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ABSTRACT

Based on the ABAQUS finite element analysis software platform, this

study investigated the effects of opening parameters, including end dis- OPEN ACCESS
tance, opening rate, and opening distribution, on the flexural performance

of fixed open-web steel beams. The results indicate that an open-web steel Received: 25/02/2025
beam with fixed support exhibits a flexural shear failure mode, which

initiates yielding at the hole corners in the flexural shear zone. As the load Accepted: 24/03/2025
increases, the plastic zone progressively extends to the flange, ultimately Published: 14/07/2025
forming a four-hinge plastic mechanism around the hole. Specifically, a DOI

mid-span hole reduces the flexural performance by approximately 10%, 10.23967/j.rimni.2025.10.64829
while an end hole reduces it by approximately 47%. It is recommended that

mid-span openings with end distances no less than 1.75 times the beam Keywords:

height be prioritized in engineering design. Additionally, the flexural Open-web steel beam
performance of fixed open-web steel beams decreases as the opening rate flexural performance
increases. Optimizing the opening geometry by reducing its length-to- opening rate

height ratio under invariant opening ratio conditions provides a more than end distance

doubled flexural capacity gain, offering practical insights for beam design. opening distribution

numerical simulation

1 Introduction

Open-web steel beams emerged in the 1940s and were initially utilized during World War II to
reduce the costs of steel buildings [1]. Currently, they are essential in modern architecture to fulfill
functional needs, such as high ceilings, large spaces, and wide spans, and they often require holes in
floor beams to create open-web designs.

The mechanical properties of open-web beams are influenced by factors such as the hole type,
hole-opening ratio, hole spacing, hole height ratio, and hole length-to-height ratio. Several researchers
have conducted studies on this topic. Wu et al. [2] examined the impact of the span, hole-opening ratio,
and hole spacing on the mechanical properties of hexagonal perforated beams and provided practical
calculation formulas. Morkhade et al. [3] investigated the influence of the width of the web column
between holes on the bearing capacity of open-web steel beams and summarized the influence law
of hole spacing on the failure mode of open-web beams. Wang et al. [4] studied the elastic-plastic
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development process of open-web beams and discovered that although increasing the section height
can enhance the flexural rigidity of the component, it also reduces the shear bearing capacity, owing
to the excessive hole-opening in the web plate. Al-Rifaie et al. [5] discovered that a wide opening
considerably diminishes the bending performance, whereas horizontal stiffening markedly enhances
the bending performance. Song [6] conducted experiments and simulation studies on the mechanical
performance of large-scale nonequidistant rectangular perforated steel beams, proposed the concept
of the influence area of the hole-opening, and proposed the coefficients of increased normal stress
and shear stress based on existing theoretical formulas. Wang [7] and Liu [8] investigated the impact
of the span-to-height, hole-height, length-to-height, and distance-to-height ratios on the mechanical
properties of rectangular open-web beams and proposed improved stress formulas. Ponsorn et al. [9]
discovered that broken line cutting exhibits superior performance compared to circular holes, and
the optimal opening configuration is contingent upon the beam’s length and service conditions.
Zhu et al. [10] discovered that perforating the high-shear zone significantly compromises the strength
of the structural member. Xu et al. [1 1-13] conducted bending performance tests on simply supported
open-web steel beams with diverse hole-opening parameters and summarized the influence laws of
factors, including the hole-opening ratio, hole distribution, and hole length-to-height ratio, on the
bending performance of simply supported open-web steel beams. Zou et al. [14,15] and Jia et al. [16].
Performed a static loading test to compare the flexural capacities of simply supported circular beams
and hexagonal beams. Their results demonstrate that circular openings exhibit superior performance
relative to hexagonal openings, with flexural capacity decreasing progressively as the opening ratio
increases. Wang [1 7] investigated the failure mechanisms of steel beams featuring rectangular openings
in the web and derived a formula for calculating their plastic bearing capacity, grounded in the theory
of four-axis force-bending moment plastic hinges. Luo et al. [ 18] concentrated on the stress distribution
of simply supported open-web steel beams. They compared and analyzed the calculation results from
the former Soviet Union code, the Japanese code, and the finite element software, and subsequently
put forward an improved calculation for normal stress of the cross-section considering the opening
parameters and load conditions. Hosseinpour et al. [19] proposed a method based on an Artificial
Neural Network to predict the ultimate bending capacity of open-web steel beams. Maalek [20]
deduced the formula for the shear deflection of the web between the holes and carried out experimental
verification. Based on the principles of area equivalence and inertia moment equivalence. Li et al. [21]
derived a practical formula for calculating the deflection of a hexagonal open-web beam with simple
support. Zhou et al. [22] critically evaluated the existing methodologies for calculating flexural rigidity
and proposed a practical formula for determining the equivalent flexural rigidity of open-web beams.
Li [23] proposed a method for calculating the initial rotational stiffness of the end-plate connection
of H-shaped column with honeycomb beam. Huang et al. [24] employed the Simpson formula to
address the integral equation featuring variable moments of inertia during the solution process of the
differential equation for the flexural line, thereby deriving an expression for the equivalent flexural
stiffness of open-web beams. Budi et al. [25] optimized hole angle and hole distance parameters of
hexagonal simply supported web-open beams by finite element analysis. Shamass et al. [26] presents
a simplified mechanical model for web-post buckling failure through finite element analysis of simply
supported open-pass beams with varying steel strengths. Due to the presence of open holes, the flexural
performance of steel beams is diminished. Consequently, numerous scholars have dedicated their
efforts to investigating methods for reinforcing hollow steel beams. For instance, installing stiffeners
around open holes [27,28], utilizing high-strength steel [29], enlarging the cross-sectional dimensions
[30], and employing composite structures [31] can enhance the flexural performance of open-web
steel beams. Zhai [32] concluded that reinforcing the mid-span open-hole beam with a plate and
the end open-hole beam with a stiffener would satisfy the engineering requirements. The mechanical
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response of a beam with fixed support differs from that of a beam with simple support due to varying
constraint conditions. Under identical loading conditions, the bearing capacity and stiffness of a fixed-
supported beam are superior to those of a simply supported beam. Huang et al. [33] investigated the
elastoplastic behavior of simply supported and fixed open-web beams, revealing that an open hole at
the end is prone to shear failure. However, further research is required to determine an appropriate
end distance value. Chen [34] proposed that the appropriate opening radius for a circular open-hole
beam with fixed support should be between H/4 and H/3. Su et al. [35] compared the mechanical
performance of the hollow beam with circular holes, hexagonal holes, and rectangular holes, and the
results showed that the mechanical performance of the hexagonal holes was the best, followed by
the circular holes, and the rectangular holes were the worst, which was different from the law in the
case of simple supports. Zheng et al. [36] conducted static loading tests on six fixed-end open-web
beams with different hole length-to-height ratios, hole-opening ratios, and hole distributions as well
as summarizing the influence laws of hole-opening parameters on the bearing capacities of fixed-end
open-web steel beams.

Currently, the majority of research both domestically and internationally has concentrated on
simply supported open-web steel beams. However, there is a relative paucity of studies examining the
mechanical behavior of fixed-end open-web steel beams. Although under identical loading conditions,
the bending moment distribution in fixed-end beams is more uniform compared to simply supported
beams of equal span, the shear force at sections with higher bending moments is comparatively greater.
This increased shear force may result in premature failure of the beam. Consequently, it is necessary
to investigate the mechanical performance of fixed-end open-web steel beams. In this study, using
open-web steel beams featuring triangular chamfered holes as the research object, numerous numerical
models of fixed-end open-web steel beams were established using the ABAQUS software. Considering
the end distance, hole height ratio, hole length-to-height ratio, hole-opening ratio, and number of
holes as variables, the degrees of reduction of each parameter on the bearing capacity and stiffness
of the components were compared and analyzed. The influence laws of each factor on the bearing
capacity and stiffness of the components were summarized, and suggestions for reasonable hole-
opening parameters were proposed.

2 Finite Element Model Building
2.1 Model Building

In this study, the steel beam span of the model was 3 m, section size was H300 x 75 x 5 x 7 (unit:
mm), steel strength grade was Q235, elastic modulus was 206 GPa, and Poisson’s ratio was 0.3. The
constitutive model of steel is an ideal elastic-plastic model. In ABAQUS, the web could be perforated
using a “cutting” operation. Fig. 1 shows a three-dimensional finite element calculation model of an
open-web steel beam.

Y
Zo—t
X

Figure 1: Three-dimensional finite element calculation model of an open-web steel beam
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2.2 Mesh Dividing

Fig. 2 shows the mesh division diagram. To ensure calculation accuracy and efficiency, an 8-node
hexahedral linear reduction integral element (C3D8R) with a mesh size of 5 mm was employed as the
grid element type. In addition, to reflect the stress state in the direction of flange and web thickness,
the number of grid division layers in the direction of web and web thickness was defined as 3 layers.

¥

127

(a) Side view

Lx Lo e

(b) Section diagram (c¢) Local diagram
Figure 2: Mesh division

2.3 Boundary Condition and Load Settings

Finite element model was verified with the experimental results conducted by Xu et al. [1 1-13]. On
this basis, the boundary conditions were changed to two fixed ends for analysis. The loading method
adopted three-point concentrated force loading. The boundary conditions are fixed constraints at
both ends. Thus, the translational constraints u,, u,, and u. in three directions and rotation constraints
6., 0,, and 6. in three directions are applied at the beam ends. Here, x, y, and z correspond to the
directions of the global coordinate system, indicating the directions along the beam width, height,
and axis, respectively. Fig. 3 shows a schematic of the boundary conditions.

Figure 3: Boundary condition
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3 Finite Element Model Parameter Analysis
3.1 Parameter and Output Data Description
3.1.1 Parameter Description

Fig. 4 shows the variables used for parameter analysis. For convenience of expression, the
calculation model number is specified as “M-/h,-/,-e-n,” where “M” indicates the model, “A,” indicates

opening height, “/,” indicates opening length, “e” indicates end distance, and “r” indicates the number
of opening holes. The number of the solid web beam model is denoted by “M,.” Computational
models were compared using the control variable method to maximize the consistency of the remaining

variables. Only the variables under study were altered.

J:Q FfiL
IR D

| Ly3 l Ly3 | L3 |

S

Figure 4: Variable diagram. Note: s,/H represents the ratio of opening height to section height. /,/A,
represents the ratio of opening length to opening height. e/H represents the ratio of end distance to
section height. The opening rate k represents the ratio of the hole area to the solid beam web area. L,
represents the beam span

3.1.2 Output Data Description

The simulation results mainly output the load—deflection curve and stress nephogram. The
ultimate load and elastic stiffness values can be obtained from the load—deflection curve as follows.
The vertical coordinate corresponding to the peak point of the load—deflection curve is the ultimate
load F,,.. When the load—deflection curve remained linear, the slope was the elastic stiffness, K..

The simulation results were compared with the equivalent solid web beams as a reference, and the
weakening degree of the flexural performance caused by the opening parameters was characterized by
the reduction percentage. The reduction percentage indicates the extent of reduction in the equivalent
solid web beams, owing to the opening parameters.

3.1.3 Typical Load-Deflection Curve

Fig. 5 illustrates the typical load-deflection curve of a steel beam, which can be divided into
three distinct stages: the elastic stage, the plastic development stage, and the failure stage. The stress
nephogram of each stage is shown in Fig. 6.

(1) Elastic stage: In the first segment of the curve, the entire component remains in an elastic state,
with the load-deflection relationship being linear. The elastic stage concludes when certain
fibers reach the material’s yield strength. The corresponding load value is designated as the
elastic limit F,, while the associated deflection value is termed the elastic deflection A.. This
stage corresponds to Fig. 6a. At the end of the beam, the stress concentration at the hole angle
reached the yield point first, whereas the stress at the hole angle in the mid-span remained lower.
This phenomenon occurred because the beam end was primarily subjected to bending moments
and shear forces, which led to significant stress concentration at the hole angle. In contrast, the
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mid-span hole was mainly influenced by bending moments, resulting in a relatively lower stress
level.

(2) Plastic development stage: An increasing number of fibers enter the yield phase, leading to the
expansion of the plastic zone. Sections progressively transition into full-section plasticity. This
stage is characterized by a distinct inflection point, defined as the yield point of the component.
The corresponding load value is identified as the yield load F, and the associated deflection
value is referred to as the yield deflection A,. This stage corresponds to ig. 6b. The angle
plastic zone of the beam end hole gradually expanded to the flange, forming four plastic zones.

(3) Failure stage: Multiple plastic hinges form within the member until it transforms into a
“mechanism,” indicating that the member has reached its ultimate bearing capacity. The
maximum load value at this stage is denoted as the ultimate load F\,,,, and the corresponding
deflection value is termed the ultimate deflection A,,,. This stage corresponded to Fig. 6¢,
where the plastic zone extended across the entire section until the structure failed.

F
-~
Il Failure stage
e P c e 2
B ‘\I
F y [ -2 D
1 Yield point ;
1 Il Plastic development stage
A i
Fo Foetfuuan-a- demmmmm e e
1 1
1 1
: : I Elastic stage
1 ]
1 ]
0 T > ﬁ
Ae AY Jﬁ‘rrl.f,t.\'

Figure 5: Typical load-deflection curve

(a) Elastic stage

(b) Plastic development stage

(c) Failure stage

215.6 1768 138.1 99.3 60.5 217

Figure 6: Stress nephogram (unit: MPa)
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3.2 End Distance

To study the influences of different end distances on the flexural performance of the open-web
steel beam, four-hole length-to-height ratios (1.0, 1.33, 1.67, and 2.0) were selected. The control hole
height ratio was held constant at 0.5. Eleven end distances (75, 150, 225, 300, 375, 450, 525, 600, 750,
900, 1050 mm) caused e/H to change within 0.25-3.5, and a total of 45 models were established. The
holes of the model with an end distance of 1050 mm were located in the middle of the span, whereas
the maximum end distance was 1000 mm for those of the model with a hole length of 300 mm. These
results occurred because the pure bending section area could not row three holes when the end distance
was 1050 mm.

3.2.1 Stress Nephogram

Fig. 7 shows the stress nephograms of the models M-150-150-75-3, M-150-150-525-3, M-150-150-
1050-3, and M, under the ultimate load. Variations exist in the failure modes of the steel beams with
different end distances.

(d) MO
235.0 __196.2 157.4 118.6 79.7 40.9 2.1
BT | T T T T T T

215.6 176.8 138.0 99.2 60.3 215

Figure 7: Stress nephogram (unit: MPa)

In Fig. 7a, for small end distances, plastic hinges initially developed around the beam-end hole,
resulting in a noticeable deformation of the hole shape. Subsequently, plastic hinges formed in the
mid-span region, indicating a bending-shear failure mode. This phenomenon occurred because the
opening caused a reduction in the shear stiffness of the section and led to stress concentration at the
hole angle, ultimately resulting in plastic hinge formation near the beam end opening.

In Fig. 7b, when larger end distances were considered, plastic hinges appeared at both the beam
end and around the beam-end hole. However, no plastic hinge fracture occurred at the mid-span. The
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presence of an opening weakens the shear stiffness within this section and initiates bending—shear
failure primarily at the opening location, which thereby prevents further load-bearing capacity within
the midspan area.

In Fig. 7c, when openings are concentrated within pure bending sections, the failure modes
resemble those observed in solid web beams, where plastic hinge fractures occur at both the beam
ends and mid-span regions, whereas the ultimate load is governed by the net section behavior within
the mid-span area.

3.2.2 Elastic Stiffness

Fig. 8 shows the line diagram of elastic stiffness changing with end distance when the hole length-
to-height ratio is 1.0-2.0. The horizontal dashed line in Fig. § represents the elastic stiffness of the
equivalent solid web beam, and the percentage reduction represents the reduction percentage, relative
to the equivalent solid web beam.
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Figure 8: Elastic stiffness—end distance line graph with different length-to-height ratios. (a) /, = 150
mm, k = 0.079; (b) /, = 200 mm, k& = 0.105; (¢) /, = 250 mm, k = 0.131; (d) /, = 300 mm, k = 0.157
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The variation trend of the elastic stiffness with the end distance remained consistent across
different length-to-height ratios and exhibited a double-fold line pattern. For end distances of less
than 750 mm (2.5 H), the plot of the elastic stiffness—end distance for each model approximates a
straight line with a slight slope. However, a significant increase in the elastic stiffness of each model
was observed when the end distance exceeded 750 mm.

When the end distance was varied by 750 mm, the reduction in the elastic stiffness remained stable,
whereas the range of reduction increased with an increase in the hole length-to-height ratio. These
results suggest that adjusting the end distance has a limited effect on the enhancement of the elastic
stiffness of a beam with an endhole.

When the end distance exceeded 750 mm and the hole length-to-height ratio was set at 1.0,
1.33, 1.67, and 2.0, corresponding elastic stiffness reductions of 6.7%, 11.75%, 17.64%, and 21.71%,
respectively, were observed, indicating a significant enhancement in elastic stiffness with an increasing
end distance and an even more pronounced effect with a higher hole length-to-height ratio.

When the openings are all located at mid-span, that is, when the end distance is 1050 mm, the
corresponding reduction percentages of hole length-to-height ratios of 1.0, 1.33, 1.67, and 2.0 are
—6.33%, —6.57%, —6.72%, and —8.73%, respectively. These results indicate that when the openings
are all located at midspan, the influence on the elastic stiffness is small, and the influence of different
hole length-height ratios on the elastic stiffness is insignificant.

3.2.3 Ultimate Load

As depicted in Fig. 9, the ultimate load of components with different length-to-height ratios
exhibits a similar trend with varying end distances within a range of 1.0-2.0. For end distances below
750 mm, the ultimate load-end distance relationship for each model approximates a straight line with
a small slope, showing a significant maximum value at 525 mm. However, when the end distance
exceeded 750 mm, there was a substantial increase in the ultimate load for each model as the end
distance increased.

The degree of the reduction in the ultimate load remained stable when the end distance was
varied within 750 mm. Moreover, the variation range of the degree of reduction decreased as the end
distance increased. This observation suggests that changes in the end distance have a minimal effect
on the ultimate bearing capacity of the member. Conversely, variations in the hole length-to-height
ratio significantly affected the ultimate bearing capacities of the members. Therefore, for beams with
openings at the ends, the range of increase in the ultimate load that is achievable by adjusting the end
distance is limited. Instead, the opening rate should be adjusted.

When the end distance exceeded 750 mm, the ultimate load increased significantly. The increments
in the percentage reduction of the ultimate load corresponding to the hole length-to-height ratios of
1.0, 1.33, 1.67, and 2.0, are 13.63%, 24.63%, 33.61%, and 38.48%, respectively. These findings indicate
that a larger hole length-to-height ratio results in a more pronounced increase in the ultimate load
upon adjusting the end distance.

When the openings are all located in the mid-span position, that is, when the end distance is
1050 mm, the reduction percentage corresponding to the hole length-to-height ratio of 1.0-2.0 is
approximately —4.12%. These results indicate that when the openings are all located in the midspan
position, they have little effect on the ultimate load, and the change in the hole length-to-height ratio
has little effect on the flexural performance of the open-web steel beam. Comparing Figs. 8 and 9

https://www.scipedia.com/public/Feng_et_al_2025 9
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shows that the impact of the openings on the ultimate load was slightly greater than that on elastic
stiffness.
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Figure 9: Ultimate load-end distance line graph with different length-height ratio. (a) /, = 150 mm,
k =10.079; (b) I, = 200 mm, k = 0.105; (¢) /[, = 250 mm, k = 0.131; (d) /, = 300 mm, k = 0.157

Variations in the end distance and the length-to-height ratio of the hole influence both the bearing
capacity and stiffness of the open-web steel beam. The presence of an opening at the end of the beam
led to a greater reduction in the bearing capacity and stiffness, which correlated with the length-to-
height ratio of the hole. When the openings were located within midspan, the flexural behavior of the
open-web steel beam closely approximated that of a solid girder.

Based on the simulation results presented in this section, Fig. 10 illustrates the relationship
between the end distance and flexural resistance of the open-web steel beam. For end distances less
than 2.5 H, the changes in the elastic stiffness and ultimate load are relatively gradual; however, once
the end distance exceeds 2.5 H, further increases have a pronounced impact on both the bearing
capacity and stiffness.
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Figure 10: Relation diagram of elastic stiffness, ultimate load, and end distance. (a) Diagram of
the relationship between elastic stiffness and end distance; (b) Diagram of the relationship between
ultimate load and end distance

Fig. 10b illustrates the relationship between the variations in the end distance and the ultimate
load for an open-web steel beam. At an approximate end distance of 1.75 H, the effect of opening at
this location on the flexural bearing capacity was minimized. Therefore, unless specific requirements
dictate otherwise regarding opening placement, it is advisable to position openings centrally within
the span or at an end-distance of approximately 1.75 H to mitigate their impact on the flexural
performance of each member.

3.3 Opening Rate

To investigate the influence of the opening rate change caused by altering the opening length and
opening height on the bearing capacity and stiffness, the fixed end distance was set to 300 mm, and
five opening heights (100, 120, 150, 180, and 210 mm) as well as six opening lengths (150, 200, 300,
400, 500, and 600 mm) were considered, comprising a total of 30 models.

3.3.1 Opening Length

Fig. 11 shows the broken line graph of the elastic stiffness opening length for models with
different opening heights. As the opening length increases, the elastic stiffness exhibits a monotonically
decreasing trend. The opening length is closely related to the weakening of the elastic stiffness of
the member, and a larger opening length implies a smaller stiffness of the member. The broken
line graph shows that for every 100 mm increase in the average opening length, the elastic stiffness
reduction degrees corresponding to the opening heights of 100, 120, 150, 180, and 210 mm increase by
approximately 10.53%, 11.54%, 13.01%, 14.15%, and 14.74%, respectively. These findings indicate that
a higher opening height results in a greater reduction rate of elastic stiffness when the same opening
length is changed.

In Fig. 11a, the reduction percentage of the elastic stiffness of the model with a hole height of 100
mm and hole length of 600 mm is —60.76%, indicating that even if the hole height is small, the elastic
stiffness is greatly weakened when the hole length is large. In Fig. 1 1le, the reduction percentage of the
elastic stiffness of the model with a hole height of 210 mm and hole length of 120 mm is —21.03%,
indicating that even if the hole height is small, the elastic stiffness is significantly weakened when the
hole height is large.
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Asshownin Fig. 12, the ultimate load exhibited a monotonically decreasing trend with an increase
in the opening length. The opening length is closely related to the weakening of the ultimate bearing
capacity of the member. A larger opening length implies a smaller bearing capacity of the member.
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In Fig. 12a, the reduction percentage of the ultimate load of the model with a hole height of
100 mm and hole length of 600 mm is —60.26%, which indicates that even if the hole height is small,
the ultimate load is greatly weakened when the hole length is large. In Fig. 12e¢, the reduction percentage
of the ultimate load of the model with a hole height of 210 mm and hole length of 120 mm is —48.12%,
which indicates that even if the hole length is small, the ultimate load is significantly weakened when
the hole height is large.

3.3.2 Opening Height

Asshown in Fig. 13a, the elastic stiffness decreases with an increasing opening height. For smaller
opening lengths, the rate of decrease was relatively low; however, for larger opening lengths, the rate of
decrease was more significant. The trend of the ultimate load—opening height breaking line in Fig. 11b
was similar to that observed in Fig. 11a.
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Figure 13: Elastic stiffness and ultimate load—opening height line diagram for models with different
opening lengths. (a) Elastic stiffness; (b) Ultimate load

Comparing Figs. 12 and 13 shows that the degree of reduction of the increase of the opening rate
caused by altering the opening length on the elastic stiffness of the member was slightly greater than
the ultimate load.

3.4 Opening Distribution

To investigate the influence of changes in the opening distribution on the flexural performance of
fixed-support open-web steel beams, the fixed hole height was set to 150 mm with an end distance of
100 mm. Considering four different opening rates (0.157, 0.210, 0.262, and 0.315) and three varying
numbers of openings (3, 6, and 9), a uniform opening arrangement was adopted for each model. In
this arrangement, the openings were evenly distributed between the holes. FFig. 14 presents a schematic
illustrating the opening arrangement, encompassing a total of 12 models.
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3.4.1 Stress Nephogram

The failure process of the models with different opening rates was similar. Therefore, three models
with k = 0.210 were used for the analysis. Fig. 15 shows the stress nephogram.
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Figure 15: Stress nephogram (unit: MPa). (a) M-150-400-100-3; (b) M-150-200-100-6; (¢) M-150-133.3-
100-9

https://www.scipedia.com/public/Feng_et_al_2025 15



Q. Feng, M. Qian, C. Qu and N. Ye,
Numerical simulation of the influence of different opening parameters on the

S I p E D I A flexural performance of fixed open-web steel beams,
Rev. int. métodos numér. célc. diseno ing. (2025). Vol.41, (3), 39

Fig. 15 illustrates that the high-stress region of an open-web steel beam is concentrated at the hole
corner of the bending-shear section and that its failure mode is related to the distribution of the holes.
When there are few holes, as shown in Fig. 15a, owing to the longer hole length, a “secondary shear
moment” becomes apparent, and stress concentrates at the hole corner, forming four plastic hinges
that lead to open-web failure. However, stress levels in pure bending sections located in the middle
span remain low and fail to fully participate in force transmission. Conversely, when there are many
holes (Fig. 15b,c), even with similar opening rates, single-hole lengths decrease with an increase in the
number of holes, which results in uniform changes to the longitudinal section stiffness, which weakens
the “secondary shear moment,” thereby improving the flexural performance of open-web steel beams.

3.4.2 Elastic Stiffness and Ultimate Load

Fig. 16 illustrates the diagram of the elastic stiffness and ultimate load—opening number broken
lines for different opening distribution models.
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Figure 16: Elastic stiffness and ultimate load—number of holes line diagram with different opening
distribution models. (a) Elastic stiffness; (b) Ultimate load

Fig. 16 shows that the number of openings exhibits a consistent influence on both the stiffness
and bearing capacity of the member within an opening rate range of 0.157-0.315. Moreover, when
the opening rate remained constant, there was a monotonic increase in both the elastic stiffness
and ultimate load with an increasing number of openings. Notably, compared with the model with
three openings, significant improvements in the elastic stiffness and bearing capacity were achieved by
introducing six or nine openings into the model structure. For instance, at an opening rate of 0.262,
the elastic stiffness values for models with 3, 6, and 9 openings were recorded as 18.48, 32.31, and
37.46 kN/m, respectively, whereas their corresponding ultimate loads were 68.58, 145.08, and 177.18
kN. Remarkably, the model with nine openings demonstrated an approximately one-fold improvement
in both the stiffness and bearing capacity, compared with its counterpart with three openings,
indicating that increasing the number of openings significantly improves both the elasticity and bearing
capacity when maintaining a constant opening rate.

However, when the number of openings was 6, an increase in the number of openings did not
significantly improve the flexural performance of the members. Thus, increasing the number of
openings has a limited impact on the flexural performance. When there were 9 openings, both the
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stiffness and bearing capacity reduction percentages of the member remained within 40%. These
results indicate that evenly distributing these openings enables the estimation of the stiffnesses and
bearing capacities of open-web steel beams by reducing the values from solid beams by approximately
40%. Furthermore, at an equal opening rate, increasing the number of evenly distributed openings can
enhance the elastic stiffness and ultimate load-bearing capacity by approximately two times, compared
with separate individual openings. Thus, it is recommended to distribute these openings as uniformly
as possible to reduce the single-opening rates.

The broken line diagram in Fig. 17 illustrates the elastic stiffness and ultimate load—opening rate
relationships for different opening distribution models.
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Figure 17: Elastic stiffness and ultimate load—opening rate line diagram with different opening
distribution models. (a) Elastic stiffness; (b) Ultimate load

When the number of openings is constant, both the elastic stiffness and ultimate load of open-web
steel beams exhibit a linear monotonic decrease with an increasing opening ratio. These findings align
with the rule established in Section 3.3 that indicates its applicability, even in scenarios involving many
openings.

4 Conclusion

This study investigated the influence of various parameters on the flexural performance of fixed
open-web steel beams and proposed several design recommendations to guide the development and
design of such beams. The following conclusions were drawn:

The position of the opening significantly affects the flexural performance of fixed open-web
steel beams. When the end distance is less than 2.5 times the beam height (2.5 H), variations in this
distance have a relatively stable impact on the flexural performance. To minimize the adverse effects
of openings, it is recommended to position openings in the mid-span region. If an opening is required
near the beam end, an end distance of approximately 1.75 H is recommended.

Increasing either the height or length of an opening leads to a reduction in the flexural perfor-
mance of fixed open-web steel beams. This reduction becomes more notable as these dimensions of the
opening increase. With identical hole height ratios, end distance ratios, and numbers of openings, the
elastic stiffness and ultimate load exhibited linear monotonic declines with increasing opening rates.
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The opening distribution plays a crucial role in determining the flexural performance of members.
When maintaining equal opening rates, dispersing larger openings into smaller ones by reducing
length-to-height ratios and increasing their number can enhance the stiffness and load-bearing
capacity by approximately 100%, compared with using a single large opening. Therefore, it is advisable
to distribute openings as evenly as possible while minimizing individual opening rates.

These findings provide valuable insights for the design and optimization of fixed open-web
steel beams, emphasizing the importance of careful consideration of opening position, dimensions,
distribution, and rate to achieve optimal structural performance.

Finally, this study acknowledges several limitations. For instance, the influence of residual stress
was not considered during the modeling process. Future research could experimentally measure the
residual stresses in open-web steel beams and incorporate them into numerical models to systematically
investigate their impact on the mechanical performance of fixed open-web steel beams. Additionally,
a review of the literature reveals a scarcity of experimental studies on fixed open-web steel beams,
likely due to the challenges associated with achieving fixed supports in laboratory settings. Therefore,
it is suggested to carry out experimental research on the mechanical behavior of fixed open-web steel
beams.
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