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Abstract

Steel beams with eccentric loads are subjected to combined bending and torsional moments
that lead to lateral displacements, unwanted stresses at the top and bottom flanges, and
global buckling along their length. To resist these displacements and stresses, horizontal
stiffeners were used in the direction of the beam axis at locations of the beam’s web height.
To conduct this study, Finite Element Modeling (FEM) was used to simulate these steel
beams. The reliability of the FEM results was first verified by comparing them with the
results of 25 steel beams that had been experimentally tested in previous studies, and the
results showed high accuracy in modeling these steel beams. Secondly, a FEM analysis
was performed on 70 steel beams, considering certain variables, namely the locations of
the horizontal stiffeners relative to the beam’s web height, the width of the horizontal
stiffeners, and the reduction in the spacing between the vertical stiffeners. The results
showed that locating the horizontal stiffeners closer to the top or bottom flange enhances
the beam’s resistance to eccentric loads. The placement of horizontal stiffeners near the
flanges influences the stress distribution at their edges and the overall load capacity, with
optimal locations at 10%, 20%, and 90% of the web height. Additionally, combining
stiffeners at two web height locations increased capacity synergistically, though less than
the sum of their individual effects. Using small-width horizontal stiffeners at low ratios of
web height achieved similar efficiency to full-width stiffeners at higher ratios, allowing for
material savings. Reducing the distance between vertical stiffeners by half also led to similar
improvements to using steel beams with horizontal stiffeners of 20% or 90% of the web
height. An interaction diagram was developed to predict the ultimate load capacity of steel
beams under combined bending and torsion moments with varying horizontal stiffeners.

Keywords: horizontal stiffeners; vertical stiffeners; steel beams; bending and torsional
moments; finite element analysis; interaction diagram

1. Introduction

Steel beams are among the most important elements of steel structures, and require
careful attention, especially with regard to improving their efficiency in resisting different
loads. These steel beams are often subjected to eccentric loads due to their presence in
specific structural systems, such as the edge beams of bridges supporting a side cantilever,
or their location in building facades, or any other location where they are exposed to
loads that do not act along their longitudinal axis (eccentric loads). These eccentric loads
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generate torsional moments in addition to the basic bending moments on the cross-section,
as well as shear forces. The presence of combined bending and torsional moments acting
on the beam’s cross-section weakens it and reduces its efficiency in resisting external loads.
Torsional moments cause undesirable lateral displacement, accelerating failure due to
global buckling along the entire length of the beam. In addition, they generate atypical
stresses at the edges of the upper and lower flanges of the steel beam’s cross-section. A
review of the previous literature revealed that steel beams have received considerable
attention in research and analysis, both experimentally and numerically, under various
parameters and different loads. Many previous studies have addressed a wide range of
parameters to evaluate and monitor the performance of steel beams [1-4]. Researchers
have explored the behavior of these structural elements under various loading conditions,
including shear forces [5-8], bending moments [9-12], axial compression loads [13,14],
cyclic loads [15-17], torsional lateral buckling [18-22], and patch and concentrated trans-
verse loading [23-27], as well as the effects of temperature [28-30]. Other studies have
conducted experimental investigations on steel beams under varying parameters to de-
termine their ultimate load-carrying capacity [31-33]. The results obtained were then
compared with theoretical predictions from models incorporated in various existing design
codes. Overall, these studies revealed that the predicted capacities from current design
codes are generally lower than the experimentally measured values. Therefore, it is a safe
design approach. However, these results apply mainly to beams with straight longitudinal
axes subjected to non-eccentric static loads. Many previous studies have dealt with the
use of stiffeners in strengthening and improving the efficiency of the flanges and webs
of the cross-section of steel beams [34-36], and some have focused specifically on the
effect of vertical stiffeners and have developed rules for calculating their effect on the
ultimate strength of steel beams [37-40]. Graciano [41] performed a series of experimental
tests on steel beams under non-eccentric static loads, incorporating a longitudinal web
stiffener positioned within the compression zone. The findings indicated that installing
the stiffener at a height equivalent to approximately 0.3 times the web depth enhanced
the beam’s ultimate load capacity. However, when the spacing between the longitudinal
stiffeners exceeded forty times the web thickness, no significant improvement in structural
performance was observed. The study conducted by Sinur and Beg [42] addresses the
design requirements of rigid intermediate transverse stiffeners in longitudinally stiffened
plate girders under the influence of non-eccentric static loads. Comparative analysis of
current design codes, along with experimental testing on 1.5 m deep beams and numerical
simulations, revealed that both codes significantly overestimate the axial force resulting
from the tensile field effect. The experimental results showed that the actual force did not
exceed 56% of the calculated value. The study concludes that the performance of rigid
intermediate transverse stiffeners can be ensured by satisfying a stiffness-based criterion
defined by the minimum required second moment of area, which simplifies the design
process without compromising structural reliability. Roudsari et al. [43] conducted a nu-
merical study to investigate the influence of web stiffeners on the seismic performance of
reduced beam section connections in steel moment-resisting frames. Using 183 nonlinear
finite element models, various stiffener geometries, orientations, and configurations were
analyzed for sections with radius, straight, and drilled-flange cuts. The results showed
that appropriate combinations of vertical, horizontal, and diagonal stiffeners significantly
improved hysteretic behavior, reduced local and lateral-torsional buckling, and enhanced
energy dissipation capacity. The geometry and arrangement of stiffeners were found to
have a greater impact on connection performance than their thickness, contributing to more
reliable and ductile seismic behavior. Hou et al. [44] carried out experimental investiga-
tions on seven steel beam specimens with full cuts along the lower flange at mid-span.
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Additional specimens incorporated web damage corresponding to 15% and 28% of the web
height at the cut location. The results demonstrated that damage to the web in conjunction
with flange cuts in the tension zone significantly reduces both structural efficiency and
ultimate load capacity. Specifically, reductions of approximately 75.76% and 57.54% in
ultimate strength were observed for specimens with 15% and 28%, respectively, of web
damage. Sayed et al. [45] conducted a numerical study on 116 specimens to investigate
the effect of lateral out-of-plane deviations on the structural performance of steel I-beams.
Findings revealed that out-of-plane deviation significantly decreases the ultimate moment
capacity, with reductions of up to 60% when the offset equals the flange width of the beam’s
cross-section. The reduction ratio increases linearly with out-of-plane distance and nonlin-
early with section size and yield stress. Failure typically occurs due to global buckling in
the upper flange, accompanied by stress concentration at the deviation point. The study
by Sarfarazi et al. [46] develops a mathematical model to characterize the shear behavior
of panel zones in flanged cruciform columns while explicitly accounting for axial force
effects. A comprehensive parametric investigation involving 432 nonlinear finite element
models examines the influence of column web and flange thicknesses, continuity plate
thickness, and axial load level. The proposed relations predict yield and ultimate shear
capacities with average deviations of 5.32% and 6.2%, respectively, demonstrating strong
agreement with the numerical results. Findings indicate that continuity plate thickness has
minimal impact, whereas axial load significantly alters panel zone response. The model
offers improved accuracy and applicability over existing design approaches.

The Finite Element Method (FEM) has become an essential tool in the structural analy-
sis of both steel and concrete structures, owing to its efficiency in reducing time, cost, and
labor, as well as its ability to enhance safety in specific testing scenarios. FEM enables the
analysis of structural elements that are impractical to test experimentally due to their large
scale or measurement limitations. Consequently, many researchers have adopted FEM
simulations to achieve reliable and precise results by modeling various structural com-
ponents under diverse loading conditions and influencing parameters [47-50], especially
steel beams [51-54] and with cold- or hot-formed sections [55-58]. Tao et al. [59] conducted
FEM simulations on 340 steel tube specimens with varying geometries and cross-sectional
shapes, including 44 rectangular, 154 square, and 142 circular sections. The numerical
predictions demonstrated excellent agreement with the experimental results, achieving an
average capacity ratio of 1.019 and a standard deviation of 0.072. This finding is particularly
significant as it represents one of the most comprehensive verification studies conducted,
involving the largest number of specimens analyzed for model validation. Sayed [60]
performed an FEM simulation to verify the results by comparing the FEM results with
data from previously published experimental tests on 6 steel beam specimens. The close
agreement between the FEM and experimental results demonstrated the model’s high relia-
bility, with an average of ratios of ultimate load capacity and deflection reaching 0.994 and
0.997, respectively, with a correlation coefficient of 0.997. Also, Perera and Mahendran [61]
conducted FEM on six steel beam specimens that had previously been tested experimentally.
The comparison between the numerical and experimental results demonstrated strong
consistency in deformation patterns, moment—deflection relationships, and ultimate load
capacities, yielding an average ratio of 1.03 and a coefficient of variation (COV) of 2.00%.
Through this, it can be said that the use of FEM analysis systems provides great reliability
and accuracy in the analysis and simulation of structural elements, especially steel beams,
in predicting the ultimate load capacity of the structural element, its behavior, and the
distribution of different stresses in the cross-section.

From the above, it is clear that many previous studies have addressed the effect of
horizontal, vertical, and diagonal stiffeners on improving the efficiency of steel beams in
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resisting external loads. These studies have reached an advanced stage in the analysis
process and the formulation of models for predicting the ultimate load capacity of these
steel beams. However, they focused on the effect under non-eccentric loads, which generate
bending moments and shear stresses, or under lateral loads. The authors did not find any
studies that considered steel beams under eccentric loads, which result in both bending
and torsional moments on the beam’s cross-section. This may be due to the difficulty of
conducting these tests experimentally, as they require specialized machinery and equip-
ment, or analytically, perhaps due to the large number of samples required. To improve the
efficiency of steel beams under eccentric loads, a system of horizontal and vertical stiffeners
is the optimal solution. To determine the effect of these stiffeners on the efficiency of steel
beams under eccentric loads, and by reviewing the previous literature on the use of FEM in
modeling structural elements, especially steel beams, it has been proven to be very accurate
in the simulation results. Therefore, in this study, a FEM system was used to model steel
beams with and without horizontal stiffeners under eccentric loading. This was carried out
to determine the effect and contribution of horizontal stiffeners on the efficiency of steel
beams in resisting eccentric loads. Several variables believed to influence the test results
were considered, including the position of the horizontal stiffeners relative to the beam web
height, variations in the width of the horizontal stiffeners, and a reduction in the spacing
between the vertical stiffeners. Based on the results, an attempt will be made to develop
a preliminary interaction diagram that can predict the ultimate eccentric load capacity of
steel beams.

2. Finite Element Model Study
2.1. Modeling and Characteristics of Steel Materials

The ANSYS software (version 22) was used to perform FEM simulation of the steel
beams. The SOLID186 element [62] was used to simulate steel beams, as this element
has 3 degrees of freedom with 20 points distributed at the vertices and the midpoint of
the element’s edges. This element is suitable for asymmetric meshes and can model the
deformations of elastic-plastic materials. Therefore, it is suitable for simulating the various
properties of steel in terms of plasticity, large deflection, higher strain capabilities, creep,
and hyper-elasticity. To help obtain the true properties of the steel used in the manufacture
of steel beams, the results of experimental tests available in [63] were used. Standard
specimens of steel plates used in the manufacture of built-up steel beams with a thickness
of 5 mm were tested. The average stress—strain relationship obtained from these specimens
is listed in Table 1, and as shown in Figure 1. The average value of the modulus of elasticity
for these samples was recorded as 211 GPa. A Poisson’s ratio of 0.3 for steel was used.

Table 1. The stress and the corresponding strain for steel applied to the FEM simulation [63].

Stress (MPa) 282 301 347 369 377 339 299
Strain 0.00134  0.0279 0.0825 0.1262 0.1795 0.1946 0.2057

2.2. Structural Model Studies

To conduct this study, a FEM analysis system was used to simulate 95 steel beams.
These steel beam specimens are divided into two main groups as follows: The first group
consists of 25 specimens of experimental tests for steel beams available in previous stud-
ies [64—69], as listed in Table 2. The main objective of this group is to verify the accuracy
and reliability of using FEM analysis systems in modeling this type of structural element.
Therefore, this number of specimens was chosen to cover the largest possible number of
different variables that affect the ultimate load capacity of the steel beams. Among these
variables are the steel beam length, L, the beam flange width, by, the flange thickness, t, the
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web beam height, d\y, the web thickness, t,,, and the steel yield stress used, f- v Experimental

tests were carried out on these steel beams in two ways: four-point loading as described in

references [67-69] and three-point loading as described in references [64-66].

Stress o (MPa)

Figure 1. The steel stress—strain relationship for steel applied to the FEM simulation [63].
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Table 2. Summary of previous studies on steel beams used to verify FEM simulation results.

Steel Beam Dimensions

Beam fyw for
FE Model Based on Specimens L a dy tw b te (MPa) (MPa)
(mm) (mm) (mm) (mm) (mm) (mm)
c1 5000 2500 24926  9.01 180.17 1048 5410 525.0
Xiong et al. [64] 2 6000 3000 24774 9.00 179.19 1049 5410 525.0
3 5000 2500 431.03 8.79 179.15 1047 5410 525.0
1-600 X200 12 x 10-1 1360 600 599.2 10.2 200.1 12.4 433.0 484.0
1-600% 200 x 12 x 8-2 2560 1200 600.0 8.4 199.8 12.3 431.0 484.0
Saliba and Gardner [65] 1-600 %200 X 12 10-2 2560 1200 600.1 10.6 200.4 12.6 433.0 484.0
1-600% 200 x 12 x 15-2 2560 1200 599.0 15.0 200.1 15.3 564.0 484.0
Y13 3500 1500 37326 957 178.98 13.59 781.0 769.0
Y2-3 3500 1500 37244  9.63 197.47 13.63 781.0 769.0
Y6-3 3500 1500 32394  9.65 201.46 13.50 781.0 769.0
Y8-3 3500 1500  319.15 9.64 159.95 16.10 781.0 754.0
Yang et al. [66] Y9-3 3500 1500  370.11 9.90 159.15 16.26 781.0 754.0
Y10-3 3500 1500  369.95 9.81 177.81 16.03 781.0 754.0
Y12-4 4000 1200 320.19 9.50 177.40 16.38 781.0 754.0
Y13-4 4000 1200 368.8 9.68 159.34 16.35 781.0 754.0
Y14-4 4000 1200 36832 951 182.36 16.11 781.0 754.0
‘ . c1 3399 1000 357.4 7.87 169.0 11.91 4428 4082
Shokouhian and Shi [67] 2 3401 1000 35848 7.82 263.6 11.85 4428 4082
Bl 5000 1800 22270  10.40 271.00 12.40 775 797.0
. c1 5000 1800 22130  10.40 251.00 12.60 775 776.0
Beg and Hladnik [65] D1 5000 1800 22090  10.40 220.80 12.40 830 873.0
E1 5000 1800 22070  10.40 198.80 12.60 830 797.0
1-460-1 3400 1000 5209 11.96 167.8 13.87 5105 557.0
Shi et al. [69] 1-460-2 3400 1000 610.8 12.08 260.1 1394 5105 557.0
1-890-3 2000 600 661.0 6.17 166.5 6.35 886.0 886.0

The second group includes 14 steel beam models, where each model was tested using

FEM simulation under the influence of 5 cases of eccentricity distance measured from the

longitudinal axis of the beams, bringing the total number of steel beam specimens to 70, as

listed in Table 3. These steel beams were modeled using large dimensions to simulate the
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actual size of the beams used in steel structures. Therefore, steel beams with a total length
of 12.0 m were used, and steel beams with a fixed cross-section were used. Where the height
and thickness of the beam web are 1500 mm and 10 mm, respectively, while the width
and thickness of the upper and lower beam flanges are 400 mm and 20 mm, respectively.
Vertical stiffeners were used in all beams with a width and thickness of 195 mm and 10 mm,
respectively, and horizontal stiffeners with a thickness of 10 mm were also used, with the
width being used as a variable as listed in Table 3. These models contain several variables,
including firstly, the use of horizontal stiffeners; therefore, steel beams with only vertical
stiffeners (standard beams) were simulated, as well as steel beams with both vertical and
horizontal stiffeners. Secondly, the location of the horizontal stiffeners in relation to the
height of the beam web, d},s, measured from the top edge. To model this variable, distances
equal to 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 10% + 90% of the web height
were used. Thirdly, changing the width of the horizontal stiffeners, by,s, where values of 120,
160, and 195 mm were used for this variable, with the stiffener position fixed at a distance
of 20% of the beam web height. All these variables were carried out under the influence of 5
load conditions from the eccentricity of the load at distances equal to 0.0, 250, 500, 750, and
1000 mm measured from the longitudinal axis of the steel beam. All models were simulated
under the influence of three-point loading, taking into account that the ends of the beam are
fixed supports, thus preventing movement and rotation in the three directions X, Y, and Z,
as shown in Figure 2. All these specimens were simulated to determine the extent to which
all these variables affect the efficiency of steel beams in resisting combined bending and
torsional moments. All the details and variables, both constant and variable, for these steel
beam models are shown in Figure 2. The notation “Without-V@2m” refers to steel beams
without horizontal stiffeners, utilizing vertical stiffeners at 2.0 m intervals, and the notation
“"H@10%+90%-V@2m” indicates steel beams with horizontal stiffeners at a distance of 10%
and 90% of the beam’s web height, utilizing vertical stiffeners at 2.0 m intervals.

Table 3. Details of the variables in the steel beams created in this study by FEA simulation.

Beam Horizontal Stiffeners Vertical Stiffeners Cases of Eccentricity Distance, (mm)
Specimens Width Location at Distance, (mm) 1 2 3 4 5
bps (mm)  dpg (mm)
Without-V@2m ; ; 2000 000 250 500 75 1000
H@10%-V@2m 195 10% = 150 2000 000 250 500 75 1000
H@20%-V@2m 195 20% = 300 2000 000 250 500 75 1000
H@30%-V@2m 195 30% = 450 2000 000 250 500 75 1000
H@40%-V@2m 195 40% = 600 2000 000 250 500 75 1000
H@50%-V@2m 195 50% = 750 2000 000 250 500 75 1000
H@60%-V@2m 195 60% = 900 2000 000 250 500 75 1000
H@70%-V@2m 195 7100/;0: 2000 000 250 500 75 1000
H@80%-V@2m 195 8102/0"02 2000 000 250 500 75 1000
H@90%-V@2m 195 9&@; 2000 000 250 500 75 1000
- 10% = 150
H@10%+50%- 195  and 90% = 2000 000 250 500 75 1000
v@2m
1350
H@20%-b=16cm- 20% = 300 2000 000 250 500 75 1000
Va@a2m
H@20%-b=12em- 155 509 =300 2000 000 250 500 750 1000
V@2m

Without-V@1lm - - 1000 0.00 250 500 750 1000
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Ux=Uy=Uz=0
©x=6y= 6z=0

Figure 2. Steel beam geometric details, variables, and conditions used in FEM simulation.

2.3. Choosing the Optimal Mesh Size for Element Convergence

Given that mesh sensitivity and element size significantly influence both the accu-
racy and computational efficiency of FEM simulations, a mesh convergence study was
performed. The assessment was conducted using the largest specimen (length = 6000 mm),
for which the experimental test (C2) was available from previous work by Xiong
et al. [64]. Five mesh configurations were examined by varying the element dimen-
sions in the height, width, and length directions. The tested element sizes were:
(T1) 10 x 10 x 50 mm, (T2) 10 x 10 x 20 mm, (T3) 10 x 10 x 10 mm, (T4) 5 x 5 x 20 mm,
and (T5) 5 x 5 x 10 mm. For each mesh, the ratio between the ultimate load capacity pre-
dicted by the FEM simulations and the corresponding experimental value (Py rpm/ Pu Exp)
was calculated. These ratios were then plotted against the respective mesh configurations
to identify the optimal mesh refinement, as shown in Figure 3. The results indicate that
the 5 X 5 x 20 mm mesh provides the best balance between accuracy and computational
time, offering the closest agreement with the experimental data while maintaining reason-
able analysis time. Consequently, this mesh density was adopted for all subsequent FEM
simulations, including both previously published specimens and those newly proposed in

this study.
1.000
o 099 - 0.993 0.993
=
& 0990 |
3 ' 0.989
=
= 0985 - 0.986
LW
0,980 - 0.981
0.975

T-1 T-2 T-3 T-4 T-5
Trial number

Figure 3. The relationship between the accuracy ratio in the ultimate load capacity and the size of the
mesh dimensions.
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3. Verify Results from FEM

As observed in previous studies, some of which are included in the introduction
section, it has been shown that the accuracy and reliability resulting from FEM simulations,
when compared to the experimental test results, are very high. Specifically, by comparing
the ultimate bending moment capacities of the steel beams obtained from FEM modeling
with those from experimental tests, as listed in Table 4, an average ratio of 1.007 was
obtained between the ultimate bending moment capacity from the FEM simulation and that
from the experimental tests, with a coefficient of variation equal to 1.57% and a coefficient
of correlation equal to 0.99. These values document and confirm the high accuracy of the
FEM simulation results for steel beams.

Table 4. Comparing the FEM simulation results with the experimental test results for steel beams
from previous studies.

Beam M. FEM Results
u-Exp
FE Model Based on Specimens (kN.m) M,,.FEM M M
(kN.m) M'FEM u-Exp
C1 335.30 344.88 1.029
Xiong et al. [64] 2 326.39 324.12 0.993
c5 634.68 631.40 0.995
1-600 200 x 12 10-1 1102.80 1126.05 1.021
Saliba and Gardner 1-600 200 x 12 X 8-2 1172.00 1184.33 1.011
[65] 1-600 200 x 12 10-2 1395.00 1380.12 0.989
1-600 %200 x 12 x 15-2 2162.00 2139.76 0.990
Y1-3 1012.23 1037.91 1.025
Y2-3 1117.22 1149.06 1.028
Y6-3 962.23 957.55 0.995
Y8-3 955.01 964.44 1.010
Yang et al. [66] Y9-3 115833 1191.08 1.028
Y10-3 1230.55 1251.79 1.017
Y12-4 1065.00 1034.81 0.972
Y13-4 1184.36 1179.61 0.996
Y14-4 1274.40 1290.05 1.012
Shokouhian and Shi ~ C1 447.91 455.66 1.017
[67] le) 616.70 613.08 0.994
Bl 703.80 724.61 1.030
. C1 646.20 640.70 0.991
Beg and Hladnik [68] 5, 644.40 638.66 0.991
E1l 559.80 567.00 1.013
1-460-1 1225.40 1220.71 0.996
Shi et al. [69] 1-460-2 1999.70 2029.06 1.015
1-890-3 797.10 804.00 1.009

Another important element that demonstrates the reliability and accuracy of the
simulation results using FEM analysis is the comparison of load-deflection relationships
for these steel beams. To conduct this comparison, 5 steel beams were obtained from
previous studies [65,69] for which load, and deflection relationships were available at
the mid-span of the steel beam length. The same relationships were obtained from the
results of the FEM analysis, as shown in Figure 4. It became clear how closely matched
the behavior of the steel beams resulting from FEM simulation was with the behavior
resulting from experimental tests when compared with the same experimental test results
for these specimens (I-460-1 and I-890-3) provided in Shi et al. [69] and specimens (I-
600x200x12x10-1, I-600x200x 12 x10-2 and I-600 x200 x 12 x8-2) provided in the work
of Saliba and Gardner [65]. To complete the verification of the simulation results, the
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deformation pattern and buckling failure locations were obtained and compared with
those derived from experimental tests of steel beams with deformation patterns available
in previous studies [69]. The degree of similarity between experimental tests and FEM
analysis is an excellent match, as shown in Figure 5. A high degree of agreement is also
observed between the deformation patterns resulting from the application of loads in both
the FEM simulations and the experimental test results when compared with the same
experimental test results for these specimens (I-460-1 and I-890-3) available in the work of
Shi et al. [69], as shown in Figure 5.

1200 1400 -
—~ 1000 | 2 1200 -
e z
Z &~ 1000 -
< 800 ‘..;_’
g °E’ 800 -
g 600 15)
g g 600 |
En ——FEM-I-460-1 8 ——FEM-1-600x200x12x10-1
s 400 - e
e e 400
g —o—FEM-1-890-3 2 —s— FEM-I-600%200x12x8-2
R 200 - i
200
—+— FEM-I-600x200%12x10-2
(I : : : : : 0 - - : : :
0 10 20 30 40 50 60 0 5 10 15 20 25 30
Deflection (mm) Deflection (mm)

(a) (b)

Figure 4. Applied bending moment and the mid-span deflection resulting from the FEM tests.
(a) Beams according to Shi et al. [69]; (b) Beams according to Saliba and Gardner [65].

(a) (b)

Figure 5. The locations of buckling failure and deformation patterns were obtained through FEM
simulation tests according to Shi et al. [69]. (a) I-460-1; (b) I-890-3.

4. Results and Discussion

To determine the extent to which the presence of horizontal stiffeners in the longitu-
dinal direction of the steel beam affects its efficiency in resisting combined bending and
torsional moments, the second group, which contains 70 steel beams, was simulated. The
second group contains several variables, including the presence of horizontal stiffeners,
the location of the horizontal stiffeners relative to the beam web height, and the width of
the horizontal stiffeners. All these variables were modeled under the influence of eccentric
loads measured from the longitudinal axis of the beam at mid-span. The effect of all these
variables on the behavior of the steel beams was determined, as well as their impact on the
stress distribution in the upper and lower flanges, and the shape and values of the vertical
and lateral displacements at the mid-span of these steel beams.
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4.1. Applied Loads and Deflection Relationships

The relationship between the applied load and the corresponding deflection is one
of the most important relationships that illustrates the behavior of structural elements in
resisting loads. In this study, the relationship between load and deflection at the mid-span
of the steel beam for each model was obtained through FEM simulation. The relationship
for these models is drawn as shown in Figure 6. It was observed that the behavior pattern
of the relationship between load and deflection followed the same pattern when using the
same value of eccentricity distance for the load, with variations in the load value and the
ultimate load capacity of the steel beams, as shown in Figure 6.

3500
3500
30001 ——V@2m-E=0.0m 3000 |
— 2500 | ——V@2m-E=0.25m _
Z —— V@2m-E=0.5m Z 2500 V@2m-E=0.0m
Z 2000 V@2m-E=0.75m 2 _._X%;m-gzg.?m
] | = & 2000 m-E=4.om
S —*—V@2m-E=1.0m S —— V@2m-E=0.75m
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Figure 6. Applied loads and deflection relationships obtained from FEM simulation. (a) With vertical

at 2.0 m and without horizontal stiffeners; (b) With horizontal stiffeners at 20%; (c) With horizontal
stiffeners at 50%; (d) With horizontal stiffeners at 10% + 90%.

To facilitate comparison, each case of eccentricity for all beams has been grouped into
a single figure, as shown in Figure 7. Figure 7 illustrates how the use of horizontal stiffeners
in steel beams subjected to eccentric loads contributes to increasing their efficiency. It is
evident from the relationship diagrams that the presence of horizontal stiffeners at the
mid-height of the beam web has the least effect on increasing the efficiency and the ultimate
load capacity of the steel beam. However, when horizontal stiffeners are located in the
upper or lower part of the beam’s web height at values different from 50% of the web
height, the behavior of the steel beam in resisting applied loads with eccentricity improves
significantly. Although there was improvement, the presence of horizontal stiffeners in
the upper half of the beam web height had a better effect than the presence of the same
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stiffeners in the lower half. It was observed that the beam behavior when using horizontal
stiffeners at a height equal to 90% of the web height closely resembled, in most eccentricity
cases, the behavior of the beam when using horizontal stiffeners at a height equal to 30% of
the web height. It was also found that the best use of horizontal stiffeners is to use stiffeners
at a height equal to 10% and 90% of the web height of the steel beam subjected to eccentric
loading, which causes combined bending and torsional moments. The measurements also
showed that using only vertical stiffeners while reducing the horizontal distance between
them also improves the efficiency of the steel beam in resisting combined bending and
torsional moments. However, this improvement in efficiency is equivalent to replacing
the vertical stiffeners with horizontal stiffeners at a height equal to 20% of the beam’s web
height. Conversely, using only vertical stiffeners with reduced spacing is better than using
horizontal stiffeners at any other ratio from 30% to 90% of the web height. These results
were measured in all eccentricity cases used in this study, as shown in Figure 7.

The effect of changing the width of the horizontal stiffeners on the behavior of steel
beams under eccentric loads was also studied. The width of the horizontal stiffeners was
changed from 195 mm to 120 mm, and the relationship between the applied load and
the corresponding deflection was plotted for all eccentricity cases, as shown in Figure 8.
Figure 8 clearly shows that the width of the horizontal stiffeners has a significant effect
on increasing the efficiency and resistance of the steel beams to combined bending and
torsional moments. The greater the stiffener width, the greater the ultimate load capacity of
the steel beams in all the eccentricity cases studied. However, Figure 8 also shows that the
beam’s resistance to eccentric loads is inversely proportional to the increase in eccentricity
distance. As the eccentricity distance increases, the bending moments decrease, while the
torsional moments increase.

4.2. Effect of Horizontal Stiffeners on Deformation Patterns and Stress Distributions

Through the results of the FEM simulation, the stress distribution shape with deforma-
tions along the entire length of the steel beam, with or without horizontal stiffeners, under
the influence of eccentric loads was obtained, as shown in Figure 9. The figure illustrates
that all beams undergo lateral deformations due to the applied eccentric loads. It was
observed that the upper flange undergoes lateral displacements towards the side of load
application, while the lower flange experiences lateral displacement in the opposite direc-
tion of load application in all beam models, both with and without horizontal stiffeners.
Figure 9a shows that in the case of steel beams without horizontal stiffeners; the upper
and lower flanges move by the same amount but in opposite directions. However, from
Figure 9b, when horizontal stiffeners are used at 20% of the web height, the lateral displace-
ment decreases in the upper flange, while it increases in the lower flange. Conversely, when
horizontal stiffeners are used at 90% of the web height, the lateral displacement decreases in
the lower flange and increases in the upper flange, as shown in Figure 9c. This indicates that
the presence of horizontal stiffeners near the flanges of the beam’s cross-section improves
its ability to resist undesirable lateral deformations resulting from eccentric loading. It was
observed that there are tensile and compressive stresses in the upper and lower flanges of
all steel beams subjected to eccentric loads. The effect of the tensile to compressive stress
zone appeared on the upper flanges, and the compressive to tensile stress zone on the
lower flanges was small. As a result of these stresses and lateral displacements caused by
the application of eccentric loads, the type of failure is a global buckling along the entire
length of the beam, as shown in Figure 9. To more clearly define the behavior of all beams
in resisting lateral displacements and the relationships between the applied loads and the
stresses at the upper and lower flange edges of the cross-section, this will be discussed in
detail in the following sections.
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Figure 7. Applied loads and deflection relationships for horizontal stiffeners’ locations. (a) Beam
without eccentricity; (b) With eccentricity = 250 mm; (c) With eccentricity = 500 mm; (d) With
eccentricity = 750 mm; (e) With eccentricity = 1000 mm.
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4.2.1. Loading Without Eccentricity

Figure 11 shows that when there is no eccentricity of the loads, the relationship
between the applied load and the lateral displacement can be neglected until the end of the
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yielding stage of the steel used. Then, lateral displacement appears in both the upper and
lower flanges, along with local buckling in the behavior of the steel beam, as previously
illustrated in Figure 5. This generated lateral displacement is the strongest evidence of
buckling behavior in the upper flange, and it is also followed by the lower flanges in steel
beams. It was observed that the lateral displacement in the upper flange is always greater
than the lateral displacement in the lower flange. These displacements are always on
the same side of the steel beam in both flanges of the beam’s cross-section. It was also
observed that the displacement of the upper flange begins at a lower load value compared
to the lower flange, which is due to the fact that the upper flange of the cross-section is
subjected to compressive stresses. These results apply to all steel beams, whether with
or without horizontal stiffeners. In a beam without horizontal stiffeners, the final lateral
displacement values are larger (i.e., buckling is more pronounced) compared to steel beams
with horizontal stiffeners.

() (d)

Figure 9. Deformations and stress distributions resulting from FEM simulations. (a) With a vertical
at 2.0 m and without horizontal stiffeners; (b) With horizontal stiffeners at 20%; (c) With horizontal
stiffeners at 90%; (d) With horizontal stiffeners at 10% and 90%.

4.3. Effect of Horizontal Stiffeners on Applied Loads and Lateral Displacement Relationships

One of the most important characteristics that distinguishes the behavior of steel
beams subjected to eccentric loads, which generate torsional moments, is the presence
of lateral displacement in both the upper and lower flanges of the beam’s cross-section.
Through the results of the FEM simulation, the lateral displacements at the mid-span of the
beam were measured in both the upper and lower flanges, as shown in Figure 10. These
displacements were measured in all models, both with and without horizontal stiffeners. It
became clear from the measurements that all relationships between the applied load and
the corresponding lateral displacement follow the same trend, with variations in the load
values and the maximum capacity of the steel beam. Therefore, some models were attached
for clarification, as shown in Figure 10a, where the beams are without horizontal stiffeners,
and Figure 10b, for the beams with horizontal stiffeners placed at a position equal to 20%
of the web height of the steel beam.

To conduct an effective comparison, all lateral displacements with applied loads were
grouped into a single figure according to the eccentric distance values of the load, as shown
in Figures 11-13.
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Figure 12. Load and lateral displacement relationships for horizontal stiffeners’ locations. (a) With
eccentricity = 250 mm; (b) With eccentricity = 500 mm; (c¢) With eccentricity = 750 mm; (d) With
eccentricity = 1000 mm.

4.3.1. Loading with Eccentricity

Figure 12 shows the effect of eccentric loading with lateral displacement of the upper
and lower flanges. It is evident that the upper flanges move laterally towards the side
containing the applied load (positive displacement values), while the lower flange moves
in the opposite direction to the effect of the eccentric load (negative displacement values). It
was observed that the effect of the presence of horizontal stiffeners on lateral displacement
is ineffective in terms of the final values of lateral displacement, but it delays its occurrence
to higher levels of loads, meaning that it increases the ultimate load capacity of the steel
beams. In general, the values of lateral displacements decrease at the same load level
when horizontal stiffeners are used. The greatest reduction occurs when using horizontal
stiffeners at 10% of the beam’s web height. This reduction decreases as the position of the
horizontal stiffeners moves towards the middle of the web height, and then the percentage
of reduction increases again as the position of the horizontal stiffeners exceeds the middle
of the web height, as shown in Figure 12. It was observed that the relationship between the
applied load and the lateral displacement in the upper flange of the steel beam containing
horizontal stiffeners in the upper half of the web is mostly linear up to the yield point of
the steel used in the upper flange. In contrast, the lateral displacement in the lower flange
exhibits a mostly non-linear (curved) relationship. This observation indicates that lateral
displacements are small in the upper flange and increase linearly until the steel begins to
yield, while lateral displacement is large in the lower flange at the same load level and
increases gradually until failure occurs. This trend is fully reflected in steel beams with
horizontal stiffeners in the lower half of the web of the steel beam. This applies to all beam
models that contain any value of eccentricity distance for applied loads. For steel beams
containing horizontal stiffeners in both the upper and lower halves of the web height (10%
and 90%), and for the steel beam with only vertical stiffeners with the inter-space reduced
to half (Without-V@1m), the relationship between load and lateral displacement was mostly
linear in both flanges, with approximately equal displacement values at the same applied
load level. Figure 12 shows that the best possible results for using horizontal stiffeners are
achieved when they are located in the upper half at a distance of 10% and the lower half
at a distance of 90% of the web height. However, when using only vertical stiffeners with
the inter-space reduced to half, the behavior was similar to that of beams with horizontal
stiffeners at a distance of 20% of the web height for the upper flange or 80% for the lower
flange, as shown in Figure 12.
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4.3.2. Effect of Horizontal Stiffeners Width

For steel beams with or without eccentric loading, there was no difference in the be-
havior pattern of the load-lateral displacement relationship with changing the width of the
horizontal stiffeners, except for a difference in the values of the load and the ultimate load
capacity of the steel beam, as shown in Figure 13. Figure 13a illustrates the relationships
when there is no load eccentricity, and the lateral displacement in both the upper and lower
flanges is on the same side of the steel beam. In Figure 13b, where the load eccentricity
is 250 mm, and in Figure 13c, where the load eccentricity is 1000 mm, with horizontal
stiffeners placed at a distance of 20% at a distance equal to 20% of the height of the beam
web, the relationship is linear for the upper flange and non-linear for the lower flange, with
different values of lateral displacement at the same level of applied load. The displacement
is small in the upper flange, increasing linearly in the direction of the load side until the
steel reaches the yield point. Conversely, this displacement is large in the lower flange and
gradually increases on the opposite side to the direction of the applied load until failure.
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Figure 13. Load and lateral displacement relationships for horizontal stiffeners” width. (a) Beam
without eccentricity; (b) With eccentricity = 250 mm; (c) With eccentricity = 1000 mm.

4.4. Effect of Horizontal Stiffeners on Stress Distribution in the Upper Flanges

Based on the results previously mentioned in the section on loading with lateral
displacement, and as is evident in Figures 10-13, new stresses are generated with a different
distribution pattern than the prevailing pattern on both edges of the upper flange of the
cross-section of the steel beam. Through FEM simulation, the stresses generated at the
edges of the upper flange were measured, specifically at the edge on the side of the eccentric
load application (in the eccentricity side) and the other edge on the opposite side (out the
eccentricity side), for all models of the steel beams, as shown in Figure 14. It was observed
that all steel beams exhibited the same pattern in stress distribution values and behavior
across the upper beam flange when varying the load eccentricity, with differing values
and ultimate applied load capacities. Tensile stresses were measured at the edge of the
upper flange in the edge where the eccentric load was applied (which is unexpected, as
the upper flange is generally subjected to compressive stresses). This is due to the lateral
displacements resulting from the torsional moments resulting from the eccentricity of the
load, which causes the edge to elongate towards the side on which the load is applied
and to compress on the opposite side. Meanwhile, compressive stresses were measured
at the edge opposite the point of load application (out the eccentricity side), as shown in
Figure 14. It was also observed that the values and behavior of stress distribution converge
with increasing eccentricity of the load, where they almost match the load eccentricity of
750 mm and 1000 mm.

To conduct an effective comparison, all the behavior of steel beams in terms of stress
distribution in the upper flange with the corresponding load were grouped into a single
figure according to the eccentric distance values of the load, as shown in Figures 15-17.
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Figure 14. Load and upper flange stress distribution relationships obtained from FEM simulation.
(a) With a vertical at 2.0 m and without horizontal stiffeners; (b) With horizontal stiffeners at 20%.
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Figure 15. Load and upper flange stress distribution relationships for horizontal stiffeners” locations
for a beam without eccentricity.

4.4.1. Loading Without Eccentricity

In the case of steel beams, whether with or without horizontal stiffeners, subjected
to loads without eccentricity, the stress generated in the middle of the beam length are
compressive stresses in both edges of the upper flange, as shown in Figure 15. The results
show that for all steel beams, with or without horizontal stiffeners, stress distribution is
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linear up to the yield point of the steel used. After this point, a change in stress distribution
occurs, leading to a stage of plastic deformation, followed by failure. None of the beams,
whether with or without horizontal stiffeners, reached the steel’s ultimate tensile strength.
Failure in these beams occurred due to buckling of the top flange, preventing the stress from
reaching its maximum capacity. The highest recorded compressive stress was 293 MPa,
while the steel’s ultimate tensile strength was 377 MPa. However, all beams reached stresses
higher than the yield stress of the steel, which is 282 MPa, as shown in Figure 15. It was
observed that the stress values in the upper flange decrease at the same level of applied
load when using horizontal stiffeners in the upper half of the web height (from 10% to
40%). Also, the stress distribution values and patterns improve with the use of horizontal
stiffeners in both the upper and lower halves of the beam web height, whereas no difference
is observed when using only vertical stiffeners, even with the inter-spaces between them
being reduced by half.
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Figure 16. Load and upper flange stress distribution relationships for horizontal stiffeners’ locations.
(a) With eccentricity = 250 mm; (b) With eccentricity = 500 mm; (c) With eccentricity = 750 mm;
(d) With eccentricity = 1000 mm.

4.4.2. Loading with Eccentricity

By grouping the relationships between the load and the resulting stresses on the upper
flange edges of the cross-section according to the value of eccentricity of the load, Figure 16
was obtained. The figure shows that all beams subjected to eccentric loads experience
tensile stresses at the edge adjacent to the load-applied side and compressive stresses at
the opposite edge. The tensile stress values at a 250 mm eccentricity do not reach the
plasticity stage in steel, but with increasing eccentricity, the plasticity stage begins to appear.
However, in all cases of eccentricity, the compressive stress values exceed the yielding limit
and enter the plastic stage, as shown in Figure 15. The presence of horizontal stiffeners
in the upper half of the web height (from 10% to 40%) improves the behavior and stress
values within the upper flange, for both tensile and compressive stresses. The stress values
decrease at the same load level as the horizontal stiffeners are positioned closer to the top of
the web height. While no effect was observed on the stress distribution, whether tensile or
compressive, when using horizontal stiffeners from the beginning of the lower half of the
web height (from 50% to 90%), there was an increase in the ultimate load capacity, which
increases the yield area of the steel used. At the beginning of the eccentricity values, at
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250 mm, there is a large difference between the stress values on the edges of the upper
flange, whether tensile or compressive, at the same level of applied load, as shown in
Figure 16a. This difference decreases with increasing eccentricity distance, as shown in
Figure 16d. By using horizontal stiffeners in the upper half of the beam’s web height (10%)
in addition to horizontal stiffeners in the lower half (90%), the stress distribution behavior
is improved, and the final compressive stress values of the steel used increase, reaching 378,
361, 351, and 345 MPa with eccentricity values of 250, 500, 750, and 1000 mm, respectively.
These values are close to the steel ultimate stress, which is 377 MPa, where the highest
efficiency is obtained from the steel used. When steel beams are used with only vertical
stiffeners and the spacing between them is halved, the stress distribution behavior at both
edges of the upper flange is improved, and these beams show results similar to beams with
horizontal stiffeners at a distance of 30% of the beam’s web height.
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Figure 17. Load and upper flange stress distribution relationships for horizontal stiffeners” width.
(a) Beam without eccentricity; (b) With eccentricity = 250 mm.

4.4.3. Effect of Horizontal Stiffeners Width

Figure 17 shows that the effect of the width of the horizontal stiffeners is strongly
effective on the stress distribution behavior through the upper flange, both without eccentric
loading, as shown in Figure 17a, and with eccentric loading, as shown in Figure 17b. By
using horizontal stiffeners with widths of 120 mm and 160 mm, which represent 62% and
82%, respectively, of the total width of the horizontal beam stiffeners, the shape and pattern
of stress distribution changed. The stress values increased at the same level of applied load
with a decrease in the width of the stiffeners. From the figures, it can be observed that
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reducing the width of the horizontal stiffeners and placing them at a location with a low
ratio of web height is similar to using full-width horizontal stiffeners placed at distances
with a high ratio of beam web height.

4.4.4. Effect of Eccentricity and Horizontal Stiffeners on the Onset of Yield Stresses at the
Edges of the Upper Flange

Through Figures 15-17, it was observed that the load values causing tensile stresses
in the upper flange edge do not correspond to the same level of load in the appearance
of compressive stresses in the other edge of the same steel beam. Where there is a delay
occurs in the tensile stress values compared to the compressive stress at the same level
of applied load. Figures 15-17 were used to determine the load values that cause the
onset of yield stress in the steel used in the tensile and compression edges, and the ratios
between them were calculated for each beam and these ratios were drawn, as shown in
Figure 18. It was observed that all ratios were greater than 1.0, which clearly demonstrates
the delay in the appearance of tensile stresses compared to compressive stresses at the
same load level. Furthermore, any steel beam, even without vertical or horizontal stiffeners,
possesses resistance to eccentric loads due to the presence of the upper and lower flanges
in the cross-section. The larger this ratio, the stronger and more effective the effect of the
stiffeners in increasing the efficiency of the steel beam in resisting eccentric loads, including
torsional moments, as it works to resist lateral deformations. The figure illustrates the effect
of the presence of horizontal stiffeners on the behavior and distribution of stress values
on the edges of the upper flange. Using horizontal stiffeners in the upper half of the web
height (from 10% to 40%), even with a reduction in the width of the stiffeners, improves
stress distribution in all cases of eccentric loading. However, there was no significant
change when using horizontal stiffeners at distances ranging from 50% to 90% of the web
height. The highest percentage was measured when horizontal stiffeners were used in the
upper half at 10%, along with the lower half at 90% of the beam’s web height. Reducing
the spacing between the vertical stiffeners, even without using horizontal stiffeners, also
improves the stress distribution behavior, but as mentioned earlier, it is comparable to
using horizontal stiffeners at a distance of 30% of the web height.
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Figure 18. The effect of eccentricity distance and horizontal stiffeners on the ratio between loads that
cause the onset of tensile and compressive to yield stress at the edges of the upper flange.
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4.5. Effect of Horizontal Stiffeners on Stress Distribution in the Lower Flanges

As shown in Figures 1417, the effect of horizontal stiffeners and eccentric loads on
the behavior and stress distribution values at the edges of the upper flange was considered,
and this was also carried out at the edges of the lower flange of the cross-section of the steel
beam, as shown in Figure 19. It was observed that all steel beams exhibited the same pattern
in stress distribution values and behavior across the lower beam flange when varying the
load eccentricity, with differing values and ultimate applied load capacities. Compression
stresses were measured at the edge of the lower flange in the edge where the eccentric
load was applied (which is unexpected, as the lower flange is generally subjected to tensile
stresses). This is due to the torsional moments resulting from the eccentricity of the load,
which causes the edge to compress towards the side on which the load is applied and
to elongate on the opposite side. Meanwhile, tensile stresses were measured at the edge
opposite the point of load application (out the eccentricity side), as shown in Figure 19.
It was also observed that the values and behavior of stress distribution converge with
increasing eccentricity of the load, as previously documented in Figure 14.
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Figure 19. Load and bottom flange stress distribution relationships obtained from FEM simulation.
(a) With a vertical at 2.0 m and without horizontal stiffeners; (b) With horizontal stiffeners at 20%.

4.5.1. Loading Without Eccentricity

In the case of steel beams, whether with or without horizontal stiffeners, subjected
to loads without eccentricity, the stresses generated in the middle of the beam length are
tensile stresses in both edges of the lower flange, as shown in Figure 20. The results show
that the behavior of stress distribution is linear up to the yield point of the steel used. After
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this point, a change in stress distribution occurs, leading to a stage of plastic deformation,
followed by failure. None of the beams, whether with or without horizontal stiffeners,
reached the steel’s ultimate tensile strength, where the highest recorded tensile stress was
293 MPa, while the steel’s ultimate tensile strength was 377 MPa. However, all beams
reached stresses higher than the yield stress of the steel, which is 282 MPa, as shown in
Figure 20. It was observed that the stress values in the lower flange decrease at the same
level of applied load when horizontal stiffeners are used in the lower half of the web height
(from 60% to 90%). Also, the stress distribution values and patterns improve with the use of
horizontal stiffeners in both the upper and lower halves of the beam web height, whereas
no difference is observed when using only vertical stiffeners, even with the inter-spaces
between them being reduced by half.
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Figure 20. Load and bottom flange stress distribution relationships for horizontal stiffeners’ locations
for a beam without eccentricity.

4.5.2. Loading with Eccentricity

By grouping the relationships between the load and the resulting stresses on the lower
flange edges of the cross-section according to the value of eccentricity of the load, Figure 21
was obtained. The figure shows that all beams subjected to eccentric loads experience
compressive stresses at the edge adjacent to the load-applied side and tensile stresses at the
opposite edge. All steel beams under eccentric loads have compressive stress values at the
lower flange edge that reach the beginning of the plasticity stage of the steel stresses, and
these stress values increase with increasing eccentricity distance, as shown in Figure 21.
The presence of horizontal stiffeners in the lower half of the web height (from 60% to 90%)
improves the behavior and stress values within the lower flange. The stress values decrease
at the same load level as the horizontal stiffeners are positioned closer to the bottom of the
web height. While no effect was observed on the stress distribution when using horizontal
stiffeners from the beginning of the upper half of the web height (from 10% to 50%), there
was an increase in the ultimate load capacity, which increases the yield area of the steel
used. By using horizontal stiffeners in the upper half of the beam’s web height (10%) in
addition to horizontal stiffeners in the lower half (90%), the stress distribution behavior
is improved, and the final tensile stress values of the steel used increase, reaching 377,
375, 376, and 379 MPa with eccentricity values of 250, 500, 750, and 1000 mm, respectively.
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These values are very close to the steel ultimate stress, which is 377 MPa, where the highest
efficiency is obtained from the steel used. When steel beams are used with only vertical
stiffeners and the spacing between them is halved, the stress distribution behavior at both
edges of the lower flange is improved, and these beams show results similar to beams with

horizontal stiffeners at a distance of 70% of the beam’s web height.
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Figure 21. Load and bottom flange stress distribution relationships for horizontal stiffeners’ locations.
(a) With eccentricity = 250 mm; (b) With eccentricity = 500 mm; (c¢) With eccentricity = 750 mm;
(d) With eccentricity = 1000 mm.

4.5.3. Effect of Horizontal Stiffeners Width

Figure 22 shows that changing the width of the horizontal stiffeners does not affect the
behavior and stress distribution at the edges of the lower flange, whether without eccentric
loads, as shown in Figure 22a, or with eccentric loads, as shown in Figure 22b. The reason
for the lack of any noticeable effect is that these beams utilized horizontal stiffeners in the
upper half of the web at a distance of 20% of the height, despite an improvement in the
ultimate load capacity of the steel beam.
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Figure 22. Load and bottom flange stress distribution relationships for horizontal stiffeners’ width.
(a) Beam without eccentricity; (b) With eccentricity = 1000 mm.

4.5.4. Effect of Eccentricity and Horizontal Stiffeners on the Onset of Yield Stresses at the
Edges of the Lower Flange

Through Figures 20-22, it was observed that the load values causing compressive
stresses in the lower flange edge do not correspond to the same level of load in the appear-
ance of tensile stresses in the other edge. Where there is a delay occurs in the compressive
stress values compared to the tensile stress at the same level of applied load. Figures 20-22
were used to determine the load values that cause the onset of yield stress in the steel used
in compression and tension edges, and the ratios between them were calculated for each
beam. These ratios have been plotted as shown in Figure 23. It was observed that all ratios
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were greater than 1.0, which clearly indicates a delay in the onset of compressive stresses
compared to tensile stresses at the same load level. Using horizontal stiffeners in the lower
half of the web height (from 60% to 90%) improves stress distribution in the bottom flange
for all eccentric loading cases. However, there was no significant change when horizontal
stiffeners were used, even with a reduction in stiffener width, at distances ranging from
10% to 50% of the web height. The highest percentage was measured when horizontal
stiffeners were used in the lower half at 90% of the beam’s web height. Reducing the
spacing between the vertical stiffeners, even without using horizontal stiffeners, improves
the stress distribution behavior, which is comparable to using horizontal stiffeners at a
distance of 70% of the web height.
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Figure 23. The effect of eccentric distance and horizontal stiffeners on the ratio between loads that
cause the onset of compressive and tensile to yield stress at the edges of the lower flange.

5. Effect of Horizontal Stiffeners on the Ultimate Load Capacity of Beam
Under Eccentric Loads

From the results of the FEM simulation and through the relationships between the
applied loads and various variables, the ultimate load capacity for all beams, with and
without eccentricity, was obtained, as listed in Table 5. Using the values listed in the
table, the ratio increases in the ultimate load capacity when using horizontal stiffeners was
calculated by finding the ratio between the ultimate load capacity of beams with horizontal
stiffeners and beams without horizontal stiffeners (reference beam), with only vertical
stiffeners, and an inter-spacing of 2000 mm (Without-V@2m). The results showed that all
beams that used horizontal stiffeners or in which the distance between vertical stiffeners
was reduced had ratios greater than 1.0. This indicates a significant improvement in the
efficiency of steel beams in resisting eccentric loads, which generate torsional moments in
addition to combined bending moments.



Buildings 2025, 15, 4385

31 of 38

Table 5. Summary of FEM analysis results for steel beams with and without horizontal stiffeners.

The Case Study of the Eccentricity Measured from the Center Line of the Beam

) Eccentricity Eccentricity Eccentricity Eccentricity Eccentricity
Beam Specimens =0.00 =0.25m =0.50 m =0.75m =1.00 m
P P P
Py (kN)  Pu/Pywo (kﬁ) Pu/Pywo Py (kN)  Pu/Py.wo (klsl) Pu/Pyowo (le) Pu/Py.wo
Without-V@2m 3480.75 1.00 1662.08  1.00 1120.68 1.00 832.88 1.00 785.42 1.00
H@10%-V@2m 3748.50 1.08 314850  1.89 1847.11 1.65 122196 147  1040.02 1.32
H@20%-V@2m 3672.00 1.05 291955  1.76 1748.76 1.56 1190.80 143  1014.43 1.29
H@30%-V@2m 3604.30 1.04 263422 158 1629.88 1.45 1130.08  1.36 955.00 1.22
H@40%-V@2m 3542.50 1.02 230091  1.38 1447.01 1.29 1003.95  1.21 904.27 1.15
H@50%-V@2m 3495.02 1.00 2017.00  1.21 1316.40 1.17 940.88 1.13 860.37 1.10
H@60%-V@2m 3510.33 1.01 208344 125 1349.04 1.20 974.64 1.17 880.71 1.12
H@70%-V@2m 3579.00 1.03 232899  1.40 1492.32 1.33 1008.45  1.21 913.93 1.16
H@80%-V@2m 3630.61 1.04 2541.05 153 1584.98 1.41 106855  1.28 917.08 1.17
H@90%-V@2m 3715.02 1.07 2706.82  1.63 1657.00 1.48 1100.89  1.32 937.52 1.19
\Ijgzlg/ o+90%- 4102.20 1.18 344933  2.08 1977.65 1.76 130408 157  1106.17 1.41
o/ _h= _

5322&5 b=léem- 50370 1.05 278926 168  1660.56 148 112863 136  987.45 1.26
sgzzg/ ob=12em- 556 40 1.02 258274 155 1547.63 1.38 107191  1.29 921.94 1.17
Without-V@1m 3766.00 1.08 285520 172 1781.10 1.59 119650 144  1001.88 1.28

To facilitate a clearer comparison, the table was converted into relationships, as shown
in Figure 24. Figure 24a shows the relationship between the ratio increase in ultimate load
capacity and the location of the horizontal stiffeners. It is evident that the best position
for the horizontal stiffeners is at a distance of 10% of the beam web height in all eccentric
loading cases, where the ratio increase reached 1.89, 1.65, 1.47, and 1.32 at eccentricities
of 250, 500, 750, and 1000 mm, respectively. Based on these ratios, the preferred locations
for using horizontal stiffeners can be arranged as follows: 10%, 20%, 90%, 30%, 80%, 70%,
40%, 60%, and finally 50% of the web height of the beam, measured from the top. It was
also found that the weakest location for placing the horizontal stiffeners is in the middle
of the vertical web height. The limited effectiveness of horizontal stiffeners placed at mid-
depth of the web (50% of the web height) is consistent with the structural response under
eccentric loading. At this location, the stiffener coincides with the neutral axis of the cross-
section, resulting in a configuration that is effectively symmetric after the stiffener is added.
Consequently, the rotation of the upper flanges, characterized by lateral displacement in the
direction of the applied eccentric load, is counteracted by the opposite rotation of the lower
flanges. Because the stiffener is positioned at the neutral axis, it contributes minimally to
restraining these opposite lateral displacements and the associated torsional deformations
induced by the eccentric moment. Nevertheless, a modest performance improvement was
observed, ranging from approximately 10% to 21% for eccentricities between 1000 mm
and 250 mm. This residual contribution is attributed to the unequal values of lateral
displacement in the upper and lower flanges. In contrast, stiffeners located away from
the neutral axis, either above or below the mid-depth of the web, lie within regions where
rotation and lateral displacement are more pronounced, either in the direction of the applied
load (10-40%) or opposite to it (60-90%). These positions enable the stiffeners to more
effectively resist lateral deformation, thereby enhancing the beam’s overall capacity to
resist eccentric loading. In all cases, the effectiveness of the horizontal braces decreases
with increasing load eccentricity distance, as shown in Figure 24a.
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Figure 24. The relationship between the ultimate load capacity ratios of beams with and without
horizontal stiffeners under: (a) Effect of horizontal stiffener positions; (b) Effect of the horizontal

stiffeners” width; (c) Beam with vertical stiffeners only, and beam with horizontal stiffeners in both
halves of the web.

Figure 24b illustrates the relationship between the ratio increase in load capacity
and the changes in the width of the horizontal stiffeners. It became clear that changing
the width of the horizontal stiffeners at the same location along the beam’s web height
affects the ultimate load capacity of the beam in resisting eccentric loads. These ratios
showed that the width of the horizontal stiffeners can be reduced to 61%, increasing the
maximum eccentric load-carrying capacity and achieving better results than using full-
width horizontal stiffeners when the stiffener position is between 40% and 80% of the
beam’s web height. This finding allows for a reduction in the amount of material used in
the horizontal stiffeners by selecting the optimal position along the web height.

Figure 24c shows the ratio increase in the ultimate load capacity when horizontal
stiffeners are used in both halves of the web at distances of 10% and 90% of the web height,
as well as when using beams with only vertical stiffeners while reducing the inter-spacing
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between them. It was found that using horizontal stiffeners in both halves of the web
provides a significant improvement, being the greatest overall in resisting eccentric loads,
including resistance to torsional moments combined with bending moments. The ratio
increase reached 2.08, 1.76, 1.57, and 1.41 when using eccentric distances of 250, 500, 750,
and 1000 mm, respectively. It was observed that using horizontal stiffeners connecting two
locations at the web height provides an improvement that considers the rate of increase for
each location individually, but it does not mean adding the percentages completely. In fact,
it gives percentage increases higher than the highest one shown and lower than the sum of
the two percentages (algebraic sum). For example, when using horizontal stiffeners with
an eccentricity of 250 mm at only 10% of the web height, the ratio increase was 1.89, while
when using them at only 90% of the web height, the ratio increase was 1.63. However, when
using horizontal stiffeners at both locations (10% and 90%), the increase in load capacity
was 2.08. The ratio increase of 2.08 was found to be greater than both 1.89 and 1.63, and
at the same time, less than their algebraic sum, which is 2.52. This can be explained by
examining the values and behavior of the stress distribution in the upper flanges (Figure 16)
and lower flanges (Figure 21) and by determining the ultimate stress values at the failure
point of the steel beam. The FEM results show that when stiffeners are placed only at 10%
of the web height, the upper flange reaches a compressive stress of 342 MPa and the lower
flange a tensile stress of 327 MPa under an eccentric load of 250 mm. When stiffeners are
placed only at 90% of the web height, corresponding stresses reach 347 MPa and 301 MPa,
respectively. In both cases, the stresses do not reach the steel’s ultimate strength of 377 MPa,
and failure occurs due to global buckling over the beam’s full length. When stiffeners are
installed at both 10% and 90%, the upper flange compressive stress reaches 378 MPa, and
the lower flange tensile stress reaches 377 MPa, indicating tensile rupture at the lower
flange as the governing failure mode, causing the solution process to stop. To further assess
this behavior, the differences between the ultimate stresses in beams with and without
stiffeners were calculated. Stiffeners at 10% contribute to the upper flange an increase
of 49 MPa, while those at 90% add 54 MPa. If combined additively, these would yield a
theoretical stress of 396 MPa, exceeding both the finite element results and the material’s
allowable limit, demonstrating that such linear superposition is not physically realistic.
A similar comparison was made to the loads generating these stresses. Stiffeners at 10%
increased load capacity by 1486.43 kN, while those at 90% contribute 1044.74 kN. Summing
these with the capacity of the unstiffened beam results in a theoretical load of 4193.25 kNN.
This exceeds both the FEM-predicted ultimate load of 3449.33 kN for the combined stiffener
configuration and the ultimate capacity of the beam without eccentric loading, which is
4102.20 kN, such that no beam with eccentric load can exceed this limit.

Using only vertical stiffeners without horizontal stiffeners, while reducing the inter-
spacing between them, provides a significant improvement in the ultimate load capacity in
all eccentric loading cases. However, this improvement is equivalent to using horizontal
stiffeners at a distance from the web equal to 20% or 90% of its height. The spacing
between vertical stiffeners plays a crucial role in the load-resistance efficiency of steel
beams. This effect depends on the type of structural element (simple-supported beam,
beam with fixed support ends, or cantilever beam) and the type of load acting on it (shear
load, bending moment, or torsional moment). This spacing has been incorporated into
the design equations proposed in previous studies [70-73], which allow for the calculation
of the ultimate load capacity of steel beams. It has also been demonstrated that reducing
the ratio between the spacing of the vertical stiffeners and the total beam length increases
the beam’s load-resistance efficiency. This demonstrates that using beams with horizontal
stiffeners at distances of 10% or 20% of the web height is better than using only vertical
stiffeners, even when reducing the inter-spacing between them by half.
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6. Predicting the Beam Capacity to Resist Combined Bending and
Torsional Moments

The values listed in Table 5 show the ultimate load capacity of steel beams with varying
eccentric distances and locations of the horizontal stiffeners. Using the structural system
for the steel beams, where fixed supports were used at the beam ends and eccentric loads,
P, were applied in the middle of the span, the bending, BM, and torsional, TM, moments
were calculated based on the following equations:

BM =P x L/8 (1)

TM = P x Eccentricity /2 2)

Using the calculated values of bending moments, BM, and torsional moments, TM,
for each of the steel beam models, the ratio between the bending moments of beams with
horizontal stiffeners subjected to eccentric loads and beams without horizontal stiffeners
under a non-eccentric load was calculated and plotted on the vertical axis. Similarly, the
ratio between the torsional moments of the same beams and the bending moments of beams
without horizontal stiffeners under a non-eccentric load was calculated and plotted on
the horizontal axis. Thus, the interaction diagram was obtained, as shown in Figure 25.
Figure 25 illustrates the relationship between the ratios of ultimate bending moment
resistance and the location of horizontal stiffeners. Straight lines were also drawn from the
origin point to the points of influence of the eccentric load distances. The figure shows that
as the eccentricity of the applied loads increases, the ultimate bending moment capacity
of the beam decreases, while its resistance to torsional moments increases. The beam’s
cross-section is subjected to two types of stresses generated by these combined moments.
This figure (interaction diagram) allows for the prediction of the ultimate bending and
torsional moments values of beams under the influence of eccentric loads. This is carried
out by knowing the value of load eccentricity and the position of the horizontal stiffeners
relative to the beam’s web height, as well as the ultimate bending moment capacity of
the steel beam without horizontal stiffeners, without eccentric loading. The interaction
diagram is suitable for use if the following conditions are met: the beam length is 12.0 m,
there is a fixed support at the beam ends, the horizontal stiffeners are full-width and 10 mm
thick, and the vertical stiffeners are spaced 2.0 m apart and 10 mm thick.
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Figure 25. The relationship between the ratio of bending and torsional moments for beams with hori-
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7. Conclusions

Steel beams are usually subjected to eccentric loads, which generate combined bending
and torsional moments on the cross-section. These loads cause lateral displacements and
unwanted stresses at the upper and lower flanges of the cross-section, ultimately leading to
failure as a result of global buckling along the beam length. To resist these loads, horizontal
stiffeners are added to the length of the beam axis at locations of the web height. To
determine the effect of these horizontal stiffeners on the efficiency of the beam, simulations
were performed using the FEM method on 70 steel beams. The reliability and accuracy of
the FEM results were first verified by comparing them with the results of 25 steel beams
that had been experimentally tested in previous studies, which showed very high accuracy
in this simulation. Based on the variables studied in this research, the following results
were obtained:

- The closer the horizontal stiffeners are to the flange, whether the upper, lower, or both,
the better the efficiency and behavior of the steel beams in resisting eccentric loads.

- Based on the ultimate load capacity of the steel beams for eccentric loads, the order of
preference for the proposed locations of the horizontal stiffeners was as follows: 10%,
20%, 90%, 30%, 80%, 70%, 40%, and 50% of the beam’s web height.

- Using horizontal stiffeners in the upper half of the web height (from 10% to 40%)
contributes to improving the behavior and stresses distribution values in the upper
flange edges. However, having them at a distance greater than or equal to 50% does
not improve their effectiveness.

- Using horizontal stiffeners in the lower half of the web height (from 60% to 90%)
contributes to improving the behavior and stress distribution values in the edges of
the lower flange. However, having them at less than or equal to 50% does not provide
any improvement.

- Using horizontal stiffeners with a small width at low ratios of web height provides
efficiency in the behavior of beams and their resistance to eccentric loads, similar to
using full-width stiffeners located at large ratios of web height. That is, the amount
of material used in horizontal stiffeners can be reduced by choosing the appropriate
location for the web height.

- When horizontal stiffeners are used that combine two locations of web height, the
percentage increase in capacity gives a greater improvement than the percentages for
the two locations separately, but less than the sum of their values.

- Using beams with only vertical stiffeners and reducing the distances between them by
half improves their behavior in resisting combined bending and torsional moments,
similar to using steel beams with horizontal stiffeners at 20% or 90% of the web height.
In addition, there is a noticeable improvement in the behavior and distribution of
stresses along both the upper and lower flange edges.

- The proposed interaction diagram can predict the ultimate load capacity of com-
bined bending and torsional moments resulting from eccentric loads using horizontal
stiffeners at different locations along the web height.

Based on the conclusions reached, it is evident that other variables, such as the thick-
ness of the stiffeners, the length of the steel beam, the height of the web, connection stiffness,
and other welding-induced vulnerabilities, should be considered in future studies to assess
their impact on the efficiency of steel beams subjected to eccentric loads with horizontal
supports. Other systems besides traditional stiffeners can also be used to resist eccentric
loads, such as corrugated webs and hollow flanges.
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