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This paper focuses on the exural impact behaviour of steel I-beams with rectangular web
openings. Published studies on impact resistance and design requirements of perforated
steel beams are limited. To shed light such a topic, detailed non-linear three-dimensional
nite element models (FEMs) were developed using ABAQUS.Rigorous validation process
was employed to verify the FEMs built against published experimental tests in terms of
force and displacement time histories. Reasonably good agreement was obtained between
the numerical results and the corresponding experimental ones. Then, the validated FEMs
were exploited to investigate the exural impact resistance of perforated steel beams with
rectangular openings. The factors examined in the current study were the area, depth,
number and reinforcement of web openings under different impact velocities ranged
between 2.214-7 m/s to provide comprehensive understanding on the exural impact
response of steel beams perforated with rectangular openings. It was observed that
increasing the number of narrow web openings negligibly effected the exural impact
resistance of steel beams. Moreover, using wide openings signi cantly reduced the
dynamic exural resistance of such beams. Besides, slight effect on the exural impact
resistance and mid-span de ections were obtained if the depth of openings increased.
Moreover, a considerable improvement was observed by providing perforated beams by
horizontal steel reinforcement particularly for those with wide openings. The perforated
steel beams showed similar mode of failure by generating four plastic hinges around the
edgesof an opening, which is the failure mode produced for perforated beams under quasi-
static loading.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open accessarticle under the CC
BY license (http://creativecommons.org/licenses/by/4.0/ ).

1. Introduction

Providing web openings in steel and concrete beams has signi cant importance in structural building frames. Such
openings work as appropriate accessfor services like ducts and cables to pass through such openings. Besides, the entire
weight of the beam compared with solid beams is reduced. Also, high stressesproduced in the beam to column connections
may be alleviated if the perforated beams replace the solid ones. Furthermore, the provision of openings in the beams has
also been considered for architectural requirements. Generally, the stiffness of beams with different shapesof web openings
is lower than those for solid beams, which leadsto producing higher de ections. The existence of the web openings in abeam
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Fig. 1. Steel I-section beam with (a) Horizontally and vertically reinforcement and (b) without reinforcement.

also reduces its shear and exural strength. Thus, stiffeners may be welded horizontally and/or vertically around the
openings to enhance the shear and exural capacity in the opening sections as shown in Fig. 1.

Different studies were conducted to investigate the behaviour of perforated steel beams under static loading conditions.
Some studies concluded that providing web openings may lead to signi cant disadvantages in terms of load-carrying
capacity [1-3]. Theoretical study on steel beams having rectangular and circular openings has been performed by Chung et al.
[2] and a design procedure was proposed. The effect of moment to shear ratio on the resistance of the opening section was
realised, therefore, an empirical shear to moment interaction curve at the circular perforated section was proposed. More
recently, Sweedan [3] developed a simpli ed approach based on experimental and numerical investigations to predict a
moment modi cation factor for cellular beams. The complex behaviour accompanied by the combined effect of shear and
moment of perforated steel beams resulted in expanded the studies to the recent time. However, experimental tests were
recently performed by Al-Dafafea et al. [4] to evaluate the behaviour of stiffened and unstiffened web openings on the beam
subjected to shear and bending. The results showed that signi cant improvement in the ultimate carrying capacity of the
beam was obtained using suf cient anchorage length of stiffeners. Feng et al. [5] presented an experimental tests to
investigate the high-strength H-shaped steel beam perforated with circular openings with different con gurations. The test
results were compared with the current design guidelines and it was found that the Eurocode 3 is non-conservative while
both Australian and Chinese guidelines were conservative. Recently, the work on providing analysis procedures and design
guidelines to predict the behaviour of perforated steel beams under quasi-static loading is continuous [6-8]

In addition to static loading, steel frames should be designed to resist seismic loading. Goel et al. [9] used the web
openings to create a ductile zone in the beams of moment resisting frame to absorb the energy induced by ground motion.
The bene cial effect of providing a steel beam with web openings was concluded by Erfani et al. [10] when subjected to
seismic loading. It was found that seismic resistance of moment-resisting steel frames was enhanced by the presence of
openings in beams web, due to alleviation in stress concertation of beam-to-column connections of such frames.

During the service life, structural frames may experience dynamic loadings such asimpact and blast, in which a force is
produced within a short time such as vehicle impact or explosions. However, researches were intensively presented to
investigate the response of beams and other structural members to such loading regimes [7—16]. Limited studies were
carried out to investigate the response of metal beams under high loading rates. The earliest study was carried out by Menks
et al. [21], in which a clamped solid aluminium beams were investigated against explosion. The tested specimens
experienced tearing at the extreme bres and shear near the support. Some studies were carried out to investigate the effect

Table 1
Details of the specimens tested by Antimo et al. [20].

Impact test
Test CODE h (mm) m (kg)
15 specimen ITBO1 M1 H250 250 211
ITBO2 M1 H500 500 211
ITBO3 M1 H500 500 211
ITBO4 M1 H1000 1000 211
ITBO5 M1 H1000 1000 211
ITBO6 M1 H3000 3000 211
2" specimen ITBO7 M2 H250 250 460
ITBO8 M2 H500 500 460
ITBO9 M2 H1000 1000 460
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Fig. 2. Test setup for the experimental work conducted by Antimo et al. [24].

of different parameters on the aforementioned failure modes such as type of beam material and impact location [18,19].
Recently, Antimo et al. [24] investigated the impact resistance of asolid steel beam subjected to multiple impact loading. Two
simply supported beams were tested and the results were obtained then nite element models were developed for further
investigation. It was found that using an appropriate strain rate model enhanced the validation of FEmodels against the test
results.

The previous studies indicated that the focus has been made on investigating the behaviour of perforated beams under
static and seismic loading. Also, it showed that the attention was paid to understand the response of solid steel beams under
impact loading. However, in the current study, it will be bene cial to investigate the impact behaviour of steel beam with
web openings to cover this gap of knowledge. The methodology adopted to achieve this task is based on developing Finite
Element (FE) models then verifying such models against the available experimental results of solid beams. After that the
veri ed FEmodels of solid beams could be provided by rectangular openings with different casesto investigate the impact
resistance of perforated beams. This methodology seemsto be ef cient in terms of accuracy and cost. It was used in different
studies and acceptable results were obtained. Forexample, nite element models were developed by Degteyareva et al. [25]
for cold-formed steel slotted channel sections then validated against experimental results of solid channel sections.

It should be mentioned that the current study represents apart of aproject to investigate the response of perforated steel
beams under impact loading. It was started by investigating the impact response of steel beams with circular web openings.
The results indicate that providing circular openings lead to areduction in the impact force and increase in the displacement
measured at mid-span [26].

In this study, published experimental tests were used to verify the numerical modelsdeveloped, which were built using
the nite element pakage ABAQUS.The developed FEmodels were used to investigate the impact response of steel beams
with rectangular web openings and the effect of several parameters on such response.

2. Experimental studies

The FEmodels developed were veri ed against the experimental test results of two previous studies. The rst study was
conducted by Antimo et al. [24] and the second one by Choet al. [27]. The beams in both aforementioned studies were tested
under repeated impact. However, the results of only the rst of four tested specimens were considered for validating the FE
models. Then, the geometrical and material properties of the beam tested by Reference [24] were considered to perform the
parametric studies.

An experimental study was carried out by Antimo et al. [24]. The tests included two specimens with IPE 220 section,
which has dimensions of (220 110 5.9) mm. The beams were simply supported and exposed to multiple impact loading
and the details of the tested specimens are listed in Table 1. The rst and second specimens were exposed to six and three
multiple impacts, respectively. The applied impact energy was generated using a range of height from 250 to 3000 mm
corresponding to two different values of mass,i.e. 211 and 460 kg. The grade of steel for both specimens was S275.During the

Table 2
Tensile test results of steel pro les used in experimental tests of Cho et al. [27].

Pro le Yield stress (MPa) Ultimate stress (MPa) Modulus of Elasticity (GPa)
Flange 356.8 526.9 189.3
Web 390.1 527.0 220.4
stiffener 399.9 530.6 2211
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multiple impact tests, the global de ection was measured at the mid-span of the specimens regardless of the local
deformation of the beams. The instrumentation and the test setup used in this study is shown in Fig. 2.

Another test results carried out by Choet al. [27] were also selected to enhance the accuracy of the validation of FEmodels
obtained against tests of Antimo et al. [24]. Four steel beams with T-section were fabricated and tested asindicated in [27].
Two of them were impacted under room temperature, while the others were tested under combined elevated temperature
and impact loading. Only those beams impacted under room temperature were used in the current study to validate the FE
models. The beams tested have equal web and ange thickness of 10.2 0.1 mm, while the web height was 50 mm and the

ange width was 100 mm. The span length of the beam was 1.068 m, xed at its both ends to aground rigid frame using steel
stiffeners, bolts and plates. The tensile tests were carried out to obtain the engineering stress-strain relationships of steel
pro lesinvolved and the summary of the test results can be seenin Table 2. A drop hammer machine was used to apply the
impact loading using knife-edge impactor con guration. The rst specimen was impacted by a mass of 193.8 kg with an
initial velocity of 4.85 m/s while the mass and the initial velocity of the second specimen tested were 295.7 kg and 3.96 m/s,
respectively.

Fig. 3. FEmodel details of the solid beam.

Fig. 4. Triaxiality-plastic strain envelope proposed by Ribeiro et al. [29].
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Fig. 5. The validation of FEmodels against tests carried out by Antimo et al. [24] (M: Mass, V: Velocity).

3. FE modelling and veri cation

This Section presents the numerical procedures and techniques that are used to simulate the reference beams tested by
Antimo et al. and the casesselected for beam with web openings under impact load. Here, ABAQUSwas employed to develop
numerical models using the explicit procedure, which is more appropriate to simulate a dynamic event. Also, convergence
issues could be avoided using such procedure [28]. Geometry, boundary conditions, element type, meshing, contact
interaction, material properties in addition to the veri cation of the FEmodels are presented in this Section.

3.1. Geometry and boundary conditions

Fig. 3 (a) shows the geometrical details of a FEmodel and boundary conditions utilized in the current study. Translational
movements were prevented in x and y directions to simulate the simply supported conditions. The impactor was simulated
asarigid body and all its degrees of freedom was restrained, except for the vertical movement (y-axis) to allow for vertical

impact. The projectile was modelled with a mass of 211 and 460 kg and different initial velocities of 2.214, 5 and 7 m/s were
employed.
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Fig. 6. The validation of FEmodels against tests carried out by Cho et al. [27].

3.2. Element type, mesh size and contact interactions

C3D8Relement with reduced integration was used due to its ef ciency to model the impact events. Fig. 3 (b) shows the
numerical model of the beam with the selected element type. A mesh sensitivity study was performed to identify the proper
mesh size. It was found that using the element size of 20 20 5 mm gives reliable results with appropriate computational
time. Therigid quadrilateral element (R3D4) was used to model the impactor with ner mesh size compared to the mesh size
used for the impacted beam. This is to avoid contact penetration of the impactor into the impacted beam. Normal hard and
frictionless contact was assumed for the contact surfaces of the impactor and the beam. Whilst, tie constrain was employed
to model the weld usedto connect horizontal stiffeners to the web of the beam. It was also considered using the stiffer part as
a master surface and the other part as a slave surface [28].

3.3. Constitutive models of steel material

Both elastic and plastic properties of steel materials were obtained from the experimental engineering stress-strain
relations provided by Antimo et al. [24] and Cho et al. [27]. Then, such stress-strain relations were converted to the true
stress-strain relations, which in turn were used asinput data in ABAQUS.Strain rate effect was considered using Johnson-
Cook dynamic magni cation approach as follows:

DIFR.Y 1p ClIn ENTITYNOTDEFINED!! ap

Here, Cis aconstant; ENTITY NOT-DEFINED!!! isthe ratio of the current strain rate to the reference quasi-static strain rate.
The constant Cwas assumed to be 0.039 asrecommended by Ribeiro et al. [29]. Beyond the strain hardening stage, damage
criteria need to be modelled to allowing for strength degradation and avoiding overestimation of such strength. The onset of
ductile damage was modelled using the envelope of triaxiality-plastic strain proposed by Ribeiro et al.[29] asshown in Fig.4.
Afterwards, the damage evolution stage begins producing the stiffness degradation of the element until the total failure. A
linear relationship was then assumed between the element size (Ley and the equivalent plastic strain  as follows:

UpI: Le pl (2)

Also, shear damage of steel beam was modelled by assuming avalue of the equivalent plastic strain at the onset of shear
damage. Such strain is afunction of strain rate and shear stress ratio. Hence, the value of equivalent plastic strain, strain rate
and shear stress ratio was taken as 0.172, 120 and 1.8 as proposed by Al-Thairy [30]. These values were validated by the
aforementioned study against experimental tests [22] for a solid rectangular mild steel beam under impact load.

3.4. Veri cation of FEmodels

3.4.1. Testcarried out by Antimo et al. [24]

To perform aparametric study, the FEmodels were calibrated against four experimental tests presented by Antimo et al.
[24]. Fig. 5 shows the convergence between the experimental and numerical displacement-time histories obtained. The
highest discrepancy between the experimental displacement and the predicted one among the four caseswas lessthan 8.5%,
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which re ectsavery good correlation between the FEmodels and test results. Such correlation can be exploited to perform a
parametric study in which different parameters effect can be examined.

3.4.2.Choet al. Tests

Asmentioned in Section 2.2, these tests were selected to enhance the validation of the FEmodels developed to predict the
impact response of the steel beams with rectangular perforations. Here, the predicted traces were correlated reasonably well
to the corresponding experimental tests. The maximum de ections measured for the two specimens selected were 30 and
33 mm, while the corresponding predicted de ections acquired from FEmodels were 29.15 and 32.05 mm, respectively. The
predicted results were compared also in terms of force-time histories and strain time histories for the experimental data
provided by Cho et al. very good correlations were obtained ascan be seenin Fig. 6 for a sample impacted under a mass of
295.7 kg and avelocity of 3.96 m/s. However, aconsiderable difference can be noticed between the peak force obtained from
the experimental and FEmodel ascan be seenin Fig.6a. It is attributed to the assumption of the rigid projectile that has much
higher contact stiffness than the deformable steel projectile used in the test. Besides,peak forces are dif cult to be measured
precisely as stated by Birch et al. [31] asit has a short duration. Such difference in peak force has a negligible effect on the

exural impact behaviour of the specimens selected in the current study as the beams reach their maximum bending
moment and maximum de ection in atime different than that of peak forces.

Fig. 7. Typical steel beam with rectangular web openings.
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Fig. 8. Effect of impact velocity (two openings with the size of (155 100) mm).
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4. Parametric study

To study the impact behaviour of steel beams with rectangular web openings, numerical FEmodels were developed with
different parameters basedon the veri ed ones. Rectangular openings with different nhumbers and areaswere provided into
the solid steel beams. The dimensions and boundary conditions of the steel beams which utilized by Antimo et al. were kept
constant to study the in uence of the depth, number and reinforcement of the openings under impact loading. The impactor
mass was not changed and kept at the value of 211 kg.

The effect of impact energy was also examined by employing arange of impact velocities increased from 2.214—7 m/s. The
parametric study details with the corresponding numerical results are tabulated in Table 2. Typical steel beam with
rectangular web openings is shown in Fig. 7. The details of web openings such asthe distance between the support and the
nearest web opening, the distance between two openings, dimensions of openings and height of top and bottom tees were
selected as per SCI-P355,which was in accordance with Eurocode and the UK National Annexes [32]. Such details are
required to design steel beams with web openings under static loading. Finally, it should be mentioned that the terms
enarrow openingsZ and swide openingsZ have been used in the current parametric study to refer to openings of size
(155 100) and (310 100) mm, respectively.

4.1. Effect of impact velocity

Three different values of impact velocity were selected to study its in uence on the impact response of the steel beams
with rectangular web openings, i.e. 2.214, 5, and 7 m/s. The other parameters such as the impactor mass and boundary
conditions were kept constant. The samples were divided into ve groups. The rst three groups were for beams with narrow
openings while the others were with wide openings. The rst, second and third groups included beamswith two, four and six
openings, respectively while the beams in the fourth and fth groups were perforated with two and three openings,
respectively.

Figs. 8, 9 and 10 show the effect of the impact velocity for the rst three groups. In general, the gures reveal that
increasing the impact velocity has approximately the same trend regardless of the number of openings. Within the models+
conditions, the impact force, displacement and moment at the mid-span section of the beam increased using higher impact
velocity. It could be noted that the difference in the bending moment and the force-time curves when the impact velocity
raised from 5 to 7 m/s is relatively smaller than that increase from 2.214 to 5 m/s. This could be attributed to the plastic
response of the beam under velocities of 5 and 7 m/s. Asthe beam started its plastic deformation, the change in the strength
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Fig. 9. Effect of impact velocity (four openings with the size of (155 100) mm.
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Fig. 10. Effect of impact velocity (six openings with the size of (155 100) mm).

will be slight because the beam experienced stress hardening, in which low increase in stress is produced. Whilst, a
considerable change in displacement can be noticed asthe beam supposed to experience higher displacement in the plastic
stage compared with elastic stage.

For the steel beam with two openings, raising the impact velocity from 2.214-7 m/s led to increase the impact force,
displacement and moment by 152%,357% and 38%,respectively. However, the beams with different number of openings
show almost the same increasing percentage when the impact velocity increased from 2.214—7 m/s. The considerable
reduction in the moment of inertia of the perforated beam induced the beam to dissipate more energy in terms of local and
global deformation asshown in Fig. 11. Clearly, increasing the impact energy in uenced the response of the beam and caused
higher stress at edges of the openings and higher deformation as shown in Fig. 11 (b).

Again, Figs.12, 13 and 14 manifest that the impact velocity hasthe same effect on the steel beams with different number
of wide openings. The impact force, mid-span moment and mid-span displacement increased with the rise of the velocity.
With increasing the impact velocity from 2214 to 7 m/s, the mid-span moment increased from 58.1-83.3 kN.m for the beams
with two openings for wide openings beams, whilst it raised from 53 to 85.5 kN.m for the models with three openings with
the same size.

The mode of failure for the perforated steel beams with two wide openings is shown in Fig.13. Vierendeel plastic hinges
started to develop by applying impact velocity of 5 m/s and such failure mode magni ed by applying avelocity of 7 m/s. Also,
the upper and bottom edges of the openings were highly affected in the same manner of the beams with narrow openings,
which could refer to the same failure scenario asfor the same sample conditions adopted in the current study under quasi-
static loading. It could be noticed that all beams with wide web openings experienced only one peak force followed by a
plateau force while two peak forces were propagated in the beams with narrow ones and also followed by a plateau force.
This re ects the higher stiffness that beams with narrow openings have compared with others with wide ones. Such a high
stiffness plays important role in generating multiple peak forces during an impact event [33].

4.2. Effect of number of openings

The effect of the number of web openings was examined in this section. Only the number of openings was increased,
while the impact velocity, boundary conditions, impactor mass and material properties were kept constant. For the beams
impacted by avelocity of 5m/s, the results showed that the impact force reduced by 20%when the beams were perforated
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Fig. 11. Deformation shape of the steel beam with six openings with the size of (155 100) mm.

with six narrow openings as shown in Fig.15 (a). Fig.15 (b) illustrated that the displacement of the beam was increased by
13%when the beam provided with six narrow openings. The mid-span moment is also affected by increasing the number of
openings. Fig. 15 (c) illustrates that the trend of the mid-span moment-time trace for the solid and perforated beams with
different number of openings are almost the same. Increase the number of openings from zero to six leads to reduce the
moment from 99.7-85.2 kN.m.

Impacting the perforated steel beams with three wide openings, i.e. (310 100) mm with impact velocity of 7 m/s led to
reduce the impact force and mid-span moment by 61%and 30%,respectively compared to solid beam. Asin narrow openings,
the displacement increased asthe number of wide openings increased. However, the specimens provided with three wide
openings under impact velocity of 5and 7 m/s exhibited less global displacements compared with solid beams and the ones
with narrow openings. This can be attributed to formation of high local deformation underneath the impactor in addition to
the global one as can be seenin Table 3.

Cleary, providing web openings reduced the load-carrying capacity of the beams and the impact force due to the
reduction of the web areawhich in turn reduced the beam strength. In general, those results are similar to the outcomes of
the behaviour of the steel beams with openings under static exural loadings presented by Abdo et al. [34] who concluded
that the increasing the number of opening induced the beam to exhibit higher de ection. The only difference between the
results obtained here under impact loading and the results obtained by reference [34] under quasi-static loading was the
higher local deformation that perforated beams exhibited under impact loading compared with that under quasi-static
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