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Abstract: The paper presents a numerical investigation of the stress-strain state of steel solid-web and perforated I-
beams in pitched roof systems using the finite element method (FEM) implemented in the ANSYS software environment.
Single-pitch and double-pitch beams configurations were analysed under different boundary conditions (hinged and
fixed supports at both ends) and roof inclinations varying from 0° to 45°, typical for industrial buildings. The principal
parameters of the stress-strain state were analysed, namely deflections and equivalent (von Mises) stresses along the
beam flanges, as well as equivalent stresses around the web openings. The results show that the largest deflections occur
in hinged beams, while fixed significantly reduces them. For most configurations, maximum deflections are located at
mid-span; however, in rigidly fixed double-pitched beams, they shift toward the quarter span. Perforated beams exhibit
higher stiffness compared to solid counterparts. The distribution of equivalent stresses in perforated beams is non-
uniform due to the presence of openings and local stress concentrations, which necessitated evaluation based on
averaged values. Fixed beams, particularly double-pitched ones, demonstrate substantially lower average stress levels
in flanges than hinged systems. Maximum stresses in perforated beams occur around end openings and generally

decrease with increasing slope, with the most pronounced reduction observed in rigidly fixed double-pitched beams.
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1. INTRODUCTION

I-beams are among the most efficient structural elements in construction due to the
rational cross-sectional geometry and their ability to resist significant bending moments. They
are widely used as roof or floor beams in public, administrative and industrial buildings, as well
as in multi-storey parking structures.

The efficiency of solid horizontal I-beams depends on the applied loading and is
generally limited to spans of 3-24 m (Fig. 1(a)) [1, 2]. For shorter spans, it is more practical to
employ alternative profiles (channels, hollow structural sections, etc.), whereas for longer spans
roof trusses are typically adopted. Although trusses allow covering large spans, they are
characterized by considerable structural depth and high fabrication labour intensity.

With the ongoing optimisation of steel structures, increasing attention is being paid to
lightweight beams with corrugated, slender or perforated web [1]. Among these, perforated
beams (Fig. 1(b, c)) are the most economical, as they are fabricated from hot rolled sections
and require only cutting and welding operations [3-6]. Increasing the overall depth due to
perforation enhances both strength and stiffness compared with the original solid profiles while
simultaneously reducing structural weight. This makes perforated beams suitable for spanning
distances of 30 m and more [7-10].
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c) [10]
Figure 1. Elements of pitched roof systems formed by solid-web (a), single-pitched (b) and double-
pitched (c) perforated steel beams.

1.1. Problem statement

Roofs of industrial and agricultural production facilities are generally designed with a
slope. Pitched roofs have several advantages compared with flat roofs, including simplified
drainage, improved natural ventilation, reduced waterproofing requirements and the possibility
of installing photovoltaic modules without additional supporting systems.

At the same time, flat roofs or roofs with a slope of less than 5% require additional
waterproofing measures to prevent moisture penetration into the interior space of the building
or into the thermal insulation layer. Insufficient sealing leads to material moisture
accumulation, deterioration of thermal insulation performance and accelerated corrosion. For
this reason, manufacturers of roofing systems specify a minimum allowable slope.

Since roofs of production buildings, depending on their technological purpose, are
designed with a certain inclination, there is a need to investigate the stress-strain state of steel
solid-web and perforated beams under inclined positioning in order to determine effective
parameters of support conditions, structural configuration, and roof slope angle.

The objective of the study is to analyse the influence of roof slope on the strength and
stiffness characteristics of beams and to establish parameters ensuring their efficient structural
performance. The work considers solid-web and perforated I-beams in horizontal, single-pitch
and double-pitch configurations, with the inclination angles ranging from 0° to 45° under
hinged and fixed support conditions.

1.2. Review of previous studies

In most numerical and experimental studies on perforated I-beams, hinged supports are
considered under the action of locally concentrated or uniformly distributed loads acting
perpendicular to the longitudinal axis of the element. In such cases, the transverse bending
behaviour of the beam is analysed [6, 8, 9, 14-20]. For these beams, maximum deflections
occur at midspan and may be significant, requiring an increase in section depth to satisfy
stiffness requirements. To reduce deflections and stresses along the beam length, various
structural solutions are employed, such as introducing roof inclination, providing thrust action
or applying fixed-end restraint.

In studies [21-23] perforated beams were investigated under a complex stress-strain state
arising from the formation of a pitched roof. To provide thrust in the upper part of the structure, a
prestressed steel tie was used. The results demonstrated the effectiveness of such systems and
allowed identification of stress distribution features in support zones and tie connection nodes.

Paper [24] examined the behaviour of various perforated members (I-beams, channels,
and thin-walled Z-sections) subjected not only to transverse bending but also to biaxial bending.
This enabled a more comprehensive assessment of perforated beam performance under loads
applied outside the principal plane, which is typical for roof purlins of industrial buildings with
large roof slopes.
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In study [25-27] analytical and experimental investigations of steel columns fabricated
from perforated I-sections of different lengths and under various boundary conditions were
carried out. The elements were considered as centrally and eccentrically compressed members
with small and large eccentricities causing bending effects. Although such solutions do not
significantly reduce stresses in the column, the slenderness and stability characteristics improve
depending on perforation parameters, while maintaining a lower structural weight.

When the inclination angle exceeds 45°, compressive forces begin to dominate in the element
and the member effectively behaves as an inclined column. Therefore, in most beam studies the slope
range is limited to 45°, within which the member retains its function primarily as a bending element.

It should also be noted that the most optimal perforated beam configurations are obtained
by considering the stress-strain state in the vicinity of openings in perforated beams [20, 28-30].

2. METHODS

2.1. Theoretical aspects of research

The study considers two fundamentally different variants of beam support and beam-to-
column connection, since depending on column stiffness the structural scheme may vary from
a simply supported beam with sliding hinges at the ends to a fixed-end beam working with
thrust action. In practice, the actual behaviour of the member is typically located between these
limiting cases.

A simply supported beam with a sliding hinge does not develop thrust forces and the
primary internal force is the bending moment with its maximum at midspan (Fig. 2(a)). For a fixed-
end beam, extreme bending moments occur both at midspan and at the supports (Fig. 2(b)).
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Figure 2. Internal forces diagrams of horizontal hinged (a) and fixed (b) beams

For pitched beams, the internal force diagrams are similar to those of horizontal beams;
however, for both support schemes additional axial forces arise, which increase with the
inclination angle (Fig. 3(a, b)).
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Figure 3. Internal forces diagrams of single-pitched hinged (a) and fixed (b) beams
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For double-pitched beams with a sliding hinge at the supports and a rigid apex joint, the
maximum bending effects occur near the central region of the span (Fig. 4(a)). Under fixed-end
restraint, compressive forces become dominant, while the bending moment extrema occur at
the supports and at midspan with one sign and in the quarter-span regions with the opposite
sign (Fig. 4(b)).

Thus, depending on the type of beams and the support conditions, different internal force
values occur in the cross-sections, leading to variations in the stress-strain state of the beams,
especially in perforated members where openings act as stress concentrators.
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Figure 4. Internal forces diagrams of double-pitched hinged (a) and fixed (b) beams

2.2. Methodology, parameters of beams and boundary conditions

The stress-strain state of solid-web and perforated steel I-beams in inclined position was
modelled using the finite element method implemented in the ANSYS software environment.
Three-dimensional models were created with an average element size of 20 mm (Fig. 5(a)). The
structural material was structural steel S345 [31].

The analysis included determination of vertical displacements, normal stresses, shear
stresses, and equivalent stresses according to the von Mises criterion. All results were monitored
along the upper and/or lower flange of the I-beam near each openings. Maximum stress values were
recorded and average stresses were additionally evaluated to eliminate the influence of local stress
concentration peaks. A separate analysis was also performed for stresses around the perforation
openings, where maximum internal forces occur according to the force diagrams (see fig. 2-4),
namely at the end opening, the midspan opening and the quarter-span opening.

Beam supports were modelled by restricting displacements at the beam ends. For hinged
support, displacements along the X, Y, and Z axes were restrained at one end, while at the opposite
end only the Y and Z displacements were restrained. For fixed-end restraint with thrust action, both
displacements and rotations were restrained in all directions at both ends (Fig. 5(b)).

The investigated system corresponds to a roof of a production building with a span of
24 m and a beam spacing of 4 m. The total load, including the weight of the roof, bracing system
and snow cover, was represented by a uniformly distributed load of 6.6 kN/m applied to the top
flange of the beam (see fig. 5(b)).
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Figure 5. Finite element mesh (a) and boundary conditions (b) of a double-pitched perforated beam.
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The self-weight of the structure was included automatically, which is essential because
increasing the slope increases the actual beam length and mass, significantly affecting the
resulting stress-strain state.

To reduce stress concentration, additional end stiffeners with a thickness of 20 mm were
modelled at the beam ends (Fig. 6(a, b)). This dimension ensures numerical mesh stability and
reliability of the results. The central joint of the beam was modelled as a butt-welded connection
without additional plates.

The investigated perforated beam was fabricated by cutting and sequential welding of the
original rolled IPE 400 section. The perforation opening diameter was d = 518 mm, the opening
spacing s = 570 mm and the overall depth of the perforated beam h = 657.6 mm (see fig. 6(b)).
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Figure 6. Geometric parameters of solid-web (a) and perforated (b) I-beams.
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3. RESULTS AND DISCISSION

A numerical investigation of the stress-strain state of single-pitched and double-
pitched I-beams, both solid-web and perforated, was carried out under various boundary
conditions. It was established that the beam mass increases significantly with increasing
slope: for a single-pitched beam, the mass at a slope of 20° increases by 6% and at 45° by
almost 30% compared with the horizontal beam.

3.1. Analysis of deflections

The deformation analysis showed that the largest deflections occur in single-pitched and
double-pitched solid beams with hinged support (Fig. 7(a)), whereas the smallest deflections
occur in double-pitched solid and perforated beams with fixed-end support (Fig. 7(b)). The
variation of deflections along the beam length differs for hinged and fixed connections
(Fig. 8(a, b)). For hinged supports, deflection gradually increases and reaches a maximum at
midspan. For fixed single-pitched beams, deflections grow less intensively near the supports,
but closer to midspan the behaviour becomes similar to hinged supported beams. For fixed
double-pitched beams, deflections significantly decrease as the slope increases, and their
maximum values occur not at midspan but closer to the quarter-span region.
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Figure 7. Deformed shape (to of a solid-web single-pitched hinged beam (a) and a perforated fixed
double-pitched beam (b) (slope 20°) scale).
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For all hinged and fixed single-pitched beams, the following tendency is observed
(Fig. 9 (a)): maximum deflections occur at a slope of 45° and minimum at 0°. For fixed
perforated double-pitched beams, the tendency is opposite (Fig. 9 (b)): smaller slopes
produce larger deflections. For fixed solid-web beams, deflections decrease as the slope
changes from 0° to 25°, after which they slightly increase.

Figures 8 and 9 indicate that the deflections of some investigated beams exceed the
normative limits (for a 24 m span the allowable deflection equals 1/250, i.e., 96 mm).
Therefore, certain configurations do not satisfy the Serviceability limit state (SLS).
However, the obtained data are comparative in nature and allow evaluation of the influence
of varying parameters on structural behaviour. The large dispersion of results is associated
with differences in boundary conditions and beam types.
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Figure 8. Variation of deflection values along the beams: a solid-web single-pitched hinged beam (a)
and a perforated fixed double-pitched beam (b) with changing slope
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Figure 9. Variation of maximum deflections of all beams with changing slope (a); only solid-web and
perforated fixed double-pitched beams (b).

The stiffness analysis showed that for hinged single-pitched and double-pitched beams
the deflections are approximately the same and vary mainly due to self-weight. Fixing the beam
ends reduces deflections by more than 70%, depending on beam type (solid or perforated) and
slope magnitude. For fixed double-pitched beams, maximum deflections occur in the quarter-
span rather than at midspan as in the other beam types.
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It was also found that single-pitched and double-pitched perforated beams with hinged
support experience 59.6-62.7% smaller deflections than solid-web beams. single-pitched
perforated beams with fixed restraint exhibit 41.6-52.6% smaller deflections than solid ones.

For fixed double-pitched beams, within slopes of 5°-25° the deflections of solid-web
beams are 3.2-14.5% smaller than those of perforated beams, while for slopes of 30°—45° the
opposite is observed: perforated beams show 3.4-24.6% smaller deflections. Among all
analysed configurations, fixed double-pitched beams demonstrate the lowest deflections.

3.2. Analysis of streses

During the analysis of stresses along the lower and upper flanges, it was observed that
for single-pitched perforated beams with hinged supports (Fig. 10 (a, b)) the stress distribution
follows the general principles of structural mechanics, that is the stresses increase smoothly
toward the mid-span. However, in perforated beams the equivalent stresses along the flanges
exhibit a zigzag pattern (see fig. 10 (a)). This behaviour is explained by the variation of beam
stiffness along its length due to the presence of web openings. Therefore, the evaluation was
performed using averaged stresses within one amplitude interval (Fig. 10 (b, c, d)), as well as
averaged stresses along the entire beam length (Fig. 11) occurring in the flanges.

The highest average stresses were obtained for single-pitched and double-pitched beams
with hinged support. Under these conditions, stresses in perforated beams are 39.5-41.9%
lower than in solid-web beams. The difference between single-pitch and double-pitched beams
with hinged support is insignificant (up to 4% depending on slope).

300 300
250 | 250
200
150

100

Equivalent stresses, MPa
Equivalent stresses, MPa
&

(=]

50 50 |
0 0
0 4000 8000 12000 16000 20000 24000 0 4000 8000 12000 16000 20000 24000
Distance along the beam, mm Distance along the beam, mm
—8— (0¥ —@—5% 10* 15% —i—20% —f—25% =—fr—30% —d—35% —i—40%¥ —6—45*%
a) b)

250

[
(=]
(=]

150

100

Equivalent stresses, MPa
Equivalent stresses, MPa

1%
o

0

0 4000 8000 12000 16000 20000 24000 0 4000 8000 12000 16000 20000 24000
Distance along the beam, mm Distance along the beam, mm
—8—(0* —8—5* 10* 15% —i—20* —#—25* —&—30* —#—35% ——40* —B—45*
<) d)

Figure 10. Variation of equivalent stresses along the lower flange: perforated horizontal beam (all values
shown) (a) and single-pitched hinged beams (average values shown) (b); solid-web (c) and perforated
(d) fixed double-pitched beams with changing slope

82 ............. ISSN 2522-4433. Scientific Journal of the TNTU, No 1 (121), 2026 https://doi.org/10.33108/visnyk_tntu2026.01



https://doi.org/10.33108/visnyk_tntu2026.0

© Mykola Pidgurskyi et al.

300 - A o o o ——a—a——= —8—50lidhinged single-pitched

Solid hinged double-

pitched
Solid fixed single-pitched

250

@
)
A
ol
1]
2 200
o " % 9 ——t—t——%¢ $ b - .
z & v v . ’ Solid fixed double-pitched
3 150
g —4— Perforated hinged single-
g, 100 pitched
& —4— Perforated hinged double-
% 50 pitched
—&— Perforated fixed single-
0 pitched
0 10 20 30 40 —i— Perforated fixed double-
Slope, degrees pitched

Figure 11. Variation of average equivalent stresses along the entire lower flanges of beams with
changing slope.

Beams with fixed support experience significantly lower stresses compared with hinged
beams: for single-pitched solid beams stresses decrease by 49-59% and for double-pitched
beams by 84-89%. A similar tendency is observed for perforated beams, where fixed restraint
reduces stresses by 61-69%.

The lowest average stresses (as well as deflections) occur in fixed double-pitched
beams. Under identical loading conditions, perforated beams demonstrate 8—49% lower
stresses than solid-web beams. It was also established that with hinged support the stresses
in single-pitched and double-pitched beams are almost identical, whereas with fixed
restraint double-pitched beams experience 70-73% lower stresses than single-pitched
beams. In general, average equivalent stresses are almost independent of the slope under
identical support and loading conditions, even considering the change in self-weight.

For perforated beams, maximum equivalent stresses around perforation openings
were also investigated. The analysed regions correspond to locations of maximum internal
forces according to the force diagrams (see fig. 2—4), namely the end opening, the midspan
opening and the quarter-span opening.

For all beam types and support conditions, the maximum equivalent stresses
occur around the end openings (Fig. 12 (a)). The trends of stress variation around
the end opening and the quarter-span opening (Fig. 12 (b)) are similar; however,
for fixed perforated double-pitched beams stresses decrease rapidly for slopes
from 0° to 10° and then more gradually. For other beam types, stresses may either
increase or decrease but the overall tendency from 0° to 45° is a smooth
reduction.

A different behaviour is observed for the midspan's openings (Fig. 12 (c)).
In hinged single-pitched and double-pitched beams, maximum equivalent
stresses gradually increase with slope; at 40° they are about 13% higher
than at 0° In fixed single-pitched beams, stresses around the midspan
opening vary only slightly (within 7%). In fixed double-pitched beams,
stresses sharply increase between 0° and 10° (by 53%), reach a peak level
that remains nearly constant up to 30° and then gradually decrease toward 45% (by
about 18%).
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Figure 12. Variation of maximum equivalent stresses around the end opening (a), the quarter-span opening
(b) and the midspan opening (c) with changing slope.

4. CONCLUSIONS

The stress-strain state of steel solid-web and perforated I-beams under varying
configuration, pitch angles and boundary conditions was analysed.

It was established that the smallest deflection values are observed in rigidly fixed
double-pitched beams, both solid-web and perforated. For inclination angles ranging from
5° to 25°, solid beams exhibit higher stiffness, whereas for slopes between 30° and 45°,
perforated beams demonstrate greater stiffness.

For perforated beams, a significant dispersion of equivalent stresses along the
flanges was observed over short distances due to stress redistribution around web openings;
therefore, the results were evaluated using averaged equivalent stresses.

The highest average equivalent stresses in the I-beam flanges occur in hinged support
beams, while in perforated beams they are 39.5-41.9% lower than in solid-web ones. The
lowest average flange equivalent stresses occur in rigidly fixed beams, especially double-
pitched structures, where stresses are 70—-73% lower than in single-pitched beams.

It was determined that in perforated beams the maximum stresses occur around the
openings nearest to the support. For fixed double-pitched perforated beams, increasing
slope from 0° to 10° reduces stresses around the openings nearest to the support but
simultaneously increases stresses near the midspan openings.
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