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ABSTRACT

This paper presents an experimental and numerical study of the behavior of steel wide flange
sections subjected to loads causing compression buckling in the web. This research includes
experimental investigation of the effects of load width and duration on web compression buckling.
This data is then used to calibrate numerical models. Experimental investigations were conducted
on specimens with load widths of approximately 2.5, 1.75, and 1.5 times their section depth. Loads
sustained on the specimens had a magnitude of about 85% of the expected buckling strength to
investigate creep effects near failure. Results of these experiments were used to calibrate numerical
models for a parametric study.

The numerical parametric study examined 60 specimens of 4 wide flange sections,
investigating the effects of loaded width and angle of load application on web compression
buckling. The numerical models accounted for initial imperfections in the specimens by applying
imperfections with a magnitude of 0.13*#, to the first mode shape obtained from a linear
perturbation analysis. This value of imperfection was chosen because it is the average imperfection
measured in the experimental specimens and is likely a good representation of a typical wide flange
section.

A prediction method is provided based on the data obtained by the numerical parametric
study. This prediction method is provided derived from rectangular plate buckling and considers
the cases where the width of the concentrated load is not small compared to the section depth and
when the applied load is not orthogonal to the specimen. The current AISC 360-16 provisions do
not directly address the influence of load width in the calculation of web compression buckling
strength and refer to the design of compression members when the loaded width is greater than or
equal to the section depth. The AISC approach was evaluated and is a conservative approach to

design.
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1. INTRODUCTION

1.1 Background Information and Purpose

In the design of steel members, buckling in the members and their components should be
considered. Steel is a very strong material relative to its weight, so designers want to use thinner,
lighter components in design. Wide flanged shapes are no exception. Thinner flanges and webs
make the sections lighter and potentially more efficient but can leave the section susceptible to
local buckling issues. Figure 1.1 displays the dimensions of a wide flange section and the primary

web compression buckling mode.

e
I

Ry

(a) (b)

Figure 1.1: (a) W-Shape Labeling Diagram and (b) Web Compression Buckling Mode Shape

Figure 1.1(a) defines the dimensions of the wide flange section including the section depth, d,
unstiffened height of the web, 4, and thickness of the web, #,, amongst others These are the
dimensions primarily used throughout this paper. Figure 1.1(b) shows the expected web
compression buckling mode shape. This mode shape assumes the flanges are detailed to prevent
rotation.

The most common construction details that can lead to web compression buckling are moment
connections between a beam and a column where beams come together on both sides of the column.

An example of this detail is shown in Figure 1.2.

11
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Figure 1.2: Typical Beam to Column Moment Connection

As shown in Figure 1.2, the compression flanges in the beams come together and try to
pinch the web of the column together. The black arrows show the negative moment applied to this
detail from typical gravity loads and the blue arrows represent the resultant force couples applied
to the column. The region in the column susceptible to web compression buckling is where the
compression forces meet the column web, marked by the red ellipse.

AISC Specification Section J10 discusses steel sections subjected to these types of
concentrated loads. The AISC provisions regarding web sidesway buckling and web local
crippling both account for the load width, or bearing length, in the available strength calculation.
Web compression buckling however does not include such measures. The provided strength
equation for web compression buckling (Equation J10-8) is reproduced below as Equation 1.1.

24 x t5\[E * f,
= *

Ry A Qf (1.1)

The equation accounts for web thickness, #,, modulus of elasticity, £, height of the web,
h, and yield stress, f,. The equation does make any consideration of loaded width. This equation
was developed for use in the design of connections like the one shown in Figure 1.2. The loaded
width of the webs in this detail is quite small (the width of the compression flange), so the strength
equation neglects its contribution. However, a slight change in detailing, like the connection shown
in Figure 1.3, increases the web compression buckling region and thus should have a higher

strength.
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Figure 1.3: (a) Beam to Column Moment Connection with Stiffened End Plates and (b) Resultant Forces
Causing Web Compression Buckling

This connection in Figure 1.3 uses stiffened end plates on the beams to transfer the
moments from the beams to the column. This connection type is a common choice when the beam
flange to column flange weld is difficult to design or fabricate. The addition of the stiffener plates
on the beams greatly increases the area of column web subjected to the compression forces, and
applies distributed compression loads to the column web rather than point loads from the flanges.
This detail increases the loaded width on the column web, and the web compression buckling

strength of the new compression region should be larger than the one in Figure 1.2.
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Web compression buckling is not only an issue when designing beam to column moment

connections, but also may occur in other common details like those shown in Figure 1.4 and Figure

Next Level Beam
or Column

1.5 below.
—_— Next Level Beam
/ or Column
F=
— p—— _—
\
\— Through Beam
/
Supporting —/ Supporting _/
Column Column
(a)

Through Beam

Figure 1.4: (a) Typical Through Beam Connection Over Supporting Column and (b) Resultant Forces

Causing Web Compression Buckling

Bracing
Members

. ) (

Intermediate Beam

Figure 1.5: Typical A-Frame with Intermediate Beam
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Figure 1.4 and Figure 1.5 provide examples where web compression buckling can occur over
a large section of the web in situations unrelated to moment connections. Figure 1.4(a) shows a
beam running over the end of a column but supporting another beam directly above it. Figure 1.4(b)
shows how, under gravity loads, this detail could cause the area of the web marked by the red
ellipse to experience web compression buckling. The loaded width in this scenario is the width of
the baseplates used in the connection. This width engages more of the beam web to resist the
compressive force and should be considered in design. Figure 1.5 shows an A-Frame with an
intermediate beam. The diagonal bracing members are attached to each flange of the intermediate
beam subjecting the region in the red ellipse to high compressive forces, which could cause web
compression buckling. In both cases, the flanges would be restrained from rotating, so the earlier
assumption against considering flange rotation appears valid.

In addition to compressive forces over a significant length, the connection marked in Figure
1.5 also features compression applied at an angle that is not orthogonal to the axis of the
intermediate beam. The effect of this angle of application is unknown and should be considered.

It should be noted that the flow of forces shown in the figures in this section are not precisely
representative of the actual flow of forces in the structures. The figures are provided as a visual
aid to provide background into cases where web compression buckling can occur, not to be used

as a design aid.

1.2 Research Objectives and Scope

The primary objective of this paper is to investigate the effect that loaded width, abbreviated
w, has on the limit state of web compression buckling. Additionally, the effect of changing the
angle of application away from orthogonal, abbreviated 0, will also be explored. These effects are
easiest to examine through a parametric study of numerical finite element models. Experimental
tests will be conducted to provide benchmarking data for these numerical models.

This paper also explores the effects of sustained loads on the limit state of web compression
buckling through experimental procedures. Most research on the ambient temperature creep effects
of steel come from uniaxial tension tests such as those conducted by Brnic (2010). The tests show
that creep deformations in steel are negligible at room temperatures even near yielding. This paper
examines whether this conclusion holds true in the case of compression buckling where the

sustained load is near the expected buckling load.
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Chapter 2 presents a literature review on the topic of web compression buckling. Additionally,
classical solutions of plate buckling were included in the literature review.

Chapter 3 presents the experimental testing procedure. This includes the setups built,
instrumentation used, loading protocol, etc. The specific materials used, fabrication, and
measurements taken are also discussed.

Chapter 4 discusses the numerical modeling procedure used to replicate the experimental tests.
These numerical models were not used in the parametric study, but instead used to provide insight
into the effectiveness of the experimental procedures in real time.

Chapter 5 presents the experimental results from the procedures described in Chapter 3. The
experimental results from Chapter 3 are compared with the numerical results obtained from the
processes in Chapter 4. This chapter also contains discussion on what kinds of conclusions can be
drawn from the experimental results alone.

Chapter 6 describes the parametric modeling procedure and results. The ABAQUS model
selection and generation processes are discussed. Conclusions and insights drawn from the
experimental testing are applied to the parametric study.

Chapter 7 presents a new prediction method for calculating the web compression buckling
strength where the loaded width is a significant dimension. The theoretical background and
classical solutions that lead to this development are also discussed here. This new prediction
method is compared with the current design recommendations provided by AISC.

Chapter 8 summarizes the conclusions drawn from this paper. Conclusions and

recommendations discussed in previous chapters are summarized again here.
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2. LITERATURE REVIEW

2.1 Web Compression Buckling

2.1.1 Web compression buckling considering loaded width

One of the most recent papers published on this topic was authored by Dr. Fatmir
Menkulasi and Dr. Nahid Farzana (Menkulasi & Farzana 2019). This paper is a journal article
continuation of a conference proceeding from 2016 (Menkulasi et al 2016). This paper conducted
numerical research on what the authors described as “opposite patch loading” at interior and end

locations shown in Figure 2.1.

- - W
'*"' ';"1"'.'
— :
i |
h h
| |
crws - FEE =
1 & -

Figure 2.1: Opposite Patch Loading from Menkulasi et al 2016

The numerical parametric study featured a variety of I-shaped members varying from
depths of 200 millimeters (mm) to 760mm for beam sections and 250mm to 360mm for column
sections. The loaded widths, w, varied as a function of the depth, from 1/20™ of the depth (to
simulate beam flanges like in Figure 1.2) to a width equal to the depth (to simulate Figure 1.4).
The effect of strain hardening on web compression buckling was also investigated in this study
and was found to have minimal impact on the performance of the specimen. The models were
created using the ABAQUS finite element software. The wide flange members were modeled
using shell elements to represent the flanges and web. The unstiffened height on the web, 4, was
defined as the distance between the centroids of the flanges. The flanges were restrained from
rotation, like the assumption made in Chapter 1. The authors used a modified Riks analysis
technique where the critical elastic buckling load is obtained from a linear perturbation eigenvalue
analysis, then initial imperfections are applied to the first resulting mode shape for use in the static

Riks analysis. A similar numerical simulation approach will be used in this paper. The numerical
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data was benchmarked to a previously available set of experimental data found in papers by Chen
and Oppenheim (1971, 1973) and Chen and Newlin (1970, 1974).

The authors then developed prediction methods for web compression buckling from their
data. The prediction method begins by predicting the elastic buckling load by considering existing
solutions for infinitely wide plates subjected to discrete patch loading. A method for predicting the
squash load, or yield load, is then proposed. With two analogous values of critical elastic load and
yield load, a method similar to the AISC 360 Chapter E column curve is proposed for predicting
the available resistance.

The results from this parametric study are used as supplemental data points in this paper,
marked as “Menkulasi FEM Results” in the appropriate figures. In calculations involving this set

of data, the value of 4 is defined as the distance between the centroids of the two flanges.

2.1.2 Web compression buckling considering point loads

AISC 360-16 Section J10 provides an available strength equation for the limit state of web
compression buckling. This equation does not account for load width as a parameter, so it would
predict the same strength whether the total force is applied at a point or spread out over a significant
width. In the Commentary, AISC 360 discusses how the provided equation is meant for calculating
the web compression buckling in columns in a beam to column moment connection like the one
shown in Figure 1.2. The Commentary also suggests that when the width of the applied load is
larger than the depth of the section, the provisions from Chapter E should be used instead. There

is no reference provided for this suggestion, and its validity is evaluated later in this paper.

2.2 Elastic Plate Buckling

2.2.1 Rectangular plate buckling

Timoshenko and Gere’s book Theory of Elastic Stability (1961) provides many classical
solutions to plate buckling problems. The equations for elastic buckling load are derived by
examining the strain energy associated with buckling and considering a sinusoidal shape function
in both directions. This calculation also assumes load is applied in only one direction and the plate

is isotropic.
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After many pages of calculus and algebra, Timoshenko arrives at Equation 2.1 for critical
elastic buckling load, P, for a rectangular plate simply supported on all sides with dimensions a
and b where dimension b is perpendicular to the direction of loading.

Py = k22
cr b 2.1
Where D is the flexural rigidity of the plate, defined as:

Eh3

b=wa—y (2.2)

The variable 4 in this case represents the thickness of the plate and £ and v are the modulus
of elasticity and Poisson’s ratio respectively. The plate buckling coefficient £ is a function of the
aspect ratio of the plate, a/b, and the number of buckled half-sine waves in the plate. The buckled
shape changes from 1 to 2 buckled sine waves in the direction of a, is when the aspect ratio, a/b,
reached v/2. Timoshenko also derived that as a/b increased towards infinity, the value of k
approached 4. Therefore, the elastic buckling coefficient of an infinitely long rectangular plate is
4, and plates could be assumed as “infinitely long” for the sake of analysis when a/b is greater than
or equal to 2.

For the case of web compression buckling, not often are these criteria met, nor is a/b greater
than V2. Therefore only 1 buckled sine wave is assumed when the web of an I-shaped member

buckles in compression. With this assumption, Timoshenko’s function for k becomes:

K= b a\’
-(a+5) (23)
Timoshenko discusses rectangular plates with boundary conditions other than simply

supported on all sides. However, for the case of clamped (fixed) on the loaded edges and simply

supported on the others, only a table is provided for appropriate k values, shown as Table 2.1.

Table 2.1: Values of k for Loaded Edges Clamped Case, replicated from Timoshenko et al (1961)

ab | 06 | 08 |10 |12 |14 |16 1.7 | 17|18 |20 |25 ]|28 ] 3.0
k 1338 |873]6.74|584 545|534 533|533 |5.18|4.85|4.52|4.50|4.41
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Timoshenko references a paper written by F. Schleicher in 1932 which the author has been
unable to locate. All other sources consulted related to rectangular plate buckling provide the same

table without a closed-form function for %.

2.2.2 Oblique plate buckling

Yoshimura et al (1963) provide classical solutions to the buckling of oblique plates in their
paper published in ASME’s Journal of Applied Mechanics. The work presented in this paper is a
continuation of work done by W. H. Wittrick, which examined fully clamped oblique plates
subjected to uniform compression in both directions. The solutions presented by Yoshimura
explored the elastic buckling of simply supported oblique plates with compression in one direction.
This research stems from the aeronautical industry designing panels used in space or aircraft. The

scenario in which Yoshimura is investigating is shown graphically as Figure 2.2.
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Figure 2.2: Oblique Plate Under Compressive Stress — Analogous to Yoshimura et al (1963)

Yoshimura’s solution for the elastic buckling of simply supported oblique plates is derived
using the principles of virtual work and conservation of energy during buckling. A function for the
buckling coefficient k is determined through an eigenvalue analysis considering the number of
buckled sine waves in the plate and the aspect ratio, like the one employed by Timoshenko (1961).

The solution presented by Yoshimura of the elastic buckling of the plate in Figure 2.2 is
given by the following equation:

2D
Ner = ke—3~ (2.4)

Where D is the same definition of plate rigidity as 2.2.1, and k. is defined by the following:
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¢CT
sin3 0 (2.4)

kc:ﬁz

The term £ in this case is the aspect ratio, a/b. The term ¢, is obtained through a 5 order
eigenvalue analysis of the dimensions of the plate. When € is equal to 90 degrees, or in the case of
a rectangular plate, and the aspect ratio is equal to 1, this value of @.-becomes 4. In turn k. is equal
to 4, representing the elastic buckling coefficient of an infinitely long plate rather than a rectangular
one. In theory, this relationship could be modified to be compatible with the rectangular plate
buckling solution provided by Timoshenko (1961) by setting k. (Yoshimura) equal to k&
(Timoshenko) when @ is equal to 90 degrees. This hypothesis is discussed further in Chapter 7.

2.3 Inelastic Plate Buckling

Ziemian’s book Stability Design Criteria for Metal Structures summarizes several theories
and methodologies for determining the ultimate strength of a plate after buckling. The concept of
effective width, b., is used throughout the different methodologies When plates buckle, stresses
and strains redistribute to a lower energy form. This process creates a loss of stiffness in the regions
that buckling occurs, primarily in the middle away from the supports. The edge regions close to
the supports then attract most of the stress because those regions are stiffened the most against

buckling. A diagram of the compressive stress distribution after buckling is provided in Figure 2.3.

b

Figure 2.3: Compressive Stress Distribution after Buckling with Definitions of Effective Width and
Average Stress. Adapted from Ziemian (2010)
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Ziemian calls the use of the effective width concept in estimating the maximum strength of
plates a “semiempirical method.” He uses this term because many factors go into determining
buckling strength, including the effects of residual stresses and geometric and material
imperfections.

The first use of the effective width concept was von Karman et al (1932). For plates under

uniform compression, von Karman developed the following equation for effective width.

by = i Ele

© BA=vD) % (2.5)
More studies and tests were conducted to further refine this prediction for effective width.

Winter (1947) conducted a series of such tests, specifically on thin steel compression flanges. He

then suggested the following formula for effective width.

be O-C O-C
—= [—|1.0-0.25 ’—
b O, O, (2.6)

The term o. in Equation 2.5 is the critical elastic buckling stress. The primary difference
between Equation 2.5 proposed by von Karman et al (1932) and Equation 2.6 proposed by Winter
(1947) is the addition of the 0.25 coefficient in Winter’s equation. This constant is a correction
coefficient reflecting the total contribution of various imperfections. Winter’s Equation 2.6 was
adopted by the AISI Specification for cold formed steel through 1962, until the coefficient 0.25
was changed to 0.22 in the 1968 edition (Ziemian 2010).

Ziemian modifies Winter’s (1947) equation to represent the ultimate compression load of the
plate by substituting the edge stress, ge, for the yield stress, ;. The left-hand side of the equation
becomes the average membrane stress in the plate at ultimate load, ., defined as the ultimate load
divided by the cross-sectional area of the plate, b*¢. The equation is then normalized by o, resulting

in the following non-dimensional curve for the ultimate compression load in the plate (Ziemian

2010).
o o o P
2 - 1= 1.0-022 £ ]|=2E )
oy oy oy P, (2.7)
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Kalyanaraman et al (1977) conducted a similar analysis of the average stress at ultimate load.
This study focused generally on unstiffened compression elements, not just compression flanges

in cold formed steel members. This investigation yielded a similar conclusion, resulting in a similar

g g g P,
% — 119 |[=£[ 1.0-03 |5 | = &
oy oy oy P, (2.8)

Both equations derived by Ziemian (2010) and Kalyanaraman (1977) represent the non-

equation.

dimensional compression capacity of steel plates. The only difference between these equations is
the correction coefficients used to calibrate the equation to a set of experimental data. Therefore,

a general form of these equations could be written as:
Jav _ A o 1.0 — B %)= ﬂ
oy oy oy P, (2.9)

2.4 Room Temperature Creep of Steel

One of the more recent studies on the creep effects of steel comes from Brnic et al (2010)
where the material properties of structural steel ASTM A709 was investigated. This paper
published in ASCE’s Journal of Engineering Mechanics presents findings of uniaxial tension creep
tests at lower and elevated temperatures. ASTM A709 steel was determined to be “creep resistant”
at low temperatures, following the common trend in high strength low alloy (HSLA) steels. Creep

effects become significant at temperatures greater than 300 degrees Celsius.
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3. EXPERIMENTATION

A series of experimental tests were conducted to provide a baseline for future numerical
models. A total of 9 tests were conducted on segments of W18X40 wide flange sections of ASTM
A992 Gr50 steel. Certified mill test reports (CMTR) of the W18X40 sections showed the
specimens’ yield and ultimate strengths to be 57 kips per square inch (ksi) and 75.5 ksi,
respectively. The CMTR also showed the elongation at break to be 25 percent on average. Of the
9 tests, 3 “dummy” tests were performed to ensure the effectiveness of the test setup, followed by
2 monotonic load tests of a 42-inch specimen, 2 sustained load tests on 42-inch specimens, one
sustained load test on a 32-inch specimen, and a monotonic load test on a 24-inch specimen. In the
sustained load tests, the load was applied gradually up to 80 to 90 percent of the expected capacity
and then held constant for several hours. After no creep buckling was observed, the load was
increased gradually again until buckling occurred. The nomenclature of the official tests that were

conducted, and whose results are reported in this paper, is described in the following table.

Table 3.1: Experimental Tests to be Conducted

Test Section Specime?n Sustainqd Load
Number Length (in) Portion
1 W18X40 42 NO
2 W18X40 42 NO
3 W18X40 42 YES
4 W18X40 42 YES
5 W18X40 32 YES
6 W18X40 24 NO

3.1 Objectives

The experimental tests were designed to accomplish 2 specific objectives: obtain
experimental data to benchmark numerical models and investigate any creep effects in the inelastic
buckling of steel members. To provide adequate benchmarking, data was collected from the

experimental tests, mainly displacements and strains. The experimental setup was also designed
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to be easily replicated in the numerical model. The effect of sustained loads and creep buckling is

investigated by carefully monitoring the load on the specimen for the duration of the test.

3.2 Test Setup

The test setup was designed to create testing conditions that can be easily replicated in the
numerical model. The setup was also designed to ensure that the specimen buckled uniformly in a
purely lateral mode (i.e. without twisting). To do so, the setup applied a uniform compressive load
to the top flange of the specimen without allowing flange rotation. This setup only allowed the top
flange to move vertically downward relative to the rest of the specimen, producing the desired
buckling mode.

To accomplish these goals, larger, stiffer members were included in the setup to prevent
flange rotation. The large elements were fixed in place so only vertical deflection of the top flange
of the specimen was permitted. The bottom flange of the specimen was attached to a steel plate
platform using 20 fully tensioned structural bolts. The platform was post-tensioned to the lab’s
strong floor. The top flange was similarly bolted to a large, built-up spreader beam. This beam’s
primary purpose was to provide an avenue for the applied force from the 250-ton vertical actuator
to uniformly spread across the top flange of the specimen, thus the name “spreader beam.” The
spreader beam also prevented rotation in the top flange. The spreader beam was held in place by
2 lateral braces made of a stub column and a load cell. These braces were held in place using 4
threaded rods tied back to the load frame and then tensioned down to ensure a snug fit between all

components. A schematic drawing of this initial setup is provided in Figure 3.1.
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Figure 3.1: Schematic Drawing of Test Setup

Only one test was conducted using the setup in Figure 3.1. The commissioning test of this
setup revealed a degree of torsional freedom allowing the entire setup to twist about a vertical axis.
This problem was corrected by installing additional braces that prevent the ends of the spreader
beam from moving in the out-of-plane direction. These braces were H-shaped frames made of steel
W8 sections. The entire frame was post tensioned to the lab floor to provide a strong base reaction.
Teflon plates were added to the contact points between the end brace and the spreader beam to
prevent any significant frictional force from developing. This setup was also able to accommodate

the different sized specimens. A picture of the final test setup is shown in Figure 3.2.
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Figure 3.2: Completed Test Setup

3.3 Instrumentation

Instrumentation was used for 2 purposes: to measure the critical deformations in the
specimen under the applied load, and to ensure the test setup was working correctly by not allowing
unwanted displacements and rotations. Both displacements and strains were measured. The
vertical displacement of the top flange and horizontal out-of-plane (OOP) displacement at the
midpoint of the web were measured. Initially, string pots were used to measure these displacements,
but due to the extremely small magnitude of displacements, the sensors were changed to low

voltage displacement transducers (LVDTs). Vertical strains were captured in the specimen through
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Smm strain gauges. Inclinometers were attached to either end of the spreader beam to track any
rotation of the top flange. This rotation was assumed to be greater than or equal to the rotation in
the top flange because of the much higher stiffness of the spreader beam. Load cells in the lateral
braces provided information on how much force was required to keep the setup straight. A

graphical depiction of the first sensor layout with string pots is provided in Figure 3.3.

SP1 (SP2x Vertical Disp. Measurement

11_9: i SP1 SP2
-] [ | |
SP3 (SP4)» Out-of-plane SP3 SP4
@ Disp. Measurement
[0}

4'* i o=
Displacement Transducer Layout Side View
1e-3% CML||<CM2>

6' 1 61
SL(SS)I
S1(S2> S3($4) S5(S6) ‘
l—— 2* o
Strain Gauge Layout Inclinometer

Layout

Figure 3.3: Initial Instrumentation Layout

A total of 8 strain gauges (shown as S#) were applied to the web of the specimen along the
mid-height. Vertical gauges were applied at the midpoint and at a distance of 6 inches to either
side of the midpoint. Transverse (horizontal) gauges were also applied near the midpoint at 2
inches away from the vertical gauge. This layout is mirrored on both faces of the web. The
inclinometer (CM) was not applied directly to the specimen but rather was attached to the spreader
beam.

After the first commissioning test, additional sensors were added to measure vertical
displacement of the top flange of the specimen. The two LVDTs in the out-of-plane direction were
redundant, so one of them was removed. Additional LVDTs were added to the top flange to capture

any variation along the length of the specimen, and the new layout is provided in Figure 3.4.
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Figure 3.4: Instrumentation Layout for Tests 1 and 2

The first two reportable tests were conducted with this layout. After examining the results,
the instrumentation plan was adjusted for tests 3 and 4. Additional LVDTs in the out-of-plane
direction were added along the length of the specimen at the same points where vertical sensors
already were placed. Additionally, the platform supporting the specimen was experiencing its own
deformations in response to the large reaction forces required. The deformations in the platform
defied the assumption that the bottom flange experienced zero displacement. To correct for this
displacement, more LVDTs were added to measure the deflection of the bottom flange directly
underneath the ones measuring the top flange. These additional sensors allowed for the net flange
displacement to be calculated. In addition to the added LVDTs, 4 more strain gauges were added
near the ends of the specimen, two on each face. These LVDTs were added to determine if the
load from the actuator was more concentrated in the middle of the specimen. The resulting

instrumentation layout after these changes is shown in Figure 3.5.
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Figure 3.5: Instrumentation Layout for Tests 3 and 4

The above instrumentation layout was also used for the tests with shorter length specimens.
The strain gauges at the ends were kept at 3 inches away from the edge of the specimen rather than

12 inches from the next closest gauge.

3.4 Loading Protocol

The monotonic loading was a simple protocol where the load was applied and increased
quasi-statically until buckling. These tests were done first to provide a baseline for the expected
strength and behavior of the specimens. This information was then used in deciding when to stop
and sustain the load in future tests.

The next 3 tests involved a sustained load protocol. The tests started out exactly like the
monotonic tests, but the load was sustained when certain load levels were reached. The target load
was 80 to 90 percent of the final buckling load, but determining this load ahead of time was
difficult due to the high variance observed in Tests 1 and 2. However, a reversal of strains on the
face of the web from compression to tension was consistently observed prior to buckling. The load

at which this reversal occurred was used as the sustained load level.
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3.5 Measured Imperfections in Test Specimens

Consistent with nearly all buckling analyses, the initial imperfection in the system plays a role
in the overall behavior. In this series of tests, the critical imperfections were those affecting the
shape of the web. This determination was made after the first official test, and measurements were
taken for Tests 2-6. This data was not used directly in the construction of the numerical models,
but instead used to provide insight on the buckling strength of the specimen. For instance, if one
specimen failed at an applied load of 340 kips and had measured imperfections in the web of 0.05
inches, another specimen with measured imperfections of 0.07 inches should fail at a load less than
340 kips. However, it was not clear how to determine the magnitude of imperfections present in
the specimen webs from examining standards and codes alone. ASTM A6, which governs the
manufacturing tolerances of wide flanged sections, does not provide a direct discussion of out-of-
plane imperfections in the web of these members. Nevertheless, out-of-plane imperfections were

measured in the webs of the specimens using the technique described in Section 3.5.1.

3.5.1 Measurement technique

To measure out-of-plane imperfections, the “perfect” reference plane must be established.
This plane was defined as a straight line connecting the ends of the flanges extended along the
length of the specimen. With this reference plane, a straight edge and a caliper was used to take
measurements from that plane to the face of the web, creating a topography of the web surface.

This technique is depicted in Figure 3.6.
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Figure 3.6: Initial Out-of-Plane Measurement Technique

3.5.2 Results

The straight edge is set to take measurements at the ends and quarter points of the specimen
for a total of 5 locations along the length. At each of these locations, measurements were taken at
the ends of the fillet and quarter points along the depth of the web for a total of 25 points. The
maximum of these measurements was defined as the initial web imperfection; some results are
shown in Figure 3.7.

The results of this measurement technique are not necessarily applicable to all sizes wide
flange shapes. The measurements were taken on one heat of W18X40 beams manufactured at Steel
Dynamics Inc. in Columbia City, Indiana and therefore could contain imperfection properties that
are unique to this manufacturer. Further investigations could be done considering a wider variety
of wide flange shapes from multiple manufacturers to provide more comprehensive data regarding

the out of plane imperfections in the webs of wide flange sections.
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Figure 3.7: Measured Results of Initial Out-of-Plane Imperfections in Test Specimens

The preceding plots are the largest measured imperfections in the webs of the tested
specimens. The lines represent one location along the length of the specimen (either the midpoint
or one of the quarter points) where measured out-of-plane imperfections was the greatest. The x-
axis represents the face of the web, varying from zero at the top to 15.5 inches, the fillet to fillet
height, and the y-axis is the measured imperfection in inches. The plots of the imperfection all take
on different shapes, thus eliminating any conclusion that could be drawn about future specimens.
The maximum imperfection measured in the specimens was in Specimen 4 at 0.071 inches or
0.23*t,,. The average of all measurements taken was 0.041 inches or 0.13* #,.. A complete table of

results is shown below.
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Table 3.2: Measured Out-of-Plane Imperfection in Test Specimens

] Length Max Imperfection
Specimen
(in) (in) (% of tw)

2 42 0.048 15%
3 42 0.041 13%
4 42 0.071 23%
5 32 0.066 21%
6 24 0.052 17%

Average: 0.041 13%
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4. NUMERICAL MODELING

The purpose of the first phase of numerical modeling was to identify potential shortcomings
of the test setup and further confirm the setup’s effectiveness. The numerical models were
developed in the commercial finite element software ABAQUS using their 3D solid element
library. Multiple ABAQUS models were developed over the course of the testing phase. The goal
of the numerical models was to replicate the procedure and results from the experimentation as a
benchmark for a parametric study of many cases. The accurate replication of the experiments

provided confidence in the model’s ability to accurately predict cases that were not explicitly tested.

4.1 Replication of Experiments

4.1.1 Model creation

The first set of models created were direct replicas of the experimental setup, shown in Figure
4.1. The model included the spreader beam and the platform pieces as well as the specimen to
capture any minute effect the components might have on the test results. The reduced integration
solid element C3D8R was used throughout with a very fine mesh density. The C3D8R is a general
purpose linear solid element with reduced integration, allowing it to model all the different parts
with a good degree of accuracy. The boundary conditions were prescribed as points of zero

displacement, such as the surface of the strong floor and the brace points on the spreader beam.

Figure 4.1: ABAQUS Model Assembly for Replicating Experimental Tests
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A 0.2” mesh size was used in the specimen with 4 elements through the thickness of the web
while a 1” mesh size was used in all other parts in the model. The specimen was created by
extruding the W18X40 section to the desired length. The section sketch was created using the
design dimensions from the AISC Manual and directly modeled the fillet between the web and the
flange, shown graphically in Figure 4.2. The steel material used in the analyses was defined
according to multiaxial plasticity theory with Von-Mises yield surface and isotropic hardening.
The elastic modulus was set as 29000 ksi and Poisson’s ratio was set to 0.3. The stress-strain
relationship was defined according to the certified mill test reports from the manufacturer, which

provided a yield strength of 57.11 ksi, ultimate strength of 75.5 ksi, and 8% elongation at break.

_l"l_

Figure 4.2: Specimen Used in ABAQUS Models

4.1.2 Analysis procedure

The analyses were performed using the ABAQUS/Standard solution method. The models
were tested using sequential analyses. First, a linear perturbation buckling analysis was performed
to obtain the critical elastic buckling load and the critical buckling modes via an eigenvalue
analysis. A unit vertical load was applied as a uniform pressure over an area equal to the actual
contact area of applied force in the experiments. The displacement results of this buckling analysis
were saved in an ABAQUS .fil file and used to apply imperfections in the web. A value of initial
imperfection was applied to the first eigenmode shape to obtain the greatest effect and to most
accurately model the buckling shape of the experiments. This magnitude is not necessarily the

magnitude of the measured imperfection of a given specimen because the shape pattern of the
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imperfections would be very different. The specimens have essentially a random shape to their
imperfection, while the imperfections in the numerical models would follow the critical buckling
mode. A static Riks analysis considering nonlinear geometry and these geometric imperfections
was then conducted to obtain the final buckling strength.

Analyses were conducted with many different amplitudes of initial imperfection by varying
the peak imperfection value by a factor of 5%-30% of the web thickness (0.05-0.3*¢,). This range
corresponds to 0.01575 to 0.0945 inches of imperfection for a W18X40 specimen. Residual
stresses were not considered in these analyses because their direction of influence is primarily
along the longitudinal axis of the beam and thus have minimal influence in the direction of loading
in this case.

The ABAQUS modified-Riks analysis was used to capture the pre- and post-buckling
responses of the specimen. The history output from the analysis was compared with the
corresponding sources of experimental data. This comparison is shown as a field of curves

representing the experimental results and numerical results of varying imperfection levels
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5. EXPERIMENTAL RESULTS AND COMPARISONS

The contents of this chapter are paraphrased from “On the influence of load width on web

compression buckling strength” by Sener et al (2019).

5.1 Commissioning Tests

The results of the commissioning tests were used to determine the effectiveness of the test
setup rather than the strength of the specimen. The mode shape of the final buckling failure is very
important and contributes greatly to the final strength of the specimen. The experimental tests
should produce failures in the desired buckling mode, and the commissioning tests were intended
to prove this hypothesis. The first commissioning test revealed a torsional instability not addressed
in the original setup. Instead of a uniform lateral buckling along the length of the specimen, the

torsional mode was activated first. This failure shape is shown in the following Figure 5.1.

Figure 5.1: Photos of Commissioning Test 1 Showing Undesired Torsional Buckling

This unwanted torsion was addressed by adding the steel end braces shown in Figure 3.2.
These braces were added to ensure the desired buckling mode was reached. The second

commissioning tests with the end braces produced the desired buckling mode, shown in Figure 5.2.
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Figure 5.2: Photo of Commissioning Test 2 Showing Desired Buckling Shape

5.2 Monotonic Loading Only

The results of the monotonic loading were compared with numerical model simulation. In
the tests that contained sustained load, the monotonic portion was extracted and used in the
comparison as well. The failure load was determined from both the experiments and the numerical
simulation and summarized in the table below. The nominal strength calculated in accordance with
AISC equation J10-8 is also provided in a footnote. The mean strength of the tested specimens is

341 kips with a 4% coefficient of variation.

Table 5.1: Summary of Experimental Test Results of 42 Specimens

Experimental Numerical
Test  Observed Strength PSetrrceenngtt}(:f ImpI:rlgzltion gifg;cgﬁ?
(kips) Sustained (kips)
1 341.3 - 0.1ty 365.5
2 359.3 - 0.2ty 346.6
3 342.8 91 0.3ty 327.6
4 320.1 83
' AISC Eq J10-8 Predicted Strength: 60.3 kips
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Figure 5.3 and Figure 5.4 graphically show the comparison of the experimental tests to the

numerical analysis in the form of load versus displacement and load versus strain graphs.
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Figure 5.3: Plot of (a) Experimental Vertical Flange Displacement Data and (b) Comparison of Vertical
Flange Displacement Data

Figure 5.3 shows the vertical flange displacement response of the 42-inch specimens with
respect to increasing load. Figure 5.3(b) shows the data obtained from the finite element modeling
for different levels of initial imperfection. The imperfection levels were normalized by the
thickness of the web, #,, shown in the legend as 0.1t for 10% of the web thickness, etc. This
nomenclature is repeated throughout. Figure 5.3(a) shows the experimental data gathered from all
4 tests shown as solid lines of various colors. The data in Tests 1 and 2 was gathered using the
original instrumentation layout that only measured the vertical displacement of the top flange
assuming the displacement of the bottom flange was zero. As discussed earlier in Section 3.3, this
assumption is invalid, and the bottom flange displacement should be subtracted away from the top
flange measurement. This error causes the perceived stiffness of the specimen in the vertical
direction to be much lower than the real stiffness. Tests 3 and 4 corrected for this error in

measurement, and their comparison to the numerical data is shown in Figure 5.3(b).
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Figure 5.4: Plot of (a) Experimental Web Out-of-Plane Displacement Data and (b) Numerical Web Out-
of-Plane Displacement Data

This set of plots shows the out-of-plane (OOP) web displacement response in the 42-inch
tests. Figure 5.4(a) is recorded experimental data, while Figure 5.4(b) is the numerical data for
varying levels of imperfection in the web shown as red solid and dashed lines. For clarity, the two

sets of data are shown separately here, and the combined plot is shown below in Figure 5.5.
400

350

300

[N
i
(=}

Load (kips)
(3]
S
S

—Test 1
150 —Test 2
—Test 3
100 —Test 4
—FEM - 0.1t
50 - -FEM - 0.2t
0 % % f }
0 0.1 0.2 0.3 0.4 0.5

Web Out of Plane Displacement (in)

Figure 5.5: Comparison Plot of Web Out-of-Plane Displacement Data

The strains at the midpoint of either face of the web were also compared with the numerical
results. The color pattern is the same as above, with the experimental results featured as several

solid lines of different colors while the numerical results are shown as red dashed lines. The
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experiments closely align with the numerical results generated with initial imperfections of 0.1¢,,

and 0.2¢,.
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Figure 5.6: Comparison Plot of Vertical Strain Data

Some observations are drawn from examining the plots of strains. All four specimens
experienced buckling shortly after 2 criteria were met: (1) one side experienced compression
yielding, and (2) the other experienced the full strain reversal back to tension. This observation is
justified by examining the mechanics of the web plate.

As more load is applied, the web of the specimen deflects in the out-of-plane direction as
shown in Figure 5.7, resulting in a second order P-6 moment. This P-6 moment must be resisted
by a bending moment in the web plate of the specimen to maintain equilibrium.

The moment and curvature caused by this P-6 effect changes the strain profile in the web
as shown in Figure 5.7. The curvature (¢) induced due to the second-order effects causes the

difference in strain between the surfaces of the web to increase as well.
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Figure 5.7: Theoretical Strain Profile in Web

This increase in curvature will continue as the compressive load increases until the specimen
experiences a strain profile like the one shown in Figure 5.8. The strain profile prior to yielding
changed proportionally throughout the thickness of the web, allowing the specimen to resist
additional load. This change remained proportional because the steel in the web was still in the
elastic range. Once the extreme compression fiber reached yielding, the inability of the yielded

fibers to resist additional stresses caused instability and buckling of the web.

YYVYYY A 4 ‘Fl*

Figure 5.8: Theoretical Resultant Strain Profile at Buckling

5.3 Tests with Sustained Load

Figure 5.9 shows the strain responses over time from the sustained load portions of Tests 3
and 4 in parts (a) and (b) respectively. The blue/gray lines represent the vertical strain at the

midpoint of the web while the yellow and red lines show the load over that same time, plotted on
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a secondary axis. The decision to sustain a certain load level was made when the strain on the
would-be tension side of buckling completed the reversal back to tensile strain at the face. This
reversal was found to be an indication that buckling was imminent as discussed in the previous

section. The load was sustained for a period of 150 minutes and 240 minutes in Tests 3 and 4

respectively.
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Figure 5.9: Plot of Strain over Time in (a) Test 3 and (b) Test 4

The strain-time relationship plots show no significant creep strains induced by sustaining the
load for the 4-hour period. Some irregularities at the beginning of the time period in Test 3 were
caused by correcting for perceived relaxation in the hydraulic cylinder used to apply the load. By
continuing to correct for this relaxation, the actuator was pushed further out and causing more
displacement and strain in the system. In Test 4, no attempt was made to correct the pressure
reading, and this produced a smoother plot. Both plots show no time dependent creep effects
associated with web compression buckling. Test 5 also featured a sustained load portion, but due
to a sensor malfunction during the sustained duration, the measured data contained large errors

and is not presented.

5.4 Tests on Shorter Specimens

The experimental results from Tests 5 and 6 were also compared with appropriate numerical
simulations. The net vertical flange displacement, web OOP displacement, and midpoint strain

data were recorded and used in developing plots like those in the previous section.
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Figure 5.11: Plot of Test 6 (a) Vertical Flange and (b) Web OOP Displacement Results

The above figures show the load versus displacement results for Tests 5 and 6. The
numerical simulations that most represent the experimental data come from a lower magnitude of
imperfection than in the longer specimens. This relationship is observed because the measured
imperfections in specimens 5 and 6 were lower than the imperfections in their 42-inch counterparts.
Additionally, the numerical models tend to underpredict the final strength of both tests. This
variance in results is likely due to the variance in material properties of the specimens that are not
accounted for in the numerical analysis. As the specimens get shorter, the likelihood of capturing

material properties different than the average increases.
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Figure 5.12: Plot of Vertical Strain Results from (a) Test 5 and (b) Test 6

Figure 5.12 shows the strain response of Tests 5 and 6 along with their comparisons to the
numerical models. Like the displacement plots previously, these plots also show the models
underpredicting the strength of the experimental specimens. Just like in the 42-inch specimens, the
completion of the strain reversal back to tensile strain on one face of the web is a strong indicator

of buckling as the maximum experimental capacity is achieved shortly after that benchmark is

reached.
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6. NUMERICAL PARAMETRIC STUDY

After obtaining experimental data and developing models that accurately predict the response,
a parametric study was conducted. The objective of this study was to provide numerical data to
develop a prediction method that can be performed by hand. The parameters investigated include
the section depth and thickness of the web, loaded width, and angle of applied load away from
vertical. The variation in section dimensions was accounted for by investigating 4 common wide
flanged beam sections of different web slenderness (//t,,) ratios: W18X40, W18X60, W16X26,
and W24X84. Each beam section was be subjected to load widths as a function of their section
depth, d, ranging from 0.5d to 2.5d by increments of 0.5. 3 angles of application, 6, were also
investigated: 0, 30, and 45 degrees measured from vertical (i.e. perpendicular to the specimen

flange). These bounds are summarized in the following table.

Table 6.1: Parameters Investigated

Parameter Values

Section | WI8X60 | W24X84 | W18X40 | W16X26
h/t 38.7 45.9 50.9 56.8
w 054 | 104 | 154 | 2.0d | 25d
0 0 | 30 | 45

6.1 Model Creation

This parametric study varied from the previous models as only the specimen itself was
modeled in a way that mimics typical construction applications like the details shown in Figure
1.3, Figure 1.4, and Figure 1.5. This change in purpose resulted in modifications to the model. The
model used in the parametric study consisted only of the beam specimens subjected to the load.
The spreader beam and platforms were removed and replaced with the appropriate boundary
conditions. The load was applied by creating a rigid surface on the top flange of the specimen and
applying a unit load to the centroid of this rigid plate. The width of the rigid plates was equal to
the load width of the case investigated. The rigid plate at the opposite flange was held in place by
a pinned boundary condition at the reference point. The top and bottom rigid plates were restrained

against rotations and translations in the out-of-plane direction. Additionally, translations in the
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longitudinal direction of the beam and in the out-of-plane were restricted at the area of load
application. This boundary condition ensured translations were only in the vertical direction,
perpendicular to the axis of the beam. Field conditions of these types of connections were assumed
to restrain the web compression buckling region in this way. The specimens had a total length of
10 times the loaded width, w, being investigated with the purpose of minimizing the effects of
different end conditions.

C3D20R solid elements were used rather than the C3D8R used previously. The C3D20R is a
20 node, quadratic, reduced integration solid element chosen for its ability to capture buckling.
The element’s quadratic shape function with 20 nodes allows for a coarser mesh without
sacrificing accuracy in the analysis, thus increasing the computational efficiency. This element
also rarely experiences hour-glassing, making the element useful in a buckling analysis. These

changes were validated through additional benchmarking with the experimental results.

6.1.1 Parametric model benchmarking

These new numerical models must also be benchmarked with the experimental results. In the
benchmarking stage, the specimens and loading were modeled to mimic the experiments. The
specimens were modeled to the appropriate lengths and the rigid plate was extended to the entire
top flange of the specimen. The material properties in the benchmarking models were defined
according to the CMTRs of the experimental specimens described previously. The model used in

the benchmarking is shown in Figure 6.1.

Figure 6.1: ABAQUS Model Used in Benchmarking
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Analyses were performed to evaluate the element selection and mesh size. These analyses

used the same sequential modified Riks approach as before. Results of this examination are shown
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in Figure 6.2.
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Figure 6.2: Comparison of Parametric Study Benchmarking Results to Experimental Results from (a) Test

6, (b) Test 5, and (c) Test 3

The load versus out-of-plane (OOP) displacement plots generated in the analysis are almost

identical to the experimental data, both in terms of stiffness and final strength. The most accurate

curves have a prescribed initial imperfection slightly lower than the measured value described in

Table 3.2. This difference is because the imperfections applied to the numerical model followed

the shape of the critical buckling mode, thus maximizing their effect. The imperfections measured

in the real specimens were not associated with any shape and therefore are not as impactful as
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imperfections along the critical buckling mode shape. The load versus displacement curves for a
I-inch and 2-inch mesh size were identical in all 3 plots. The black lines representing the analysis
with 2-inch mesh were completely covered by the red lines representing 1-inch mesh. Therefore,
the 2-inch mesh size will accurately predict the behavior of the specimen at a much lower

computational cost.

6.1.2 Generating models to be used in the study

ABAQUS jobs were created for both steps in the modified Riks analysis procedure for all
combinations of parameters being investigated for a total of 120 analyses. For each analysis, a
model was created with the same process described earlier with a section sketch extruded to the
desired length. The material properties of the parametric study specimens were altered to be more
representative of average structural steel rather than the specific steel used in the experiments. The
yield strength and ultimate strength were set to 55 and 75 ksi respectively while all other material
properties were kept the same. The effects of strain hardening and variation in the yield plateau
were not investigated because of their minimal effect and rare use in other design applications
(Menkulasi et al 2019). Initial imperfection is also difficult to measure and control in design, and
therefore was not considered as a parameter in the investigation. Instead, all analyses incorporated
imperfection levels equal to the average of what was measured on the experimental specimens.
This magnitude was normalized by the thickness of the web and equal to 0.13#, as shown in Table
3.2. A python script was developed to accomplish this repeated process and generate input files

for all 120 analyses.

6.2 Analysis Results

The analysis results returned the critical elastic buckling load and ultimate buckling strength
for all investigated cases. The data was compiled in Table 6.2 and is organized by beam size,

loaded width, and angle of applied load.
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Table 6.2: Numerical Parametric Study Results

Analysis Section w/d w 0 [sjtlgrrll;[}? Elastli(l?;lckhng

# Name in deg kips kips

1 W24X84 0.5 12.05 0 441.1 694.2
2 W24X84 1.0 24.10 0 573.8 869.9
3 W24X84 1.5 36.15 0 758.3 1104.2
4 W24X84 2.0 48.20 0 957.5 1362.9
5 W24X84 2.5 60.25 0 1162.5 1634.1
6 W24X84 0.5 12.05 30 482.3 852.1
7 W24X84 1.0 24.10 30 597.0 1037.3
8 W24X84 1.5 36.15 30 787.6 1300.1
9 W24X84 2.0 48.20 30 1004.9 1598.7
10 W24X84 2.5 60.25 30 1230.3 1915.4
11 W24X84 0.5 12.05 45 572.1 1074.6
12 W24X84 1.0 24.10 45 603.8 1231.1
13 W24X84 1.5 36.15 45 779.1 1517.3
14 W24X84 2.0 48.20 45 1003.6 1876.4
15 W24X84 2.5 60.25 45 1243.3 2271.3
16 W18x60 0.5 9.10 0 322.7 610.7
17 W18x60 1.0 18.20 0 422.1 763.6
18 W18x60 1.5 27.30 0 559.3 968.0
19 W18x60 2.0 36.40 0 708.7 1193.6
20 W18x60 25 45.50 0 862.3 1430.2
21 W18x60 0.5 9.10 30 344.1 750.5
22 W18x60 1.0 18.20 30 426.0 909.6
23 W18x60 1.5 27.30 30 562.7 1137.9
24 W18x60 2.0 36.40 30 719.2 1397.8
25 W18x60 2.5 45.50 30 881.4 1673.9
26 W18x60 0.5 9.10 45 405.5 950.2
27 W18x60 1.0 18.20 45 423.2 1082.6
28 W18x60 1.5 27.30 45 549.0 1327.8
29 W18x60 2.0 36.40 45 705.8 1638.1
30 W18x60 2.5 45.50 45 871.5 1981.2
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Table 6.2: Numerical Parametric Study Results - Continued

Analysis Section w/d w 0 [Sjtl;[g;llgﬁ Elastli(}?;lckhng
# Name in deg kips kips
31 W18x40 0.5 8.95 0 195.9 267.5
32 W18x40 1.0 17.90 0 252.6 334.6
33 W18x40 1.5 26.85 0 331.7 424.1
34 W18x40 2.0 35.80 0 417.3 522.9
35 W18x40 2.5 44.75 0 504.9 626.7
36 W18x40 0.5 8.95 30 220.0 326.4
37 W18x40 1.0 17.90 30 270.1 398.1
38 W18x40 1.5 26.85 30 352.8 498.8
39 W18x40 2.0 35.80 30 448.7 612.9
40 W18x40 2.5 44.75 30 548.9 734.1
41 W18x40 0.5 8.95 45 262.2 407.7
42 W18x40 1.0 17.90 45 282.5 470.7
43 W18x40 1.5 26.85 45 359.2 581.2
44 W18x40 2.0 35.80 45 459.8 718.6
45 W18x40 2.5 44.75 45 570.9 869.5
46 W16x26 0.5 7.85 0 122.5 144.0
47 W16x26 1.0 15.70 0 156.1 187.2
48 W16x26 1.5 23.55 0 204.2 237.4
49 W16x26 2.0 31.40 0 255.6 292.9
50 W16x26 2.5 39.25 0 308.2 351.2
51 W16x26 0.5 7.85 30 139.6 178.7
52 W16x26 1.0 15.70 30 169.6 221.3
53 W16x26 1.5 23.55 30 220.8 278.8
54 W16x26 2.0 31.40 30 279.7 343.2
55 W16x26 2.5 39.25 30 340.9 411.5
56 W16x26 0.5 7.85 45 167.3 217.3
57 W16x26 1.0 15.70 45 184.7 257.9
58 W16x26 1.5 23.55 45 230.7 2324
59 W16x26 2.0 31.40 45 295.0 402.3
60 W16x26 2.5 39.25 45 365.9 487.8
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Some observations can be made by examining the previous tables. Intuitively, increasing the
loaded width w results in higher total buckling loads. Additionally, the heavier specimens had the
greatest difference between the elastic buckling capacity and ultimate load from the analysis,
suggesting that inelastic buckling governed the strength of these specimens. The prediction method
discussed in the following chapter contains inelastic considerations when predicting the ultimate

buckling strength.
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7. PROPOSED PREDICTION METHOD

7.1 Comparison to Existing AISC Recommendations

The current AISC 360-16 web compression buckling equation can be found in Chapter J.10
as Equation J10-8. This equation was first discussed in Chapter 1 and repeated here for
convenience.

24 * t3, Exf,

R, = > +Q; (1.1)

This equation was developed to predict the behavior of wide flanged sections subjected to
concentrated point forces in the case of a beam-to-column moment connection. The AISC
commentary suggests the web should be designed as a compression member according to Chapter
E when the loaded width is not small compared to the depth of the section. For the purposes of this
comparison, any loaded width that was greater than or equal to the section depth was considered
“not small.” When considering the boundary conditions of the equivalent column, the flanges were
assumed to create a fixed-fixed condition. The analysis results were compared with this calculation

and presented in a 1-to-1 plot below.
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Figure 7.1: 1-to-1 Comparison Plot of the Numerical Data to Existing AISC Provisions
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Most of the numerical data points plot above the 1-to-1 line, meaning they are conservative.
For smaller buckling strengths with smaller loaded widths, the AISC suggested method does a
better job than for larger loaded widths. Overall, the suggested analysis method is a good,
conservative approximation. The prediction could be improved by following the procedure in
Section 7.5. The AISC equations do not consider the angle of load application as a parameter, so

those data points are not used in the comparison.

7.2 Defining the Problem

Classical solutions were combined with semiempirical methods to develop a closed-form
prediction method for web compression buckling. In this development, data from the parametric
study in this paper was used in conjunction with data obtained by Menkulasi & Farzana (2019)
The results obtained by Menkulasi & Farzana are provided in the Appendix. The webs subjected
to the load can be treated as a rectangular plate with dimensions a, b, and #,. The height of the
plate, a, is the unstiffened height of the web, 4, defined as the clear distance between the flanges
minus the fillet or corner radius. The width of the effective plate, b, is defined by the width of the
applied load, w, plus a contribution from the load spreading through the depth of the member. A

diagram showing these definitions is provided below in Figure 7.2.
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Figure 7.2: Diagram of Assumed Rectangular Plate
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The dashed lines represent the spreading of the load from the application region to the
midpoint of the web. The horizontal dimension between the intersections is the width of the
assumed plate. This spread angle was determined by examining the stress contours of the finite
element models when the load was at or near the maximum. The average width between the ends
of the compressive stress bulb was the width over which the assumed plate would buckle. An
example of the assumed width is shown in Figure 7.3. A spread angle, a, was then calculated to fit
this data resulting in an angle of 40 degrees. Figure 7.4 shows how the spread angle is used to

determine b.

| 4 ‘\@jn_wd@ﬁ," N\ et ™

7N

Figure 7.3: Stress Contour Plot from ABAQUS Finite Element Analysis
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Figure 7.4: Diagram of Spread Angle Relative to Assumed Plate
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The results from this geometry are provided in the following equations. The tangent of 40
degrees is approximated as 0.8 for simplicity.

h
a=h=d—2k=t—*tw

w

(7.1)

b=w+0.8d (7.2)

7.3 Determining the Critical Elastic Buckling Load

The elastic buckling load is determined by solving the 4™ order differential equation in both
orthogonal directions associated with the plate. Many published solutions exist for various edge
boundary conditions. Timoshenko and Gere (1963) summarize many of these solutions.

According to Timoshenko, for rectangular, isotropic plates, the overall elastic buckling load,
P, is described by the following equation:

. m2Etd
12(1—v2) xb (7.3)

Pr =k

P, in this equation is in units of force, meaning the distributed force is multiplied by the
length of loading, w, to give P.,. E and v are the elastic modulus (29000 ksi) and Poisson’s Ratio
(0.3) respectively, and the buckling factor, %, is a function of the aspect ratio of the plate.

Timoshenko provides a function for £ when all plate edges are simply supported (SS).
2

kss = (§+%) (7.4)

However, when dealing with webs of rolled beams, the plate edges are not simply
supported. The loaded edges of the plate are connected to the flanges, which provide rotational
restraint to the edge. Therefore, these edges should be analyzed as fixed, or clamped. The unloaded
edges are neither pinned, clamped, nor free. They are continuous with the rest of the specimen,
which makes classifying a boundary condition very challenging. In defining the width, b,
measurements were taken based on points of low stress. Simply supported edges have zero stress
along that edge, so reason suggested that these unloaded edges could be approximated as simply
supported. As for the loaded edges, the k-function for simply supported case could be modified by

a factor to produce a function that could model the fixed condition along the loaded edges. This

57



assumption is similar to a fixed-fixed column having an effective length of one half of a pin-ended

column. Thus, the following equation for £ was determined for plates with loaded edges clamped.

2

k = 167b O6a
—(- a -z) (7.5)

The two relationships for £ were compared with the eigenvalue buckling analysis results
from the parametric study. Equivalent values for £ were obtained from the finite element results
by back calculating from a known P The second, modified equation best captured the behavior

observed in the finite element models and is shown in Figure 7.5.
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Figure 7.5: Plot of Numerical Results Compared with the Critical Elastic Buckling Load Equations

The orange line representing Equation 7.5, best models the numerical data. The finite
element results obtained from the study conducted by Menkulasi & Farzana (2019) are consistently
overpredicted. This error comes from differences in the modeling technique employed by the
researchers. Menkulasi & Farzana’s models used shell elements which do not directly model the

fillet region which can contribute to the elastic buckling load.
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Figure 7.6: 1-to-1 Comparison Plot of the Critical Elastic Load Equation

The comparison between analysis data and the prediction method can also be shown on a
1-to-1 chart. The vertical axis in Figure 7.6 is the analysis results and the horizontal axis is the
predicted elastic buckling load calculated from the equation for P.. The proposed equation
captures the analysis results well, as most of the data points fall very close to the 1-to-1 line. Data
points from the analyses conducted by Menkulasi & Farzana (2019) unconservatively fall below
the line due to the reasons discussed earlier in this section. For specimens that have large critical

buckling loads, the equation predicts them conservatively.

7.4 Derivation of Buckling Strength Equation

Due to the compactness of webs in rolled shapes, web compression buckling is largely
inelastic. Previous models describing the inelastic buckling of plates comes from research
conducted by von Kérman et al (1932). von Kérman showed that as the plate buckles, stresses in
the plate redistribute toward the edges, as the edges are the stiffest area in the plate. He then
developed an equation for the “effective width,” which is the portion of the plate carrying most of
the stress at buckling. This effective width is different than the width of the effective plate in the
web. If similar behavior was observed in the webs of the numerical models, then Karman’s

conclusions could be reasonably applied to this scenario.
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Figure 7.7: Plot of the Average Membrane Stress in Web at Various Load Levels

The Figure 7.7 shows the average membrane stress at the mid-height of the web. The
vertical black lines represent the width of the effective plate, . At the onset and after buckling,
the average membrane stress redistributes away from the center of the effective plate and towards
the edges. This redistribution of stress is the type of behavior von Kéarméan described, so
relationships derived from his calculation of effective width should also be valid in the case of web
compression buckling.

von Karman developed the following equation to describe the effective width, or the

portion of the plate that would carry the most stress at buckling.

be O—C O-C
3= || 1o- o.zzja:e (7.6)

The term, o. is the elastic buckling load and o. is the edge stress. The factor of 0.22 in the
parentheses is a constant use to calibrate the equation to fit a set of experimental data. This equation
can be algebraically modified to represent the average membrane stress divided by the yield stress.

Kalyanaraman et al (1977) made this modification to present the following equation.
o, o, o, P
% =119 |-£(1.0-0.3 /—C = Ut (7.7)
Oy Oy Oy P,
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In this equation, 1.19 and 0.3 are constants used to fit the equation to a set of experimental
data. This equation was calibrated for use in thin walled, cold formed steel members, but because
it is derived from Kéarman’s equation for effective width, it was hypothesized that this equation
could be used to represent web compression buckling by changing the constants to fit the numerical

results. A slenderness parameter, A, was defined as:

PR O i 2
o (P (78)

P, =bxt,*f, (7.9)

Substituting the definitions from Equations 7.8 and 7.9 into Kalyanaraman’s Equation 7.7
and changing the constants to 4 and B, results in an equation describing the available strength in

web compression buckling, R,:

R, A(
P, 4

B
1.0 - —) <10

1 (7.10)

The upper limit of 1.0 is enforced because the buckling load cannot be greater than the
plastic capacity of the web. The constants 4 and B were calibrated to the mean of the numerical
data, meaning that the average ratio of P/R, is equal to 1.0. To achieve this result, 4 was set to 0.6
and B was set to 0.05. The numerical FEM results are compared to this equation in Figure 7.8 and

Figure 7.9.
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Figure 7.8: Ultimate Buckling Strength Plot for Vertical Load Cases
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Figure 7.9: 1-to-1 Comparison Plot of the Ultimate Buckling Strength Equation

As shown in the Figure 7.8, the numerical data follow the shape of the curve well, showing

strong correlation. Like the critical elastic strength plots, higher capacities are predicted more
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conservatively. The data obtained from Menkulasi & Farzana plots below the curve again for
ultimate strength similar to the elastic buckling strength plots. Some of the error might have been
carried over from the elastic buckling load calculation, but much of the error can be attributed to
the levels of imperfection assumed in the numerical models. As mentioned previously, the
parametric study conducted for this paper assumed an initial imperfection magnitude of 0.13*#,
applied to the first buckling mode shape. Menkulasi & Farzana (2019) applied imperfections of
d/100 to the first mode shape, where d is the overall depth of the specimen. On average, d/100 is

300% larger than 0.13%*¢,, resulting in lower ultimate buckling strengths.

7.5 Examining Web Compression Buckling for Angled Load Cases

The numerical parametric study also investigated the effect of changing the angle of load
application, . This case is different than changing other parameters because the geometry and
physics of the problem change. The best way to treat this system is to treat it like an oblique plate

with dimensions @ and b shown in Figure 7.10.

7—7 ~<

Figure 7.10: Oblique Web Plate Diagram

According to Figure 7.10, the dimensions a and b can be calculated with the following

equations.
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" cosf (7.11)

0.8d

b =WC059+COSQ (7.12)

When 6 is zero, these equations for the plate dimensions become the same as for the vertical

cases, keeping compatibility within the models.

7.5.1 Determining the critical elastic buckling load

Yoshimura et al (1963) authored a paper in which they provide classical solutions regarding
the elastic buckling load of oblique plates, similar to how the web compression buckling has been
defined. This analysis is discussed in greater detail in Section 2.2.2. According to their results, the
coefficient £ is a function of the aspect ratio of the plate, the cosine of the angle of application,
and a third function ¢... This ¢.- is calculated from an eigenvalue solution of a matrix based on
the geometric configurations of the plate. When @ is set to zero, the vertical case, ¢.- and k are
equal to 4, the convergence value for k as a/b increases. This relationship proposed by Yoshimura
(1963) could be applied to web compression bucking by making a slight modification, shown in

the following equations.

ko
k =
cos3 6 (7.13)
b a\?

Equation 7.13 uses the existing equation for k provided earlier in Equation 7.5 with a
modification consistent with the solutions from Yoshimura. The calculated values for k obtained
from these equations are then used in the formula for P, defined previously in Equation 7.1. The
numerical results from the parametric study were compared to this relationship and provided in

Figure 7.11.
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Figure 7.11: Plot of Numerical Results Compared with the Critical Elastic Buckling Load Equations for
Angled Load Cases

As shown in Figure 7.11, the data follows the proposed relationship well. The greatest error
occurs when 6 is 45 degrees. This error is an overprediction for large aspect ratios and an
underprediction for small aspect ratios. The geometry of the problem could be changing when 6 is
large due to geometric limits, so more investigation was done in an attempt to better understand

the problem and the sources of the error in Section 7.5.2.

7.5.2 Possible limitations on the width, b

The dimension b is measured along an axis orthogonal to the direction of the load, and in
theory the calculated value of b could exceed what is physically available in the specimen. This
notion would suggest that the natural limit on b should be 4/sinf. To verify this claim, the stress
contours of the finite element models were examined before, during, and after buckling in cases
where 6 equaled 45 degrees. The following figures are from an analysis of a W18X40 beam with
w set to 18 inches and 6 equal to 45 degrees. This specimen provides a clear example of the

common pattern observed in all cases.
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(d)

Figure 7.12: Stress Contour Progression Plots from (a) Before Maximum Load to (b) at the Maximum
Load to (c) when the Load Decreases to 90% of the Maximum to (d) when the Load Decreases to 75% of
the Maximum
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In Figure 7.12(a)-(d), the blue regions are areas of high compressive stress, orange and red
are areas of high tension stress, and green areas have small magnitudes of stress. The stresses
plotted in the contours are the vertical components of stress, S22 as defined in the model. Figure
7.12(a) is taken before the maximum load is reached, (b) is taken immediately after the maximum
load but before much of the deformations, and (c) and (d) are captured after buckling has occurred.
The horizontal “tails” of compressive stress marked by the red ellipse in (d) suggest that although
the definition of b reaches the geometric limit, the stress does not simply stop progressing away
from the applied center. Another observation can be made by drawing an imaginary line through
the center of the contours in (a), then comparing that to the line of applied load. This drawing is

shown in Figure 7.13.

Not orthogonal

Figure 7.13: Plot of the Non-Orthogonality of Stress Contours Seen in Figure 7.12(a)

The line through the center of the stress contour is not orthogonal to the direction of the
loading like the assumption in the oblique plate buckling solution. This observation combined with
the carryover trails identified in the circle on Figure 7.12(d) creates a great deal of complexity in
this problem once the angle of application gets larger than 30 degrees. Equation 7.13 proposed in
7.5.1 and plotted in Figure 7.11 does a fairly good job at predicting the results without considering
these abnormalities. Therefore, the provided relationships can be used as a simple approximation,

but if a more detailed solution is desired the effects discussed in this section should be addressed.
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7.5.3 Ultimate buckling strength of angled load cases

Since the angled load effects are mostly contained in the calculation of elastic buckling
load, the existing ultimate strength equation (7.10) from Section 7.3 should still be applicable to
these cases. A plot of the numerical data for all cases is compared with the proposed equation and

shown below in Figure 7.14.
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Figure 7.14: Ultimate Buckling Strength Plot for All Load Cases

The data points are slightly more scattered with the addition of the angled load cases, but
this scatter is likely due to the errors discussed earlier in Section 7.5.2. The constants 4 and B are

0.6 and 0.05 respectively, just like the vertical cases.

7.6 Summary of Proposed Calculation Method

The steps in the calculation go as follows.

First, the dimensions of the effective plate are defined according to the following equations.

B h
a= cos @ (7.15)
0.8d
b=wcosf + (7.16)
cos 6O
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The yield load of the plate is then calculated.

By =bxtw*ly (7.17)
Then, the elastic buckling factor, £ is calculated.
k
k=—
cos3 6 (7.18)
b a\’?
ko = (1675 + 065) (7.19)

The value obtained for £ is then used to solve for the critical elastic buckling load, P
m?Etd

P, =k
cr * 12(1 _ UZ) * b (7.20)

Once the elastic buckling load is calculated, the slenderness parameter, A, can be calculated.

1=

57 [<o

(7.21)

The slenderness parameter is then the independent variable used in the ultimate buckling

strength equation, where R, is the nominal available strength in web compression buckling.

R 0.6 0.05
< 0 - T) <1.0

Rn
B, 2 (7.22)

7.7 Assumptions and Limitations of Proposed Method
7.7.1 Assumptions in the prediction method

Imperfection levels used in the numerical models

According to Figure 7.8 and Figure 7.14, the amount of out of plane imperfection applied to
the finite element models greatly impacts the final strength. For the models generated in the

parametric study discussed in Chapter 6, imperfections of magnitude 0.13*z, were applied to the
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models. This magnitude was chosen after examining the results of the measurements conducted in
Section 3.5. As discussed in that section, measurements were only taken from one heat of W18X40
beams from one manufacturer. This assumed level of imperfection may only be valid for this size
of beam from this manufacturer. This assumption could be validated by a more comprehensive
study of out-of-plane imperfections in steel wide flange member webs. If the assumed levels of
imperfection used in the analyses in Chapter 6 are not representative of the comprehensive average,

the calibration constants in Equation 7.22 should be adjusted.

Consideration of residual stresses

Residual stresses were not considered in the parametric study. Residual stresses in hot rolled
wide flange shapes are typically a result of differential cooling, and thus these stresses primarily
act along the longitudinal axis of the beam. However, there can be cases where significant residual
stresses can be found in the perpendicular direction, the direction of stress associated with web

compression buckling. These stresses would increase in significance as the section depth increases.

Consideration of orthotropic material properties

The material properties used in all numerical models were the result of tension coupons cut in
the longitudinal direction of the beam. Like when discussing residual stresses, the yield strength,
yield plateau, and ultimate strength of the steel could have different properties when measured in
the orthogonal direction. However, for this analysis and prediction method structural steel was

considered an isotropic material having identical properties in all directions.

7.7.2 Applicability limitations of the prediction method

Limitations regarding loading width

The loaded widths investigated in Chapter 6 ranged from 0.5 to 2.5 times the depth of the
section. The results obtained by Menkulasi & Farzana (2019) considered loaded widths down to
0.05 times the section depth. Considering the results shown in Figure 7.1, the current AISC
Equation J10-8 (Equation 1.1) is applicable for loaded widths less than 0.5 times the section depth.

For loaded widths between 0.5 and 2.5 times the section depth, the prediction method summarized
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in Section 7.6 should be used. When the loaded width exceeds 2.5 times the section depth, the
proposed prediction method becomes more conservative, as shown in Figure 7.9. Additionally, the
equivalent column approach recommended by the AISC Chapter ] Commentary becomes less
conservative and more accurately predicts the result. Therefore, as the loaded width exceeds 2.5

times the section depth, both methods could be used with similar degrees of accuracy.

Limitations on angle of application

As discussed in Section 7.5.2, the proposed prediction method yields results with
increasing errors as the angle of application increases past 30°. Possible sources of this error are
also discussed in Section 7.5.2. These errors are considered negligible for the ease of calculation
in the prediction method, but it is advised that supplementary analyses be used in conjunction with

the proposed method when the angle of application is greater than 30°.

Limitations regarding member size

The parametric study discussed in Chapter 6 considered 4 beam specimens ranging from
depths of 16 to 24 inches with various web slenderness ratios shown in Table 6.1. The sections
were chosen to provide data for common beam depths and sizes but may not accurately represent
the behavior of beam sections with properties outside this range. Sections considered slender in
compression and webs considered slender in shear could behave differently than compact sections
and elements. Additionally, sections and webs designated as “heavy” could also exhibit slightly

different behavior.

Limitations regarding the applied load

All cases analyzed in Chapter 6 featured uniform compressive forces on the top and bottom
flanges. The prediction for the critical elastic buckling load in web compression buckling
(Equations 7.3, 7.5, 7.18, 7.19) are based on classical plate buckling solutions with uniform
compression loads. Therefore, the prediction methods do not apply to cases with varying

distributed loads across the loaded width.
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8. CONCLUSIONS

The current design equation in AISC 360-16 does not account for the loaded width as a
parameter in the calculation of web compression buckling strength. Through a series of
experimental tests and numerical simulations, this parameter proved to play a critical role in
predicting the ultimate buckling strength. The experimental tests also confirm that no time
dependent effects associated with creep are present in the case of web compression buckling.

In lieu of providing a way to incorporate loaded width into Equation J10-8, AISC 360
suggests analyzing those cases as columns according to the provisions of Chapter E. This method
was found to be an adequate, but conservative estimation of the overall strength of this limit state.

The method proposed in this paper analyzes the web as a rectangular plate with dimensions
defined in Chapter 7. Using this assumed plate, the elastic buckling load and ultimate buckling
load are calculated according to the provisions summarized in Section 7.5. This method more
accurately predicts the behavior of web compression buckling than the current design

recommendations.
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APPENDIX

The following tables are results from the study conducted by Menkulasi & Farzana (2019)

referenced in Section 7.

Table 8.1: Critical Elastic Buckling Loads from Menkulasi & Farzana (2019)

Table 7
Comparison of predicted and computed elastic buckling loads [kN).
Section T Inrenor Loading End Loading
Lagergvist |ohannsson [7] Proposed FEA Ratin = P sin!Pers predicied Propesed FEA Pent vead
[Pt e [ — (Pertprnd | g P ; [Lpe—— P ) L —
il oxil ey
Faiyy I e—
W 200 =15 dlb 419 dibb .07 106 358 353 099
W30« 238 SEH 3594 liv..] 105 105 ala 496 098
W 410 = 46.1 L ETY BE3 061 109 104G L] F60 1m
W 530 « 66 1374 1387 1433 108 1.07 1181 1184 1.00
W ES0 = 125 2431 g 26549 (R 18 2087 2104 1
W 760 = 134 4333 1353 2537 1.0 108 2002 2015 1M
W 200 = 15 345 343 344 10y 1.00 16 13 089
W3l0x 238 4D AB7 453 1L ) 0949 305 300 098
W 410 = 46.1 2 Er- ] 723 49 .03 104 454 463 102
W 530 « 66 1141 1136 1145 1.00 101 T2 713 1.00
W GO0 = 125 2018 200 a4 102 102 1257 Xy 102
W Te0 = 134 1938 1924 15956 1101 101 107 | rrii] 1.1
W 200 < 15 in 322 317 0498 (Il ) m 159 0493
W30« 238 45b 456 441 IS r) 047 242 237 0498
W 410« 461 3 BEG 677 B41 102 102 360 369 1.03
W 530 = 66 1064 1004 146 058 ik 565 266 1.00
W GO0 « 125 1852 1678 1888 (B 1.1 Ga7 o4 102
W 760 = 134 1807 1806 1791 099 9% 458 9a7 1.
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W30 x 238 ATy L EE] 4zl 056 055 13 208 058
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W B90 « 125 1813 TE 1810 100 ik BTG 590 102
W B0« 134 1742 1755 1713 IR 048 41 w47 1M
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cow D05 (RE1 2]
Min. 096 094
Max. 1.09 1059
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Table 8.2: Ultimate Buckling Strength from Menkulasi & Farzana (2019)

Table 8
Caomparison of predicted and computed web buckling capacities (kM.
Section h Interior Loading Eref Loadimg
- AlSC Lager. and Propd Propd FEA Ratie = Raspa/ R psticind AlSC Prop?  Prop?  FEA Rt = R s
I60-16 Johan (7] (R p) (Ryssl (R pe) I60-16  (Rop o) (Bypa) (Rojeal B it
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Rowe B Brn B Kovx Koy Fa
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