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Abstract

Three-dimensional finite element analyses were carried out to assess the impact of various types of lateral stiffeners on the
response of steel beams. Hot-rolled simply supported H-steel beams were modeled in Abaqus and strengthened with centrally
located vertical, V-shaped, inverted V-shaped, single X-shaped, or doubled X-shaped stiffeners. All these stiffeners possess
a similar quantity of steel by varying the length and thickness of the stiffeners. The behavior of beams was studied in the
elastic phase, hardening phase, necking phase, and failure. The yield stress, ultimate load, deflection value, and hardening in
the three phases were also examined. It has been found that the findings indicate that altering the configuration of the stiffener,
while maintaining its location and steel volume, can influence the response of the strengthened beam either favorably or
adversely. Two stiffeners raised the yield load by 9.6%, the ultimate load by 10.8%, and elastic storage energy by 70% above
the reference beam. One kind of stiffener increases in the plastic region, two types drop somewhat, and two others decrease
significantly. The necking region shows a rise of 237% in one threshold and 36% to 90% for the other beams compared to
the reference beam. Furthermore, the software provides a definitive indication of the kind of stiffener and the degree of its
advantage, while simultaneously revealing the type of stiffener that is not advantageous.

Keywords: Strengthened; Stiffeners; Finite Element; Abaqus; Deflection Response; Toughness; Elastic Region; Plastic Region; Necking
Region; Yield Stress; Ultimate Stress.

1. Introduction

Steel buildings need to be strengthened just as much as concrete structures or any other aged construction. The full
moment capacity of steel beams may be attained if local and lateral buckling are inhibited. Lateral buckling may be
alleviated by applying enough suppression to the compressive flange. Furthermore, beams may experience failure owing
to local buckling shown as shear yielding, localized web denting, or deformation of slender flanges. These flaws may
be mitigated by using supplementary flange plates [1]. Atshan et al. (2024) investigated the impact of altering the strand
position (modifying the eccentricity value) on the performance of steel beams, observing that the stiffness of the beams
escalates with an increase in eccentricity [2]. Yang & Lui (2012) have examined steel beams strengthened with inclined
stiffeners, finding that these modifications substantially boost the lateral torsional buckling capability of the beams. The
extent of this enhancement is mostly determined by the positioning of the stiffeners and the unsupported lateral span of
the beam. Moreover, the beneficial impacts of inclined stiffeners are amplified in longer beams and with an increase in
the degree of inclination [3]. Prabha & Emilreyan (2018) analyzed the performance of I-section steel beams strengthened
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with horizontal, vertical, and inclined stiffeners in different configurations throughout the beam's length. Their research
has shown a significant reduction in deflection and an enhancement in failure load [4]. Al-Ridha et al. (2020) determined
that including supplementary plates to the upper and lower flanges of a beam, together with inclined stiffeners, enhances
its stiffness relative to a reference beam, as shown by the load-strain and load-deflection responses. The stiffening effect
is enhanced with a greater width of the supplementary steel plates. Their findings indicated that including both
supplementary plates and inclined stiffeners transformed the failure mechanism from 'lateral buckling' to a 'plastic hinge'
that developed under the concentrated load at mid-span [5].

Al-Ridha et al. (2019) increased the failure load by strengthening steel beams using carbon fiber. In addition, they
discovered that the failure load increased and the beams were stiffer when carbon fiber was used in conjunction with a
reduction in beam length [6]. Al-Ridha et al. (2020) have enhanced beams by including supplementary plates and carbon
fiber strips, resulting in a significant increase in failure load capacity and increased stiffness of the beams [7]. The study
examined the impact of longitudinal stiffener length, transverse stiffener length, combined longitudinal and transverse
stiffeners, double transverse stiffeners, bearing depth, and bearing length, revealing that these factors altered failure
modes and substantially enhanced the capacity of the coped beam specimens [8]. Siwowski & Siwowska (2018) have
examined the flexural behavior of steel beams augmented by CFRP strips. A comparison was conducted between two
reinforcement systems: the first involves beams reinforced with carbon fiber and glue, while the second use pre-stressed
strips for reinforcement [9]. Peiris & Harik (2021) used steel beams reinforced with 50 mm wide UHM CFRP strip
panels, resulting in an enhancement of the failure load [10]. The dimensions of the cover plate, including its length and
area, together with the suggested welding method used to weld the cover plate under load, significantly influence the
enhancement of the ultimate load-bearing capacity of the examined specimens [4, 11]. The test findings of the beams
suggest that the width-to-thickness ratio of the bonded plate must surpass 20, and to provide good adhesion, both the
beam and plate surfaces must be meticulously cleaned using suitable procedures. The bonding procedure must be
conducted with utmost precision [12]. Sallam et al. (2005) found that terminal fixation should be implemented on the
bonded plate situated on the tension side of the beam. They have also determined that using a plate secured on the
pressure side is unsuccessful. To strengthen the compressive side, an extra plate must be bonded to the original beam
via a continuous welding procedure, as referenced in [13].

Al-Ridha et al. (2020) [7] and Haghani et al. (2009) [14] have examined the efficacy of reinforcing steel beams using
vertical stiffeners and carbon fiber. Yousef (2015) concluded from experimental data that the ultimate load capacity of
beams was affected by the length of the cover plate. The impact was diminished when the cover plate's area was less
than that of the flange. Extending the cover plate's length from 36% to 50% has resulted in a 1% to 5% enhancement in
ultimate capacity. Nonetheless, altering the design of the cover plate while preserving the same length did not affect the
eventual capacity, as shown in reference [15]. Demir et al. (2018) have examined the situation of reinforcing beams
using external steel clips and longitudinal reinforcements. The use of clips alone did not significantly affect the failure
load capacity of the tested concrete beams; however, ductility increased approximately tenfold, and the failure behavior
transitioned from brittle to ductile [16]. Chen & Sudibyo (2018) have examined the efficacy of internal stiffeners,
including midspan stiffeners and plastic hinge-zone stiffeners, in enhancing composite action and flexibility of the
reinforced beams [17]. Yang et al. (2025) investigated reinforced I-steel beams produced by wire arc additive
manufacturing (WAAM), resulting in enhanced beam performance characterized by improved ultimate moment
tolerance and increased stiffness [18]. Yuan et al. have investigated the reinforcement of reinforced concrete beams
through the use of high-strength steel wire and highly ductile engineered cementitious composites (ECC) [19]. Karande
& Anjalekar (2016) performed research demonstrating that an increase in the flange slenderness of I-section beams
diminishes both moment-carrying capacity and curvature ductility [20]. Truong et al. (2019) found that the enhancement
in the ultimate strength of the beam (with web slenderness up to 350) varies from a minimum of 8% to a maximum of
104.41%. Moreover, it attains its peak when the thinness of the fabric and edges is diminished [21]. Using finite element
modeling, Han et al. (2008) was able to reasonably predict the relationship between the lateral load and lateral
displacement of a composite frame and the maximum lateral load-bearing capacity [22].

Gardner L. et al. (2024) reinforced columns using Wire Arc Additive Manufacturing (WAAM), applying three
variations to the flange, resulting in enhanced structural efficiency relative to their counterparts. The three methods used
to boost strength were increased area, second area moment, enhanced local buckling resistance, and a more favorable
residual stress distribution. Of the various strengthening procedures analyzed, the specimens reinforced with stepwise
sinusoidal-shaped stiffeners at the flange tips demonstrated the highest improvements in structural efficiency [23].
Jagtap et al. (2024) performed a reinforcement of steel sections using first-pass CFRB stiffeners and second-pass steel
stiffeners. It has been found that using both stiffeners prevented localized failure of the upper flange of the beams. The
results also showed convergence [24]. Yang et al. (2025) showed that strengthening beams using WAAN may result in
some undesirable increases compared to bare beams. However, strengthening using WAAN improved the mechanical
properties of rolled steel, resulting in significant increases in bending moments ranging from 31% to 84% for the
strengthened beams [25]. Xie et al. (2025) reinforced I-steel beams with side plates, and this strengthening showed an
increase in the resistance to lateral torsional buckling [26].
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2. Research Methodology

Figure 1 illustrates a systematic approach to studying how various stiffeners of different shapes affect beam behavior
until collapse. A reference model, without stiffeners, and five models with varying stiffeners were developed using the
Abaqus software in this study. Next, the characteristics of the study's models and explained the loading procedure were
demonstrated. The models' load-deflection curves, toughness, and beam behavior in the elastic, hardening, and post-
ultimate regions were then obtained and analyzed.

Study of the effect of types of stiffeners on the
behavior of H-steel beams

v

Creating beams models using Abaqus software

|
v v

One H-steel beam without Five H-steel beam strengthen with
any strengthen (Ref) steel plate stiffeners

| |
v

Material properties for beams, Boundary Conditions
and Loading on the Models

v

Results and Discussion

(Study; Load —Deflection Response, Toughness, Elastic
Region, Plastic Region, Necking Region)

v

Conclusions

Figure 1. Methodology of the study

2.1. Research Significance

This research aims to assess the efficacy of various types of lateral stiffeners, connected to the web laterally, the
upper flange inferiorly, and the lower flange superiorly. It will examine their impact on yield load, maximum load,
failure load, and their influence on beam deformation from the onset of loading to the yield point, as well as in the strain
hardening region from the yield point to the maximum load, and the behaviour of beams post-maximum.

3. Finite Element Model
3.1. General Descriptions

In this research, the models were made using a hot-rolled steel beam (H-Beam) of size (248%124) mm, with a total
length of 3000 mm and an effective length of 2900 mm as shown in Figure 2. The cross-sectional dimensions and
properties of the models are shown in Table 1.

i H-steel beam (248x124)

'[(\‘ 2900 mm ‘

3000 mm

Figure 2. Typical steel beam details
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Table 1. Dimensions and properties of steel beams cross section

Dimensions Radius of Cross sectional Mass per  Moment of inertia Yielding strength  Ultimate tensile .
(mm) curvature (mm) area (mm?) x102 meter (kg/m) (mm* x 104) (fy) (MPa) strength (fu) (MPa) ?ﬂ%ﬂ
H=1248 M.~ 1

Ix-x =3540 H
B=124 A /A
r=12 32.68 257 362 513
t] =5
Iy-y =255 CZzZ
th= 8 1 B Y

A comprehensive description of the modelled beams is provided below:

Beam (A0) serves as the reference beam,; it is a steel section devoid of any reinforcements or modifications.

The beam (A01) is identical to the reference beam in terms of steel section and is reinforced with vertical
stiffeners measuring (20 x 59.5 x 232) mm, positioned at the midpoint (beneath the concentrated load) and at
the supports.

The beam (A02): the vertical stiffener at the center of the beam was substituted with two inclined stiffeners
(7%59.5%328 mm), positioned at a 45-degree angle in the form of an inverted letter V, utilizing the same steel
dimensions as the original vertical stiffener.

The beam (A03) is identical to beam (A02), with the distinction that the two inclined stiffeners are configured
in a V shape.

The two inclined stiffeners were substituted with two X-shaped stiffeners measuring (3.5%x59.5x328) mm on
each side, maintaining the same dimensions as the steel utilized in the prior beams.

The beam (A05): The four inclined stiffeners were replaced with two stiffeners (7x59.5%328) mm configured
in a 'X' shape at the midpoint of the beam, positioned on each side of the web. The dimensions of the beam
stiffeners are presented in Table 2. Figure 3 illustrates the shape of beams.

Table 2. Dimensions of stiffeners of the beams

BEAM No. of vertical Dim. of vertical Inclined Dim. of inclined
stiffener stiffener (mm) stiffener stiffener (mm)
A0 0 - 0 -
A01 6 232x59.5%x20 0 -
A02 4 232x59.5%x20 4 328x59.5x7
A03 4 232x59.5%20 4 328%59.5x7
A04 4 232x59.5%20 8 328%59.5x3.5
A05 4 232x59.5%20 4 328%59.5x3.5

Stiffener (7 x 59.5x 328)mm

Beam (A0)

Beam (A02)

Stiffener (7 x 59.5x 328)mm

Stiffener (20 x 59.5x 232)mm

Beam (A01) Beam (A03)

Stiffener (3.5 x 59.5x 328)mm

Beam (A04)

Stiffener ( 7x 59.5x 328)mm

Beam (A05)

Figure 3. Detailing of the beams
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3.2. Boundary Conditions and Loading on the Model

All modelled beams were simply supported by a roller support on one side and a hinged support on the opposite side.
Two plates were affixed to the lower flange of the steel beam to mitigate stress concentration. One plate was anchored
as a hinge, while the other was secured as a roller by imposing limitations along their central axis. All modeled beams
were simply supported by a roller support on one side and a hinged support on the opposite side. Two plates were affixed
to the lower flange of the steel beam to mitigate stress concentration. One plate was anchored as a hinge, while the other
was secured as a roller by imposing limitations along their central axis. In this study, the probability of failure for beams
was directed towards a plastic hinge by restricting it from rotating about the longitudinal axis of the beam (Z-axis) at
three points at the supports and in the middle, but this restriction is not sufficient to prevent lateral buckling failure in
the region between the supports and the middle of the beam.

Since this is theoretical research, it is difficult to predict the failure load of the models. However, it is possible to
calculate the total vertical deflection of the models theoretically for the elastic and plastic regions. The concentrated
load was applied gradually in the middle of the beam as a vertical deflection, and accordingly, the total vertical deflection
was calculated (until the collapse of the reference beam), as shown below:

The total deflection of the reference beam up to failure can be determined, assuming the yield stress is 362 MPa, the
modulus of elasticity (E) is 200,000 MPa, the effective beam length is 2,900 mm, and the total cross-sectional area is
3,268 mm?. The load resulting in the plastic hinge was calculated using the methodology of Salmon et al. [27]. As shown
in Equations 1 to 3.

1- Compute Plastic Section Modulus (Z)

Z=%Ay)

1
Z=2(124x8x120) + (116x5x58) =271720 mm> M

2- Plastic Moment (Mp)

My =f,.Z

2
Mp =362 x 271720 = 98362640 N.mm @

3- For Concentrated One-Point Load

__ 4Mp
L

_ 4x98362640 (3)

= 135672.6 N
2900

P=~135.7 kN (the ultimate load causes the failure in plastic hinge), where 4; is area in elastic section, y; is centroidal
distance from the neutral axis, and f,, yield strength of material.

In this study, the load is applied as a vertical displacement, and it is essential to determine the deflection value from
the first application of the load until failure occurs. The vertical deflection is computed in two phases. The first phase
corresponds to the elastic zone, as seen in Equation 4 [28]:

3
5. o =hl
elastic 48EI
138x103x29003
Setastic = 5 2 “4)
48(2%x10°)(3540x10%)
o) =11,73 MM

elastic

The second phase signifies the plastic zone. The vertical deflection of the beam at this point may be approximately
computed based on the plastic joint rotation (6p), as shown in Equation 5 [29]. The rotation of the plastic hinge (6p)
value for a reference beam on the verge of collapse according to specification (FEMA-356 and FEMA-440 ) for the
section used in the research is 0.127 rad [29]. If (8p) is set at 0.127 rad, the vertical deflection in the plastic zone for the
reference beam (AO0) is basically 184.15 mm.

6, =06, X% Lezi
2900 (5)
627 =0,127 x - = 184,15 mm

Total vertical deflection for the reference beam (on the verge of collapse) (J elastic + § plastic) = 11.73+184.15 =
195.88 mm. To give a broader idea of the beam’s behavior, the beam behavior was studied up to 300 mm, i.e.
approximately p = 0.2 rad.
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3.3. Material Properties

This work studied the geometric and nonlinear material characteristics of steel beams using a three-dimensional
finite element model. Von Mises yield criteria were employed in nonlinear analysis. The steel beam was simulated using
S4R shell components. To ensure numerical solution accuracy, the same mesh size was employed to analyze H-steel.
The hot-rolled steel section H248x124 has a mass per meter of 25.7kg for SS400, with a modulus of elasticity (E) of
2x105 MPa, yielding strength (Fy) of 362 MPa, and ultimate tensile strength (Fu) of 513 MPa [2] This research used
ABAQUS' plastic option to mimic steel's elastic—plastic properties. To correctly describe steel's nonlinear reaction under
loading, this material description accepts a bilinear or multilinear stress—strain relationship. This model approximated
H-shaped steel beams and steel plates (stiffeners). For this investigation, Modulus of elasticity (Es) was set at 200000
N/mm? and passion’s ratio (vs) was set at 0.3, typical for structural steel. The Equations 6 to 8 regulate the stress-strain
curve from loading to the yield point and subsequently to failure via the ultimate stress [30, 31].

( Ege 1 fore < gy
b ! f ©)
Os = s1Ys ore, <& g
E—E&sp E—E&sh E—E&sp
lfy + (fu - fy) {0‘4 (Eu_gsh) + 2 (eu_gsh) / [1 + 400 (Eu_gsh) ] }
foreg, <e<eg,
&, =06 ( - %) but g, = 0,06 for hot —rolled steel @)
e = 0,1 (%) —0,055 but 0,015<e¢, <0,03 @)

where, o5 is stress in steel beam, ¢ is strain, &, strain hardening strain, €, is strain at ultimate stress, &, yield strain.

4. Results and Discussion
4.1. Effect of Using Stiffeners on Load—Deflection Response

Figures 4 and 5, together with Table 3, depict the load-deflection characteristics of beams A0, A01, A02, A03, A04,
and A05. The slope of the beams up to the yield load is nearly identical. Beams (A04 and A05) demonstrated a 9.6%
increase in yield load compared to the reference beam, while beam (A04) achieved an increase of 10.28% in maximum
load relative to the reference beam. It may be noted that in all beams (A0, AO1, A02, A03, A04, and A05), the amount
of increase in the vertical deflection at the maximum load is greater by 8.8, 10.3, 6, 2.3, 6.1, and 1.9 times than at the
yield load, according to the sequence. The worst behavior is observed in beams A03 and A0S in the strain hardening
region, where the vertical deflection values are similar, indicating that stress concentration occurs in a specific area,
leading to a quicker attainment of maximum load.

210 1

180 1

150 A

120 1

90 A

Applied load (kN)

60

30

=0@-—Beam A0 O Beam A0l =—O@——Beam A02 =—®—Beam A03 =—®——Beam A04 -—®— Beam A05

0 T T T T T T T ]
0 30 60 90 120 150 180 210 240 270 300

Deflection (mm)

Figure 4. Load-deflection curves of beams

5024



Civil Engineering Journal

Vol. 11, No. 12, December, 2025

210 9 Beam A0 210 Beam A01
180 180 -
é 150 é 150 A
T 120 A T 120 A
=2 =2
T 90 A2 T 90 - A2
= =
& 60 A 2 60 4
e
o
0 > T T T T T T T 1 0 «— T T T T T T ——
0 40 80 120 160 200 240 280 320 0 40 80 120 160 200 240 280 320
Deflaction (mm) Deflection (mm)
210 - 210 4
e (Y Beam A02 Beam A03
180 ~ \.._..o"' ".,' 180
g 120 4 2 120 -
- A2 =
g o0l T 90 4] |A2
= - =
< o0 I A3 2 601
H A3
py 30
0 T T T T T —6— 0 Py . . . . . . .
0 40 80 120 160 200 240 280 320 0 40 80 120 160 200 240 280 320
Deflection (mm) Deflection (mm)
210 { 210 1 Beam A05
Beam A04
180 A 180 4
Z 150 1 2 150
= &
T 120 " < 120 A
£ H
3 90| A2 = 90
= ]
=3 =
2 60 A3 =9 i
2 Al:l g 60
30 1 30 -
0 — T T T T T T J 0 T T T T T T T d
0 40 80 120 160 200 240 280 320 0 40 80 120 160 200 240 280 320
Deflection (mm) Deflection (mm)
Figure 5. Area under curve for load-deflection for all beams
Table 3. Ultimate and yielding load of beams
Beam Yield Load % of increase in Deflection at  Ultimate load % ofincreasein Def.in beam at % of increasein Load at def.
symbol ») (kN) compared to ref. Yield Load (mm) (fu) (kN) compared to ref. Ultimate load compared to ref. 300 mm
A0 157.424 - 14.71875 182.923 - 129.8373 - 455823
A01 159.601 14 14.71875 197.367 7.9 152.612 17.5% 110.734
A02 172.221 9.4 19.78125 199.487 9.05 118.9746 -8.3% 68.6278
A03 166.628 5.85 1725 170.269 -6.9 40308 -68.95 463554
A04 172.514 9.6 19.78125 201.736 1028 121.1103 -6.71 94.5409
A05 172.547 9.6 144375 184.006 0.6 2745372 -78.85 143.896

It is also noticed in Figure 4 that in all curves there is a fracture that varies in strength according to the type of
strengthening. The reason for this is the occurrence of buckling failure in the section (either in the flange, the web, or
both), which causes the beam to fail faster than expected.

4.2. Toughness of the Beams

A comparison of beams strengthened with different types of stiffeners can be conducted by calculating the area under
the curve, as illustrated in Figure 5 and Table 4. A larger area correlates with an increased load-bearing capacity and
enhanced performance under load for the beam. The region beneath the curve is segmented into three distinct sections.
The initial stage commences at the onset of loading and continues until the yield point is attained. This phase signifies
the elastic stage, during which elastic deformation takes place in the subjected material. The deformity disappears when
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the load is removed. Figure 5 and Table 4 indicate that beam A0l possesses the largest area, measuring 1550.6 kN.mm,
which represents a 5.74% increase relative to the reference beam A0. Stage two commences from the yield point and
progresses to the ultimate load. At this stage, the area under the curve indicates the beam's capacity to endure
deformations beyond the yield point without failure. The beam (A02) is deemed superior at this stage, with an area under
the curve measuring 25223.985 kN.mm, representing a 25.6% increase relative to the reference beam (A0). It may be
noted that in the two beams (A03, A05) there is a large decrease in area by 80.5438% and 88.3882%. The reason for
these decreases is the concentration of stresses in certain areas, which leads to a rapid arrival at the maximum load,
which in turn leads to a sharp flange failure and a buckling in the web. The third stage extends from the ultimate load
point to the failure point. The softening stage denotes the energy absorbed prior to failure. A reduction in this area
correlates with an increased rate of beam failure, and conversely, an increase in area corresponds to a slower failure rate.
At this stage, beam AO5 is identified as the optimal choice, exhibiting an area of 44,335 and an increase rate of 237.6%
compared to the reference beam. The larger the area, the greater the warning before the collapse.

Table 4. The area under curve value for beams (A0, A01, A02, A03, A04 and A05)

Beam From zero to yield % of increase in  From yield point to % of increase in From ultimate load to load % of increase in  Total area under
symbol  point (kN.mm) compare to ref. ultimate load (kN.mm) compare to ref.  at Def. 300 mm (kN.mm) compare to ref. load-deflection curve

A0 1321.8187 - 20083.906 - 13131.77 - 34537.495
A01 1335.2372 51.01 25223.985 25.59302 21892.643 66.7151 48451.865
A02 2253.7935 70.5 18505.834 -7.8574 21461.039 63.42838 42220.666
A03 1786.2312 35.31 3907.563 -80.5438 17865.558 36.04836 23559.353
A04 2251.599 70.34 19083.38 -4.98173 25063 90.85774 46397.98
A05 1526.85 15.5 2332.10 -88.3882 44335.01 237.6164 48193.97

4.3. Effect strengthen the Beams by Stiffeners on Yield Stress in Beams

In Figure 6, it is noted that in all beams, the larger the width of the stiffeners, the more the stresses are distributed
over a larger area (meaning that it leads to a redistribution of stresses over a larger area, which leads to an increase in
the value of bearing the applied loads). It may be noted that the stress in all beams' values at the yield point ranges from
372 to 412 MPa. It is clear to us that the amount of stress in the beams depends on the slenderness of the stiffeners and
their location. The thinner the stiffeners and the closer the stiffener is to or under the concentrated load, the greater the
amount of stress. It is clear to us that the amount of stress in the beams depends on the thinness of the stiffeners and
their location. The thinner the stiffeners and the closer the stiffener is to or under the concentrated load, the greater the
amount of stress.

5, Mises
SMEG, (fraction = -1.0)

(Awvg: T5%)
390,531
357,957
325,442
292,898
260,354
227.810
195.265
162.721
130.177
EE-ESS max. stresses at top and bottom flange Beam (A0)
a2 out and at top and bottom part of web — — -
S, Mises max. stresses at top and bottom flange and _——————— — — —
SHEG, (fraction = -1.0) at top and bottom part of web at mid-span.
(Ava: 75%)
365,783
335,301
304.819
274.338
243.856
213.374
182,892
152,410
121,928 I
91.446
60964 the stresses in the vertical stiffeners are very Beam (A01)
30,482 : 1
0.000 low before the deformation begins. L —

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

368.160
337.480
306.800
276.120
245,440
214.760
154.080
153.400
122.720
92,040
géggg * max. stresses at top and bottom flange —_—_—
0.000 + In web. max. stress values are confined between the inclined stiffeners.

S, M . .
smgés,a(sfragmn =-1.0) * high stresses are directly under the concentrated load.

(hvg: 75%)
412,779

378.381
343.983
309.584
275,186,
240,788
206,390
171.991
137.593
103,195
68.797
34,308 Beam (A03)
0.000
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S, Mises
(EQJEGr 7(;:5)“5” =-1.0) * We notice that the highest stresses in the stiffeners are directly under the concentrated load.
v

372.011
341.010
310.009
279.008
248,007,
217.006
186,005
165.004
124.004

93.003 Beam (A04)

Sto0d /1

0.000

* The highest stresses are in the upper and lower flange as well as the upper and lower parts of the web. ~— P — — — — — — — — —
|

S, Mises — — — — — — — — —
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(Avg: 75%)
373.839
342,686
311.533
280,379
249,226
218.073
186.920
155,766
124,813
93.460 ) . ) . .
62.307  * The highest stresses are in the upper and lower flanges as well as in the web in the middle of the beam.
301.'51503 * The neutral axis is at the midpoint of the Beam height.

-
|
I
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1 |
| |
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1 |
-

Beam (A05)

L —————

Figure 6. The deformation and stresses in beams at yielding load

Table 3 illustrates that the yield load value is lowest for the reference beam at 157.424, whereas beam A05 exhibits
the maximum yield load at 172.547, reflecting an increase of 9.6%. The vertical deflection values for all beams vary
from 17.25 mm for beam (A03) to 19.78125 mm for beams (A02) and (A04). It is observed that in all beams with
stiffeners; stresses originate from the web and flange. The stress distribution in the flange and web indicates that the
stress levels in the stiffeners are comparatively low at this point.

4.4. Effect Strengthen the Beams by Stiffeners on Ultimate Stress in Beams

In beam AQ, it is observed that the formation of a sunken area in the upper flange where it is exposed to direct load
results in undulation, as shown in Figure 7. As for beam AO1, we notice the beginning of a local buckling of the upper
flange on both sides of the vertical stiffener. As for beam A02, at this stage, the beginning of the local buckling occurs
in the upper flange, and we notice that the stress values in the stiffeners are much higher than in beam A01.

5, Mises L .
SNEG, (fraction = -1.0) Begining of local buckling

(Avg: 759%) at top flange and web
586,244
537.390
488,537
439,683
390.829
341.976
293,122
244,268
195,415
146.561
97.707
43.854

0.000

Beam (A0)

i@!;efframm =-1.0) begining of local buckling at top and bottom flange and

(Avg: 75%) web at both side of mid-span of beam

527.320
483,377
430,434
395,400
351.547
307.604
263.660
219.717
175,773
131.830
87.887
43,043
0.000

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

488,619

447,901

407,183

366,465

325.746

285,028

244,310

203.591

162,873

122,155

81,437 # begini 0 ide incli i i
R begining of bucking at the side inclined stiffener Outside

0.000 the area between the stiffeners and the lower flange

Beam (A01)

Beam (A02)

S, Mises
SMEG, (fraction = -1.0)
(avg: 75%)

[ ———— 1

) af

|
I
|
1

586,682
537.792
488,901
440,011
391.121
342,231
293,341
244.451
195,561
146,670
37,780 N . . I
48.800  * beginingn of vertical deflectioin the upper flange under concentrated load and local Beam (A03)
5000 puckling in the web L
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S, Mises
SHEG, (fraction = -1.0)
(Avg: 75%)

487.712

447.070
406.427
365.784
325.142
284.499
243.856
203.213
162,571
121.928
81.285

40.643

0.000 ¥ The highest stresses are in the upper and lower flanges and in the triangular areas
between the stiffeners and the upper and lower flanges. Beam (A04)
* In the rhombic region of the web under concentrated load the stresses are relatively low.

S, Mises
SNEG, (fraction = -1.0)

(Avg: T53%)
476,279
436,589
396,899
357.210
317.520
277.830
238,140
198,450
158,760
118,070 N . .
79.380 Local buckling of the upper flange begins. Beam (A05)
EDQ'DEDQDD * We notice that the stress distribution is in the shape of an hourglass.

* The neutral axis is at the midpoint of the beam height.

Figure 7. The deformation and stresses in beams at ultimate load

As for the AO3 beam, it reaches its maximum load with a relatively low vertical deflection compared to the other
beams (40 mm). As with the reference beam, the initial subsidence occurs in the area exposed to the direct load. The
lower stiffeners' stresses are much higher than the upper ones. The lower part starts from the beam's middle and connects
to the flange, where the stresses are highest. The lower part of the stiffeners has much higher stresses than the upper part
because it starts in the middle of the beam and connects to the flange, where the stresses are the highest. As for beam
A04, we notice that the stress values are relatively large in the triangles enclosed between the stiffeners and the upper
and lower flanges, while in the rhombic-shaped region located in the middle, the stresses are relatively small. We also
notice that the deformation is relatively small, with only a slight undulation in the upper flange. As for beam A0S, we
note that the stresses are greatest under concentrated load in the upper flange and the web in the area between the inclined
stiffeners and the upper flange.

According to Table 3, beam (A03) has the lowest ultimate load value (170.269 kN), whereas beam (A04) has the
ultimate load (201.736 kN), which is an increase of 10.28% above reference beam (AO0). It is observed that in all beams
with stiffeners; stresses originate from the flange and increase toward the web. At this stage, it may be seen that the
stress distribution in the flange and web is observed, with the stress levels in the stiffeners being comparatively low at
this point. Deformation in the beams can also be clearly observed.

4.5. Effect Strengthen the Beams by Stiffeners the Stresses and Deformation in Beams at Failure Load
(at Vertical Deflection = 300 mm)

Figure 8 illustrates the beams experiencing a vertical deflection of 300 mm, corresponding to a plastic rotation angle
of 0.2 rad, which indicates the model's attainment of sectional failure. Beam A0 exhibits a sunken upper flange, resulting
in considerable buckling of the web. Beam A01 exhibits double local buckling in the upper flange, alongside buckling
in the web on both sides of the vertical stiffener. Beam A02 exhibits distortional buckling throughout its entire section,
particularly in the region outside the delta adjacent to the inclined stiffeners. This phenomenon occurs as if the stiffeners
are exerting stresses beyond the triangular area defined by the stiffeners on two sides and the lower flange on the third
side. Beam A03 exhibits concentrated stresses at the midpoint due to the inclined stiffeners, resulting in subsidence of
the upper flange and significant buckling in the web. The A04 beam, characterized by a double X, exhibits buckling
throughout the section at the edges of the stiffeners, along with noticeable distortion in the stiffeners themselves. In
beam A05, buckling is observed in the upper flange, the web directly beneath it, and at both ends of the X-stiffeners.

h

S, Mises

SMEG, (fraction = -1.0)

(AVglﬁgi‘*lvg“ local buclking at
553.808 mid-span
503,482
453,116
402,783
352,423
302.077
251,731
201,385
151.039
100.692

50,346
0.000

Beam (A0)

S, Mises

SNEG, (fraction = -1.0)

(Awg: 75%)
604,154
553.808
503.462
453.115
402.769
352.423
302.077
251.731
201.385
151.038
100.692
50.346

0.000
L /.
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g;\JgIG‘fE(sﬁagtmn =-1.0) * Distortional buckling out of the delta (stiffeners and bottom flange) r -I

(Avg: 75%) * High stresses and large deformation occur in the upper flange and web
as well as the deformation.

£0.346

0.000 I________—_J

5, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
804,154
553,808
503,462
453,115
402,789
352,423
302,077
251,731
201,385
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0.000 High stresses are concentrated in the area High stresses are

concentrated in the area between the stiffeners and the upper flange.

* Large deflection in the upper flange and a large local buckling in the web.

Beam (A03)

S, M . . s . .
SNEG‘S,E(Srramion =-1.0) * Distortional buckling in top flange and web beside the stiffeners

(Avg: 75%) * deformation in stiffeners
804.154
553.808
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352,423
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201385
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S, Mises * ot . P . r-—————————
SHEG, (fraction = -1.0) ‘We notice high vertical deflection in the flange in the area below the concentrated load. _

(Ava: 75%) * Local buckling in the web on both sides of the x-stiffeners.
604,154 * The highest stresses are in the flange and web under concentrated load. as well as in

§§§;322 the web on the sides of the x-stiffeners.

453,116
402,769
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302.077
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100.692
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Figure 8. The deformation and stresses in I-steel beams at vertical displacement =300mm

5. Conclusions

Using Abaqus to analyze beam behavior can yield positive results, providing an indication of the type of stiffeners
that can guide us toward the best stiffeners. It also reduces the number of models required, allowing for laboratory testing
of only those that yield positive results. It also provides a clearer picture of stiffener behavior during loading and until
failure. Therefore, we can conclude the following:

It is essential to install a vertical stiffener beneath the concentrated load, as demonstrated in beam (A01), or to
employ a reinforcement configured as an inverted “V,” as seen in beam (A02), or to utilize a double “X”
reinforcement, as illustrated in beam (A04), to avert or delay the buckling of the upper flange and web.

The stress values in beams (A02) and (A05) are significantly elevated adjacent to the stiffeners, while deformation
is pronounced in the flange and web, indicating the formation of a plastic hinge. This suggests that the stiffeners
effectively reinforced the central region of the beam, making the adjacent areas relatively weak compared to the
region between the stiffeners.

The "V" shaped stiffener clearly confines stresses inside the central region of the beam (the area between the two
stiffeners and the upper flange), resulting in a quick and abrupt failure of the beam; hence, this reinforcing type
is considered to be passive.

The first loading phase demonstrates that the use of stiffeners lowers the stresses in the web, hence postponing
the attainment of the yield load, and subsequently the ultimate load and final collapse.

In beam (A04, A05), there was an increase in the yield load, as it showed an increase of 9.6% compared to the
reference beam (AO).

The beam (A04) is regarded as the superior option in the area from the yield point to the ultimate load, exhibiting
an increase of 10.28% relative to the reference beam (A0).

The beam (A05) is regarded as the most performing following the ultimate load stage till failure, exhibiting an
increase rate of 102.5% compared to the reference beam (A0).

Many traditional structural design methodologies, including Allowable Stress Design, Working Stress Design,
and Elastic Analysis, depend on the structure being beyond its yield point, therefore functioning only inside the

5029



Civil Engineering Journal Vol. 11, No. 12, December, 2025

elastic domain. All reinforced beams exhibited an enhancement in the area under the curve (elastic region),
particularly beams A2 and A4, which showed an increase of around 70% relative to the reference beam.

e Numerous contemporary structural design methodologies, including Ultimate Strength Design (USD), Load and
Resistance Factor Design (LRFD), Plastic Design, and Ductility-based Design, are predicated on the region from
yield to ultimate load. The beam (A2) exhibited an approximate 25% increase relative to the reference beam.

e The area under the curve from maximum load to failure indicates the component's capacity to retain ductility and
absorb energy post-maximum load. It is a critical element in seismic design, evaluating safety against abrupt
failure and choosing materials that demonstrate significant deformation prior to failure.

6. Notations

Es Modulus of elasticity A Passion’s ratio

IX-X Moment of inertia about x-axis ly-y Moment of inertia about y-axis
p Concentrated one point load Pu Ultimate load

Py Yield load MP Plastic moment

V4 Plastic section modulus Ai Area in elastic section

yi Centroidal distance from the neutral axis T Radius of curvature

Oy stress in steel beam € Strain

Esh Strain hardening strain Eu Strain at ultimate stress

Ey Yield strain Fy Yield strength of material

Fu Ultimate strength of material op The plastic joint rotation

Sy Vertical displacement in elastic region Sp Vertical displacement in plastic region
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