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ABSTRACT

ARTICLE HISTORY

This paper explores the influence of four different shapes of geometric imperfection upon the collapse of castellated and
cellular beams. A numerical model developed in ANSYS and calibrated against experimental results was used to investigate
the effects of each imperfection shape. The global imperfection (weak-axis bending) did not affect web-post stability. Web-
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post bending favored the development of plastic yielding, while web-post misalignment and the local buckling mode

strongly compromised web-post stability. The choice of imperfection shape was shown to determine the failure mode of
the beams, directly affecting the quality of the numerical results and potentially influencing design decisions.
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1. Introduction

Castellated and cellular beams are structural elements with large web
openings, usually built from a plain-webbed | section. The web of the parent
section is cut longitudinally (following a pattern that defines the shape of the
openings), the upper and lower halves are moved with respect to each other, and
both segments are joined again by welding at the web-post (Fig. 1).
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Fig. 1 Conventional process for building castellated beams

Castellated and cellular beams under bending and shear force might display
the following failure modes:
e lateral-torsional buckling (LTB, Fig. 2-a) [1,2,3,4];
e  plastic hinge, which might occur due to the Vierendeel mechanism (VM,
Fig. 2-d) or due to pure bending (PH) [5,6,7];
. longitudinal shear at the web-post (LS, Fig. 2-¢) [5];
e web-post buckling due to shear (WBS, Fig. 2-b) [8,9];
e web-post buckling due to compression (WBC, Fig. 2-c) [1,5,10];
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Fig. 2 Common types of collapse for castellated and cellular beams

Castellated and cellular beams can also be subjected to more improbable
failure modes, such as plastic yielding of the web-post due to bending, vertical
shearing of the T sections, or the local buckling at the flanges, none of which will
be studied in this paper.

The structural behavior of beams with large web openings can be simulated
by employing numerical models capable of performing finite element analysis.
Such numerical models must be able to accurately predict the mode of failure
given the loads, boundary conditions, geometry, and material models. For the
study of structural instability in a non-linear analysis the numerical model must
be provided with imperfections that are capable of triggering the instability. The
standard procedure consists of first performing an eigenvalue analysis to obtain
the buckling modes of the beam and then importing the mode shape (eigenvector)
associated with the lowest buckling load (eigenvalue). The imported geometry is
then used to perform a non-linear analysis [8,9].

The consequences of the shape and magnitude of the geometric imperfection
upon the failure mode have been investigated for structures known to be sensitive
to instability such as domes [11,12], but not yet for the webs of beams with large
web openings. Masri & Lui [13] showed how the magnitude of the geometric
imperfection is directly linked to the flexural resistance of steel delta girders
(plain-webbed | beams with inclined plates connecting the compressed flange to
the web) to lateral-torsional buckling.

The use of the eigenmode characterized as lateral distortional buckling was
adopted by Ellobody [14,15] to successfully study structural failure due to the
interaction of combined buckling modes in castellated and cellular beams.

However, the actual initial geometry of the beam is largely a result of the
fabrication process, and might not display the shape of the buckling mode [2]. In
fact, Nseir et al. [4] and Vieira [8] have measured castellated and cellular beams
and shown that the geometric imperfections do not conform to the mode shapes
resulting from an eigenvalue analysis. For thin-walled sections Gehring & Saal
[16] have shown how accounting for the actual imperfections that result from the
production process affect both the ultimate loads and the shape of the failure
mode.

Furthermore, when analyzing beams that, because of their geometry or
boundary conditions, lie outside narrow ranges of slenderness, the first buckling
mode shape ceases to be the expected one (i.e., web-post buckling due to shear
for sturdy beams, and lateral-torsional buckling for slender ones). It is possible
to search higher modes for the desired shape, but these usually display a mixture
of many local buckling effects, and introducing such an unpredictable shape
might compromise the quality of the numerical simulation.

In this paper a novel approach to the introduction of geometric imperfections
was studied. The shapes of the geometric imperfections introduced were chosen
based on experimental measurements (performed by Vieira [8], Nseir et al. [4],
and Sonck [2]) and on factory recommendations by ArcelorMittal [17], a
company that manufactures beams with large web openings of both conventional
and novel shapes. This approach contrasts with the conventional one, according
to which the shape of the imperfection is always the buckling mode and only the
magnitude of the imperfection is informed by experimental measurement [8].

2. Shapes of the geometric imperfections
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The most significant geometric imperfections observed in castellated and
cellular beams are:
. global bending of the longitudinal axis of the beam about the weak-axis of
inertia (Fig. 3-a);
e  bending of the web (Fig. 3-b);
. misalignment between the upper and lower halves of the beam at the
welded section (Fig. 3-c).
The shape of the buckling mode (web-post buckling due to shear, Fig. 2-b)
was included in this study for the sake of comparison, given that it is adopted in
the conventional approach.

Fig. 3 Imperfections: a) weak-axis bending; b) web bending; c) web-post misalignment

The weak-axis bending and the web bending shapes were obtained by
performing a linear elastic analysis in which a uniformly distributed load was
applied (lateral loads at both flanges for the global bending and at mid-depth for
the web bending). The buckling modes were obtained by performing an
eigenvalue analysis. The web-post misalignment was introduced directly by
offsetting the upper and lower halves of the web's cross section in opposite
directions.

3. Finite element modeling and validation

The finite element package ANSYS 14.0 [18] was used to perform the
numerical simulations presented in this paper. In order to study a large quantity
of beams, a parametric model, capable of generating any geometry of castellated
and cellular beam, was developed using ANSYS's native programming language
named APDL (Ansys Parametric Design Language).

3.1. Experimental result database

The geometric imperfection numerical study was performed using beams
that were subjected to actual physical experiments. Such experiments were
collected from the available literature on castellated and cellular beams and were
carefully selected in order to include beams that fail globally [2,4,6] and beams
that fail locally [1,6,8,9,19]. The data collected add up to 42 experiments, each
one identified in Table 1 and Table 2, in which: L is the length of the beam; dg is
the section depth; do is the opening height; by is the flange width; s,, is the web-
post width; s, is the opening width; t; is the flange thickness; and t, is the web
thickness. The experimental setups were either of the three point bending (3P) or
four point bending (4P) type, and the load-displacement curves presented
throughout this paper follow the template shown in Fig. 4. When displaying
results (deformed shapes, strain patterns) the flanges and web-stiffeners of the
beams were often omitted, leaving only the web to be shown for greater clarity.
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Fig. 4 Diagram of experiments reproduced and load-displacement curve template

Table 1
Castellated beams: geometric data of the experiments compiled (values in mm)

Model L dg do bt Sw So t tw

Sonck [2], 4P

CSs1. L3 3150 220 118.9 831 738 1362 7.3 55
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CS1_L4 3990 220 118.9 831 738 136.2 7.3 55
CS1_L6 6090 220 118.9 831 738 136.2 7.3 55
Vieira [8], 3P
Al 2278 452.2 301 103.7 177.2 3473 6.1 4.9
A2 2275 4509 298 101.8 1765 3483 6.1 5.1
Bl 2037 453.7 301 1035 79.9 2472 7.1 5.7
B2 2033 451.1 302 1014 76.8 250.6 6.1 51
B3 2078 458.3 307 100.7 78.6 255.0 9.1 6.6
B4 2079 462.0 310 101.7 79.8 254.2 9.3 6.4
B5 2136 472.6 316 1705 8277 2595 131 7.8
B6 2135 4729 317 1713 823 259.9 125 8.0

Ver #simo et al. [19], 3P

SA1/SA2 2251.7 4500 300 125 1732 3464 6.3 475

SB1/SB2 2019.4 450.0 300 125 754 2486 6.3 475

SB3/SB4 21204 4565 315 125 792 2610 80 6.3

SB5/SB6 2187.7 4875 325 167 817 2693 125 8.0

SE1/SE2 3029.1 675.0 450 150 113.1 3729 8.0 4.75

SX1/SX2 3769.5 840.0 560 170 1407 4641 8.0 475
Table 2

Cellular beams: geometric data of the experiments compiled (values in mm)

Model L dg do by Sw tf tw

Sonck [2], 4P

Cs2_L3 3150 220 142.8 83.1 67.2 7.3 55
CS2_L4 3990 220 142.8 83.1 67.2 7.3 55
Cs2_L6 6090 220 142.8 83.1 67.2 7.3 55

Nseir et al. [4], 4P

HEA_340 7500 472.1 345 297.7 170 16.0 10.4
IPE_330 11000 446.5 345 161.7 50 10.8 7.9
Tsavdaridis & D’Mello [9], 3P
ALT 1700 449.8 315 1524 945 10.9 7.6
B1T 1700 449.8 315 1524  63.0 10.9 7.6
Erdal [1], 3P
E240A 2846 355.6 251 106 94 131 8.7
E240C 2846 355.6 251 106 194 13.1 8.7
E260 2831 394.5 286 113 103 14.1 9.4
E280 2820 406.9 271 119 163 15.2 10.1

Warren [6], 3P (A) and 4P (B)
1A 3100 289.8 200 133.4 100 7.8 52.8
1B 5500 289.8 200 133.4 100 7.8 5.8
2A 3800 309.3 225 1334 75 7.8 5.8
2B 5600 309.3 225 1334 75 7.8 5.8
3A 3800 435.0 300 1016 150 6.8 5.8
3B 4200 435.0 300 101.6 150 6.8 5.8
4A 8200 463.2 325 101.6 75 6.8 5.8
4B 7400 463.2 325 101.6 75 6.8 5.8

3.2. Characteristics of the finite element model

The 4-node shell element SHELL181 was used to simulate the beam's plates
(web, flanges, and web stiffeners) and additional unidimensional elements
(BEAM188 and LINK180) were used to prevent distortion at the supports. The
steel was modeled adopting either a bilinear or a multilinear stress-strain curve,
following, for each experiment simulated, the material specifications adopted by
the authors responsible for the experiment. The analyses were solved using an
arc-length technique (which allows the study of the post-failure behavior)
combined with geometric and physical nonlinearities and large displacement
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theory. The point loads were spread along the width of the top flange and applied
as a set of nodal forces. As a result of mesh refinement studies the size of the
elements in each model was taken to be the smallest value given by the five
following expressions: s./4, b4, d/3, s¢/8, and L/100 (in which d is the height
of the web above the center of the opening, and s, is the width of the opening).

3.3. Calibration of the numerical model

The experimental and numerical results extracted from the literature
(compiled in Table 1 and Table 2) were compared with the numerical results
obtained in the proposed numerical model. This comparison was made using
three criteria to evaluate the quality of the simulation: the maximum strength of
the beam, the shape of the load-displacement curve, and the failure mode
(visually identified based on the deformed shape). No residual stresses were
applied in this study, even though Sonck [2] and Vieira [8] did consider them in
their numerical analyses. The geometric imperfections included in the proposed
numerical model matched the ones adopted by the authors of each reference
model in their own numerical analyses, both in shape and in magnitude. The only
exceptions to this approach were the two models by Nseir et al. [4], in which a
sophisticated method was developed to measure the initial geometry of the beam
and transfer it to the numerical model. Since this could not be replicated, both
models (HEA_340 and IPE_330) were given an initial imperfection with the
shape of global bending about the weak-axis and magnitude of L/1000.

The load (KN, vertical axis) versus displacement at mid span (mm, horizontal
axis) curves for some of the reference models are presented in Fig. 5. The thick
continuous lines represent the results obtained in the proposed numerical model,
the dashed lines represent the experimental results, and the thin continuous lines
represent the numerical results obtained by the authors who carried out the
experimental analyses.
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Fig. 5 Validation of the numerical model: load-displacement curves for selected beams

In general the numerical and experimental curves display good agreement.
There are, however, some important differences. Model CS1_L6 (Fig. 5-e), for
instance, deviated from the experimental results and predicted higher failure
loads. The same tendency was observed by Sonck [2], and indeed the numerical
curves (continuous lines) display matching behavior. Sonck [2] attempted to
explain this discrepancy by citing difficulties with the loading equipment, which
caused premature interruption of the experiment.

For model ALT (Fig. 5-c) the numerical curves match each other but diverge
from the experimental results in a significant manner. Tsavdaridis & D 'Mello [9]
considered this result a satisfactory calibration of the numerical model. Model
B3 (Fig. 5-d), presented by [8], displays a similar phenomenon, with the
numerical results agreeing with each other but diverging from the experimental
result. Vieira [8] also considered this result satisfactory. All the numerical results
corresponding to the reference models by [1] displayed very poor agreement,
even though only model E260 (Fig. 5-g) is presented. Even the author's own
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numerical analysis failed to match the experimental results. This indicates
possible problems with the experimental design or with its reporting.

The remaining models presented very good agreement between numerical
and experimental results, leading to the conclusion that the proposed numerical
model simulates well the behavior of castellated and cellular beams. Some of the
differences between numerical and experimental results observed in this
calibration might be due to inadequate assumptions made in the construction of
the numerical model. One of these assumptions, namely the shape of the initial
geometric imperfection, is investigated further in this paper.

4. Study of the different shapes of geometric imperfection

The influence of the four types of geometric imperfection presented
previously (Fig. 3 and Fig. 2-b) on the behavior of castellated and cellular beams
was analyzed. The numerical results obtained will always depend upon the
magnitude of the geometric imperfection introduced, which, in turn, displays
great variability in real world beams [8,4]. In an attempt to isolate the effects of
the shape of the imperfection rather than that of its magnitude on the numerical
model all the simulations were performed using fixed expressions for the
determination of the size of the imperfection introduced. These expressions are
listed in Table 3 and were chosen based on generally accepted guidelines, such
as those provided by Eurocode 3 [20].

Table 3
Shapes and magnitudes of the geometric imperfections studied with the
numerical model

Shape Code Magnitude
Weak-axis bending FW L/1000
Web bending wB dg/200
Buckling mode (WBS) BM dg/200
Web-post misalignment PM Smallest between dy/200 and tw/200

Due to the adoption of the fixed parametric expressions the magnitudes of
the geometric imperfections no longer display any correspondence with the
experimental values, used during validation. The imperfection magnitudes that
were altered the most were those of the two models by Tsavdaridis & D 'Mello
[9] (ALT and B1T), since the authors adopted a magnitude of 0.038mm while the
parametric expressions in Table 3 result in a magnitude of 2.19mm, a value over
50 times greater.

4.1. Weak-axis bending (FW)

The weak-axis bending, when applied to the most slender and unbraced
beams, resulted in the occurrence of LTB. However, when applied to short-
spanned, laterally braced beams, this same imperfection shape did not
significantly affect the stability of the web-post. Fig. 6 displays load-
displacement curves of three models simulated in ANSYS either with weak-axis
bending as geometric imperfection or with no geometric imperfections.

1 15 2 2 38
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Fig. 6 A1T (a), B3 (b), and SB3 (c): global and no imperfections yielding similar results

The similarity between the pairs of curves in Fig. 6 reveals the small
influence the weak-axis bending has over the behavior of short-spanned and
laterally braced beams. Only after the structure has reached a high degree of
plastic yielding do the two curves diverge, a behavior that has been observed in
most of the beams simulated.

In some cases, however, the small influence of the global imperfection was
enough to generate web-post instability. Fig. 7 displays the results of model B2,
in which the occurrence of instability can be observed at the end of the linear
segment of the load-displacement curve. The deformed shapes (taken at the point
of maximum load for each curve) reveal the occurrence of WBS in the model
with the imperfection and the occurrence of plastic yielding (Vierendeel
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mechanism and longitudinal shearing of the web-post) in the model without
imperfections.

Fig. 7 Model B2: global imperfection (FW) impacting web-post stability

4.2. Web bending (WB)

The bending of the web is present in plain-webbed I-sections, but amplified
by the fabrication process of cellular and castellated beams. The presence of this
imperfection generates eccentricities in the centroid and shear center of the cross-
section with respect to the direction of the vertical load, which leads the applied
shear forces to generate torsion in the beam. In a second-order analysis of slender
beams this small torsional rotation can develop into lateral-torsional buckling.
For short-spanned beams the curved shape of the web-post can lead to instability,
either caused by axial compression of the web-post or by diagonal compression
due to shear forces.

The results obtained when web bending was introduced as geometric
imperfection can be summarized as follows:

. Slender, laterally unbraced beams: collapse by lateral-torsional buckling
(Fig. 8);

e  Short-spanned beams without web stiffeners: the web-post directly under
the load introduction point buckled by compression (Fig. 9);

e Short-spanned beams with web stiffeners: collapse happens either by WBS
(Fig. 10), by longitudinal shear of the web-post (Fig. 11), or by Vierendeel
mechanism (Fig. 12).
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Fig. 8 Model HEA_340: collapse by either LTB or plastic yielding
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Fig. 10 Model SE1: collapse by WBS when any geometric imperfection is introduced
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Fig. 12 Model A2: collapse by either VM or WBS

4.3. Buckling mode shape (BM)

The shape of the web-post buckled due to shear force was obtained in an
eigenvalue analysis to then be used as geometric imperfection in the nonlinear
analysis for the study of post failure behavior. This buckling mode, however,
tends to occur only in short-spanned, laterally braced beams. Longer beams will
display global instability, and attempts to artificially constrain the slender beam
in order to facilitate the occurrence of the WBS buckling mode were unsuccessful.
Therefore, the buckling mode shape was applied only to the short-spanned beams,
for which the eigenvalue analysis was able to generate the desired geometric
imperfection shape.

Introducing the deformed shape obtained in the eigenvalue analysis as
geometric imperfection is the conventional approach, often adopted by
researchers studying the problem of collapse by WBS [8.9]. In all the simulations
performed the introduction of the buckling mode shape eventually led to collapse
by web-post buckling due to shear (WBS), as can be seen in Fig. 11, Fig. 12, Fig.
13, and Fig. 14.
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Fig. 14 Model B1: collapse by WBS

4.4. Web-post misalignment (PM)

In the standard fabrication process for castellated and cellular beams it is
impossible to assure perfect alignment between the upper and lower halves of the
beam during welding. To simulate this misalignment of the web in the numerical
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model the cross-sections of the shell elements in the top and bottom halves of the
web were offset from the midplane in opposite directions. This approach
introduces small eccentricities, but no mesh discontinuities. Due to its ease of
application as a geometric imperfection the web-post misalignment was tested in
all the beams studied.

The introduction of the web-post misalignment led the slender beams to
collapse by global instability (LTB) in all cases except one. Model HEA_340 was
this single exception, having collapsed due to the formation of a plastic hinge
caused by bending moment (Fig. 8).

For short-spanned, laterally braced beams with web stiffeners the
introduction of web-post misalignment led to collapse by WBS (Fig. 13, Fig. 14,
and Fig. 15).

PM |O

3932000000000 027 20

88

20 48 68 88 100 120 140

Fig. 15 Model 4B: collapse by either WBS or PH

The long-spanned but laterally braced beams (most of the beams studied by
Warren [6]) collapsed due to the formation of plastic hinges caused by bending
moment and shear force (Fig. 16). Short-spanned beams without web stiffeners
collapsed by web-post buckling due to compression (WBC, Fig. 9).
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Fig. 16 Model 3A: collapse by formation of plastic hinges (PH)

5. Discussion of the results

The simulations performed can be roughly divided into two groups: beams
that fail by global instability and beams that fail by other mechanisms. The long-
spanned unbraced beams (CS1_L3,CS1_L4,CS1_L6,CS2_L3,CS2_L4,CS2_L6,
IPE_330, and E240A) fail by lateral-torsional buckling as long as any of the
studied geometric imperfections is applied. Despite that, a comparison of the
load-displacement curves indicates that different imperfection shapes lead to
different ultimate resistances (Fig. 8, Fig. 17, and Fig. 18). The geometric
imperfection that most reliably produces the lowest resistance against LTB is the
global flexure about the weak axis of inertia. This result was expected and is in
accordance with conventional approaches, that recommend the use of the first
buckling mode as imperfection shape. The flexure about the weak axis does not
match the LTB shape exactly for not including the torsional deformation, but it
is a very close analogue.
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Fig. 17 Model IPE_330: collapse by LTB
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Fig. 18 Model CS1_L3: collapse by LTB when imperfections are introduced

The geometric imperfections that affect primarily the web (web-post
bending and web-post misalignment) have also triggered LTB, but usually
allowed the simulations to reach higher loads and led to more abrupt transitions
between the linear elastic and the post-failure regimes. This abrupt transition can
be observed in the load-displacement curves at the point of maximum load,
especially when contrasting models with web imperfections against models with
the global imperfection (Fig. 17).

In one case the introduction of the web-post misalignment was insufficient
to provoke LTB and beam HEA 340 failed by plastic yielding (Fig. 8). This
indicates that, at least for the magnitudes studied, the introduction of web
imperfections may not be sufficient to trigger global instability in long-spanned,
laterally unbraced beams. The introduction of global imperfections (first
buckling mode or flexure about the weak axis of inertia) is therefore
recommended.

The remaining beams simulated were laterally braced to prevent global
instability. These beams displayed a great variety of failure modes, that were
directly affected by the imperfections introduced. The introduction of the global
imperfection (flexure about the weak-axis) caused very little effect, and many of
the beams still behaved as if no geometric imperfection had been introduced. Due
do its lack of impact in the models this imperfection will be excluded from further
analysis.

The three remaining geometric imperfection shapes (web bending, WBS
buckling mode, and web-post misalignment) produced clear and significant
impacts in the structural behavior of the beams. The dominant modes of failure
observed in the numerical model were web-post buckling due to shear (WBS),
web-post buckling due to compression (WBC), Vierendeel mechanism (VM),
longitudinal shear at the web-post (LS), and plastic hinges due to bending (PH).
Each of these modes has clear definitions in the literature [5,6,10], but they do
not always occur in isolation. These failure modes can be grouped into two
categories: collapse by instability (WBS, WBC) and collapse by plastic yielding
(VM, LS, PH).

To better comprehend the types of collapse that occurred in the numerical
model both the deformed shape and the first principal strain pattern were
carefully inspected. This was necessary because beams that displayed very
similar deformed shapes, often those characteristic of collapse by instability,
could also have strain patterns that pointed to different modes of collapse by
plastic yielding. The first principal strain was found to be the quantity best suited
to tease out plastic yielding in beams dominated by web-post instability. As a
result of this approach the beams that displayed web-post buckling due to shear
were further divided into three groups:

. pure WBS: no signs of any mode of failure except web-post buckling due
to shear (Fig. 10, Fig. 13, Fig. 14, and Fig. 15);

e  WBS+LS: simultaneous presence of WBS and longitudinal shear at the
web post (Fig. 13);

e  WBS+VM: simultaneous presence of WBS and Vierendeel mechanism
(Fig. 12).

The different types of collapse (instability and plastic yielding) are also
reflected in the shape of the load-displacement curve. Fig. 19 presents three load-
displacement curves, each characteristic of one type of collapse. Type A curve is
associated with collapse by instability. At the end of the linear-elastic segment
the model experiences a short curved segment, at the end of which the maximum
load is reached. After this point the displacements grow quickly and the load
decreases. Type B curve is associated with collapse by plastic yielding. The
linear-elastic segment is followed by a short curved segment that leads into a new
linear segment, less steep than the first one and sometimes approaching a plateau.
Development of plastic yielding occurs in the second linear segment. The
displacements grow quickly while the load grows at a much slower rate. The
curve ends at the point of maximum load, when the finite element model can no
longer find stable configurations for the beam. Type C curve combines the two
phenomena, with instability following plastic yielding. At first the beam suffers
some sort of plastic yielding as indicated by the second ascending linear segment,
but this regime is ended by the occurrence of instability, characterized by the
sudden decrease in applied load.
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Fig. 19 Shapes of load-displacement curves associated with different types of collapse

Given the types of collapse described above the effect of each geometric
imperfection can be analyzed. Table 4 summarizes the results of the numerical
analyses performed. For beams that fail by web-post buckling due to shear (WBS)
the results indicate that the collapse is more likely to be accompanied by some
sort of plastic yielding when web bending is introduced as geometric
imperfection. When either web-post misalignment or the first buckling mode are
introduced the beams are pushed towards experiencing pure WBS.

Table 4
Types of collapse depending upon the shape of gometric imperfection introduced

MODEL IMPERFECTION
Ref. Name NONE FwW WB BM PM
CS1_L3,
CS1_L4,
CS1_L6,
[2] PH LTB LTB - LTB
CS2_L3,
CS2_L4,
CS2_L6
” HEA_340 PH LTB LTB - PH
IPE_330 PH LTB LTB - LTB
[9] ALT, BIT VM VM WBS+VM  WBS+VM  WBS+VM
Al VM WBS+VM  WBS+VM WBS+VM WBS+VM
A2 VM WBS+VM VM WBS+VM  WBS+VM
B1 LS WBS+LS ~ WBS+LS WBS WBS
[8] B2 LS+PH WBS WBS WBS WBS
B3 LS LS LS WBS WBS+LS
B4 LS LS WBS+LS WBS WBS
B5, B6 LS LS LS WBS+LS ~ WBS+LS
E240A PH LTB LTB - LTB
0] E240C,
E260, PH PH WBS - WBS
E280
1A 18,2, PH PH PH - PH
2B, 3A, 4A
[6]
3B PH PH PH WBS+VM  WBS+VM
4B PH PH PH - WBS+PH
SAL VM WBS+VM  WBS+VM WBS+VM  WBS+VM
SB1 LS WBS WBS WBS WBS
[19] SB3 LS LS LS WBS WBS
SB5 LS LS LS WBS+LS ~ WBS+LS
SE1, SX1 WBS WBS WBS WBS WBS

Models B4 (Fig. 13) and SB3 (Fig. 20) provide the clearest examples of the
effect of different shapes of geometric imperfection. The shape of the load-
displacement curves indicates that beams with either web-post misalignment or
first buckling mode as geometric imperfection failed by web-post instability.
Inspection of the first principal strain patterns (highest values form narrow
diagonal bands) confirms pure WBS. The beams with web bending, on the other

277

hand, display load-displacement curves that indicate the occurrence of plastic
yielding followed then by web-post instability. Inspection of the first principal
strain patterns corroborates this conclusion and also reveals that both beams
display a pattern characteristic of longitudinal shear at the web-post (maximum
strain values form horizontal bands at the center of the web-post).

Fig. 20 Model SB3: collapse by WBS, sometimes accompanied by LS

As the study of models B4 and SB3 shows, the choice of geometric
imperfection shape significantly affects the results of the simulation, both
qualitatively (changing the failure modes) and quantitatively (web bending led to
higher overall resistance). While the adoption of the first buckling mode as a
geometric imperfection might be justified on grounds of erring on the side of
caution, a comparison with experimental results indicates that this approach
might lead to overly conservative resistance values or even to an incorrect
prediction of the failure mode for castellated and cellular beams. Fig. 21 presents
a case in which the use of WBS buckling mode as geometric imperfection (BM)
leads to a disparity of this nature between numerical simulation and experimental
results, with the numerical simulation predicting collapse by WBS while the
experimental curve indicates development of plastic yielding before instability
occeurs.
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Fig. 21 Model B3: mismatch between numerical simulation and experimental result

6. Conclusions

Simulating the structural behavior of castellated and cellular beams using
finite element models requires an accurate understanding of the influence of real
world deviations in geometry. This paper studied, using a properly calibrated
numerical model, the effects of four different types of geometric imperfection:
weak-axis bending (FW), web bending (WB), WBS buckling mode (BM), and
web-post misalignment (PM). The magnitudes of the imperfections were fixed at
L/1000 for the global imperfection (FW) and at d¢/200 for the local imperfections.
The conventional approach (introducing the shape obtained in an eigenvalue
buckling analysis as geometric imperfection) was contrasted with the novel
approach of introducing imperfection shapes that more closely resemble
experimental measurements.

The global imperfection was found to have an effect only in long-spanned,
laterally unbraced beams, in which it triggered collapse by lateral-torsional
buckling. Short-spanned, laterally braced beams were mostly unaffected by
weak-axis bending. The local imperfections (WB, BM, and PM) also led to LTB
when applied to slender beams. In general, however, the introduction of the
global imperfection more reliably led to LTB and to lower overall resistances,
and therefore the conventional approach is recommended for slender beams.

It is important to note that the WBS buckling mode (BM) could not be
applied to most slender beams. This was due to the fact that its introduction
requires that it first be obtained in an eigenvalue analysis, which could not be
done in most cases. This limitation, characteristic of the conventional approach,
means the engineer has little control over the shape of the geometric imperfection
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introduced.

For laterally braced beams the introduction of web-based imperfections (WB,
BM, and PM) led to a great variety of modes of failure, with results heavily
dependent upon the geometry of the beams. Short-spanned, laterally braced
beams manifested most clearly the influence of the shape of geometric
imperfection. In these beams the lack of imperfection led to collapse by plastic
yielding (longitudinal shear at the web-post or Vierendeel mechanism), but the
introduction of web-based imperfections affected the stability of the web-post.

The web bending (WB) had the weakest effect on web-post stability. Its
introduction usually led to collapse that was either entirely plastic (LS or VM) or
a form of WBS heavily tainted with plastic yielding (WBS+LS or WBS+VM).
The development of plastic yielding followed by web-post buckling due to shear
(WBS) can be detected in the shape of the load-displacement curve (Fig. 19) and
in the patterns formed by the first principal strain (Fig. 20).

The web-post misalignment (PM) and the WBS buckling mode (BM)
produced very similar effects on short-spanned, laterally braced beams. Both
imperfections strongly affected the web-post stability, with the buckling mode
compromising it the most. In most cases the difference between PM and BM was
hard to detect, but in a few beams (Fig. 11 and Fig. 12) the introduction of the
web-post misalignment allowed greater development of plastic yielding before
triggering collapse by WBS.

The web-post misalignment and the buckling mode (WBS-shape) can, the
results suggest, be adopted interchangeably. This means that the structural
behavior changes triggered by the WBS-shape, that were once restricted to
geometries for which this imperfection could be obtained in an eigenvalue
analysis, can now be included in any castellated or cellular beam through the
introduction of the web-post misalignment, an imperfection that can be easily
and universally applied.
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