects was identified:
as the element length increases, the impact of defects becomes more pronounced. Originality. The study provides
generalized quantitative assessments of the influence of internal and external defects on the stress-strain state of
steel structural elements. Differences in the impact of various types of defects were demonstrated, and the depend-
ence of this impact on the geometric parameters of the elements was established. Practical value. The results of this
study can be applied to assess the technical condition and residual load-bearing capacity of steel structures with de-
fects. The proposed modeling approach allows for consideration of the actual material defectiveness in engineering
calculations. The obtained relationships are recommended for use in determining permissible defect levels and refin-
ing safety factors.

Keywords: steel structural elements; modeling; rolled metal; internal defects; external defects; load-bearing ca-
pacity; stress-strain state; finite element method; building structures

Introduction Ma, 2025; Zhang, Liu, et al., 2025; Du, Liu, Li, et
al., 2023).

Modern studies are focused on numerical mod-
eling, monitoring, and assessment of the technical
condition of steel structures, taking into account
local damage or material defects. In particular, it
has been shown that even minor defects can lead to
redistribution of internal forces within a structural
system and affect its overall reliability (Leon-
Henao, Morales-Galeano, Santa-Marin, et al.,
2024).

Some studies confirm that the presence of ini-
tial defects or non-metallic inclusions significantly
reduces the fatigue strength of metal and promotes
crack initiation (Yonezawa, Mori, & Tsutsumi,

The reliability and durability of structural steel
constructions are largely determined by the materi-
al quality and the presence of defects that arise
during the manufacturing, installation, or operation
of structural elements. Under real production con-
ditions, it is practically impossible to completely
eliminate metal defects, as they may form both at
the stage of metallurgical production and during
processing, welding, or long-term service of struc-
tures. The presence of such imperfections can alter
the stress-strain state of elements, cause local stress
concentrations, and reduce their load-bearing ca-
pacity (Bab6imesuu, Hecrop, @ecyH, & BypkiBchb-
kuii, 2024; lvanova, Radkevych, Olishevska, &
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2024). The analysis of fatigue behavior of welded
joints indicates that welding defects are among the
main causes of fatigue crack development in steel
structures (Zhang, Liu, et al., 2024; Karuskevych,
M., Maslak, Karuskevych, O., & Vlasenko, 2025).
In addition, recent studies emphasize the im-
portance of accounting for defects when assessing
the durability and reliability of structures through-
out their entire life cycle (Zembrzuski, Sobczyk,
Miskiewicz, et al., 2025).

At the same time, most studies are still focused
on general reliability issues or material characteris-
tics, whereas the influence of specific metal defects
on the performance of individual structural ele-
ments remains insufficiently investigated. This
necessitates detailed studies aimed at determining
the permissible level of material defectiveness and
evaluating its impact on the load-bearing capacity
of structural elements.

Thus, the study of the influence of metal de-
fects on the performance of structural elements is
an actual scientific task aimed at improving the
reliability and safety of buildings and structures, as
well as substantiating the safety factors adopted in
design practice.

A new stage in the development of materials
science necessitates the improvement of approach-
es to assessing metal quality and defectiveness.
Despite the wide variety of steel grades and ad-
vances in production technologies, it is impossible
to completely eliminate material defects. They are
formed at different stages of the life cycle of struc-
tures-from smelting to operation.

Metal structures always contain defects of vari-
ous origins-metallurgical, technological, and op-
erational-which, under certain conditions, may lead
to crack initiation and structural failure. The rate of
their initiation and propagation depends on the ma-
terial structure, design parameters, loading condi-
tions, and environmental influences (lvanova,
Radkevych, Olishevska, & Ma, 2025; Xue, 2025).

Thus, material defectiveness is an inherent fac-
tor that determines the reliability and durability of
steel structures and must be taken into account in
their analysis and technical condition assessment.

The most dangerous failure modes of steel
structures are associated with the initiation and
propagation of defects in critical zones under the
influence of operational and manufacturing-related
factors. In recent years, the relevance of improving
the durability of steel structures has increased due

to rising stress levels and the growing corrosive
aggressiveness of the environment.

Previously, steel was considered to have a ho-
mogeneous and maximum dense structure; howev-
er, during smelting, rolling, and transportation,
numerous defects may arise that reduce the per-
formance characteristics of structures. The study
(Fedoriachenko, Ziborov, Laukhin, et al., 2025)
examines the formation and development of mi-
crodefects in cast metal alloys, in particular mi-
croporosity and microcracks, which determine the
durability and reliability of structures. It is shown
that microvoids of approximately 10 um are diffi-
cult to detect using conventional inspection meth-
ods; however, they significantly reduce fatigue
resistance, ductility, as well as tensile strength and
yield strength.

Purpose

The purpose of this study is to investigate the
influence of rolled metal defects (internal voids
and external surface damage) on the stress-strain
state and load-bearing capacity of steel structural
elements based on finite element modeling of a
rectangular beam.

Methodology

During the manufacturing and processing of
structural steel elements, defects may occur, i.e.,
certain deviations of products from regulatory re-
quirements. The classification of metal defects is
carried out according to their location and manifes-
tation into internal (volumetric) and external (sur-
face) defects (Bmacenko, 2019).

Internal defects (Figure 1) include pores (inter-
nal voids formed due to gas entrapment or shrink-
age during solidification), shrinkage cavities (re-
sulting from volumetric contraction of metal dur-
ing solidification), and non-metallic inclusions (ox-
ides, sulfides, nitrides formed or introduced into
the metal during melting). External (surface) de-
fects (Figure 2) include cracks, scratches, laps, and
other surface imperfections.

The following processes can be identified as
common sources of defect formation:

* Defects arising from solid deformation. The
formation of defects during small deformations is
not intensive. After the removal of the applied
stress, the material may return to its original shape.
However, if the level of deformation exceeds a
threshold value, the number of defects increases
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rapidly, leading to irreversible plastic deformation
of the material. Plastic deformation is conditioned
by the density and magnitude of the defects

G2 ey O e o)
o

formed, which prevent the specimen from return-
ing to its original shape.

Figure 2. Examples of external defects

» Surface processing defects. During machining
or grinding, microcracks inevitably form on the
surface of the material.

» Casting defects. When molten alloy is poured
into molds and begins to cool, uneven cooling
causes some parts of the casting to solidify earlier
than others, leading to layer displacement. In addi-
tion, small air bubbles may become trapped in the
alloy, resulting in porosity.

* Rolling process defects. Rolling defects occur
due to violations of rolling technology or improper
preheating of the billet. An incorrect reduction ra-
tio or insufficient heating prior to rolling may re-
sult in surface defects such as laps, seams, flakes,
cracks, chips, deformed ends, and other imperfec-
tions.

* Heat treatment defects. Heat treatment defects
arise from incorrect selection or violation of the
thermal regime. The most common defects at this
stage include overheating (which can be corrected
by reheating), burning, thermal cracking, and oth-
ers. Defects may also occur during storage, trans-
portation, and handling.

» Storage defects. During transportation or stor-
age, metal may be deformed (bent or dented). Ad-
ditionally, prolonged storage may lead to aging of
the material, resulting in a reduction in its strength
and ductility properties.

Data on the accidental destruction of metal

structures are given in Table 1.
Table 1

Data on the accidental destruction
of metal structures

Influence of operating conditions, % 60

The influence of the human factor, % 19

Destruction of individual structural elements, % | 10

Sudden impacts, % 8

The cause is unknown, % 3

The accumulation of damage, the appearance
and development of defects reduces the load-
bearing capacity of structures, therefore, for large-
sized and multi-element systems, the probability of
loss of load-bearing capacity and reduction of ser-
vice life increases.

The defectiveness in the control element is de-
termined by the following formula:

D AS

S

p

q:

where ( — defectiveness in the controlled element;
AS —total area of defects; Sp — design area of the

control cross-section.
An increase in the size and number of elements
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in structural systems leads to a higher probability
of defect occurrence and the manifestation of a
scale effect, which affects the overall serviceability
of the system (Ivanova, Hapieiev, Shapoval, Zhab-
chyk, & Zhylinska, 2021). The emergence of addi-
tional forces and displacements in such systems
can significantly alter their stress state (lvanova,
Zhabchyk, Khoziaikina, & Hryhoriev, 2023).

Findings

To study the influence of defects on the
strength of a structural element, a model of a rec-
tangular steel beam with a cross-section of 20x100
mm was developed and analyzed. The calculations
were performed using the LIRA-SAPR software
package.

During the modeling process, internal defects-
represented by voids located in separate groups or

chains within the metal-and external defects locat-
ed on its surface were considered. Internal defects
may arise during primary crystallization, while
external defects can be caused by various factors.
A cantilever beam with a fixed support at one end
was analyzed, with a concentrated load of 3000 N
applied at the free end (Figure 3). The material of
the model was structural steel grade — construction
steel three beam lengths were considered: 0.5 m,
1.0 m, and 1.5 m. The maximum size of the finite
element was 4 mm (Figure 4).

The modeling was carried out for three cases:

1. Analysis of a model with a homogeneous
solid medium.

2. Analysis of a model with internal defects.

3. Analysis of a model with external defects
(dents, corrosion damage, etc.).

Figure 3. Beam model

Figure 4. Finite element mesh for the model with internal defects

© H. P. Ivanova, S. O. Olishevska, 2026
DOI: https://doi.org/10.15802/bttrp2026-29-06

54

Creative Commons Attribution 4.0 International


https://doi.org/10.15802/bttrp2026-29-06

ISSN 2413-6212 (Online), ISSN 2227-1252 (Print)
Bridges and tunnels: theory, research, practice, 2026, Ne 29

BRIDGES AND TUNNELS: THEORY, RESEARCH, PRACTICE

Initially, simulations were performed for both Table 2
the solid model and the model with defects. The

- Lo Input data for modeling
volume of defects was varied arbitrarily (Table 2).

The results showed that the reduction of metal Model Volume of the | Volume of voids or
volume due to defects leads to a decrease in the length,m | solid model, cm” | external defects, cm
load-bearing capacity of the element. For the 1.5- 0.5 1000 9
meter model, the increase in stresses reached 1 2000 17
38.6%, while the deflection increased by 5.3 %.

The calculation results for the 0.5 m model 15 3000 26

shown in Figure 5.

SVM[HMM2]
183.3

171.9

SVMHMM2]
2533
2375
2216

Figure 5. Stress and displacement contours for the 0.5 m long model:
a) solid model; b) internal defects; c) external defects
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Similar stress and displacement contours were
obtained from the analysis of the 1 m and 1.5 m
long models. The calculation results presented in
Table 3.

Table 3

Calculation results for the three cases

Lengt Stress in the model, Deflections of the
h of N/mm? model, mm
nﬁzg_ Solid Internal | External | o . | Internal E)ri;elr-
el. m defects | defects defects | jofacts
0.5 |183.3| 253.3 | 195.2 | 6.92 | 7.284 | 7.061
1 |386.8| 519 445 |11.74| 15.02 | 14.64
15 |579.2| 795 | 762.8 | 189 | 21.9 | 204

Based on the calculation results, it can be con-
cluded that internal defects are more critical than
external ones.

A graphical interpretation of the calculation re-
sults presented in Figures 6 and 7.

800

600
400
- .
0
0,5
1
15

Length of the beam, m

Stress, N/mm2

u Solid mInternal defects m External defects

Figure 6. Dependence of stress
on the defectiveness of the model

50
45
40
35
30
25
20
15

10
;D
0

0,5
1

Deflection, mm

L5

Length of the beam, m

= Solid m Internal defects m External defects

Figure 7. Dependence of deflection
on the defectiveness of the model
Originality and practical value

This study investigated the influence of internal
and external defects in rolled metal on the stress-

strain state of steel structural elements. Quantita-
tive estimates of stress and displacement variations
were obtained depending on the volume and type
of defects. It was shown that internal defects cause
a more significant increase in stresses compared to
surface damage. A dependence of defect impact on
the geometric parameters of the element was estab-
lished, indicating that the sensitivity of the struc-
ture to defects increases with its size.

The practical significance of this work lies in
the possibility of using the proposed approach to
assess the technical condition of steel structures, as
well as to justify the permissible level of material
defectiveness during the operation and reconstruc-
tion of buildings and structures.

Conclusions

The numerical modeling carried out in this
study has shown that the presence of defects in
rolled metal significantly affects the stress-strain
state and load-bearing capacity of steel structural
elements. The reduction of the effective cross-
section due to defects leads to an increase in
stresses and displacements compared to solid ele-
ments. It was determined that internal defects are
more critical than external surface damage, as they
cause significant local stress concentrations and are
more difficult to detect using non-destructive test-
ing methods. According to the calculations, the
increase in equivalent stresses for models with in-
ternal defects reaches up to 20 %.

A dependence of defect impact on the geomet-
ric parameters of the element was established: as
the length of the beam and the volume of defects
increase, stresses and deflections also increase,
indicating a scale effect and a higher sensitivity of
the structure to material defects.

It was shown that even relatively minor materi-
al defects could lead to a redistribution of internal
forces within the structure, which aligns with cur-
rent understanding of reduced reliability and ser-
vice life of building systems in the presence of lo-
cal damage. The results obtained confirm the ne-
cessity of accounting for material defects when
designing and analyzing structures, particularly
when determining safety factors and assessing the
residual load-bearing capacity of elements.

Further research should focus on the considera-
tion of defect development over time (fatigue, cor-
rosion, crack formation), as well as the analysis of
spatial structural systems, taking into account the
stochastic nature of defect occurrence.
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OHIHKA BILIUBY JE®EKTIB MATEPIAJIY HA POBOTY
EJIEMEHTIB CTAJIEBUX KOHCTPYKIIHN

Meta. MeToto poOOTH € JTOCIIPKEHHS BIUIUBY Je(EKTiB METAIONPOKATy Pi3HOTO MOXOKEHHS Ha HaIPy>KeHO-

neOpMOBaHUM CTaH 1 HECydy 3/aTHICTh €JIEMEHTIB METaJIeBUX KOHCTPYKIIH, a TaKOX OIHIOBAaHHS CTYNEHS iX
BILIMBY 3aJIEXKHO BiJ THITY Ta 00’emy nedexTHOCTi. MeToaMKA. I[ocni,uxceHHﬂ BUKOHAHO 13 3aCTOCYBaHHIM METOIY
CKIHYCHHHX €IEMCHTIB i3 BUKOPHCTAHHSM PO3PaXyHKOBOI MOJEI y BUIIIALI KOHCOJIbHOI GAIKH HPSAMOKYTHOTO 110-
TepeyHOro nepep13y PosrisiHyTO AekinbKa BapiaHTIB JOBXKHWHM elleMEHTa Ta pi3Hi cleHapii iWoro poOoTH: aAmst 01-
HOpiIHOTO MaTepiany 6e3 IedeKTiB, a TAKOXK JJIsl MOJIeliel 13 BHYTPIIIHIMU NOPOKHHUHAMHM Ta TIOBEPXHEBUMH I101II-
KOJUKEHHSIMU. BHyTpiniHi nedexTi MoeoBaliics y BUIIISAL JOKAIBHUX 00’ €MHUX TIOPOXKHHH, TOJI SIK 30BHIIIHI —
Y BHIUISII TEOMETPUYHHUX HEPIBHOCTEW MOBepXHi. [Jisi KOXKHOTO BUNAKy BH3HAYAIMCS HANPYKEHHs Ta IepeMilleH-
HS 3 TIOAAJIBIINM MOPIBHAHHAM pe3ynbTariB. PesyabTarn. OTpuMani pe3yiabTaTH IOKa3aliy, 0 HasBHICT Jedek-
TiB IPU3BOANTH IO 3MIHU XapaKTepy PO3IOJUTY HANpPYKEHb i 301IBIIEHHS MepeMilIeHb y TOPIBHAHHI 3 MOACTSIMH
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6e3 nedekri. BeTaHoBieHO, mo 3i 30imbmIeHHAM 00’eMy nedeKTiB BinOyBaeThCS 3pOCTAaHHS €KBiBaJICHTHHX Ha-
NIPY’KeHb 1 NPOTMHIB KOHCTPYKTHBHOTO eleMeHTa. [Ipu 11boMy BHYTpIIIHI Je(eKTH BUSBISIOTH OIBII CYTTEBUI
BIUIMB, OCKIJTBKH CIIPUSIOTh YTBOPEHHIO JIOKATHHUX KOHIICHTPAIlii HAIIPYXKeHb Y MaTepiaii. 30BHImIHI aedektn ta-
KOX BIUIMBAIOTh Ha pOOOTY elleMEHTa, NpOoTe iX i € MEHII BHpaxeHOK. KpiM TOro, BHSBIEHO 3aJEXKHICTh MiXk
TEOMETPUYHIMH TTapaMeTpaMy OaNKH Ta YyTIMUBICTIO M0 Ae()EeKTHOCTI: 31 301TBIICHHSM JOBXHWHH €IeMEHTa BILUIUB
nedexriB nocumoerscs. HaykoBa HoBu3HA. Y po0OOTI OTpHMaHO y3arajbHEHI KiJbKICHI OLIHKH BIUIUBY BHYTpIilll-
HiX 1 30BHIIHIX Ae(eKTiB Ha HANPYKEHO-AeOPMOBAaHHUN CTAaH €JIEMEHTIB MeTaJeBUX KOHCTpyKIii. [lokasano Bin-
MIHHOCTI y BIUIMBI Pi3HHX THIIB Ae(EKTIB Ta BCTAHOBJICHO 3aJISKHICTh I[bOTO BIUIMBY BiJl TEOMETPHYHUX MapamMeT-
piB enemenTiB. IIpakTH4HA 3HAYMMIicTh. Pe3ynpraTén mOCHimKeHHS MOXYTh OYTH BHKOPHCTaHI IIPH OIIHIOBaHHI
TEXHIYHOTO CTaHy Ta 3aJIMIIKOBOI HECYJ0i 3IaTHOCTI METaJeBUX KOHCTPYKILIH 13 nedekramu. 3anpornoHOBaHHUH ITijI-
X1 10 MOJENOBaHHs JO3BOJISIE BPaXOBYBAaTH peajbHy NeQEeKTHICTh MaTepiary Mpy BUKOHAHHI iHKEHEPHHUX po3pa-
XyHKiB. OTpHMaHi 3aJIeHOCTI JIOLITbHO 3aCTOCOBYBATH IIPH BU3HAUCHHI JAOIYCTUMOTO PiBHS A€(EKTIB 1 yTOUYHEHHI
KOeQiIi€HTIB 3amacy MiIlHOCTI.

Kniouosi crosa: eneMeHTH MeTalleBUX KOHCTPYKIIN; MOJAEIIOBaHHS; METAIONPOKAT; BHYTPILIHI Ae(EKTH; 30B-
HimmHI geeKTH; Hecyda 3/[aTHICTh, HANpyXEeHO-IeOPMOBAaHUHA CTaH; METOJA CKIHYCHHUX CJIEMEHTIB; OyAiBeIbHI
KOHCTpYKIIii
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