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Steel Structures to Withstand the Elements:
What Structural Engineers Need to Know
about Corrosion

Jennifer McConnell

ABSTRACT

While regimented design processes for load-induced effects in structures are ubiquitous, similar design processes for considering corro-
sion resistance are lacking. This is a critical gap in the structural engineering profession as material degradation is the most common cause
of diminishing structural condition for bridges and other infrastructure exposed to the elements. This results in both safety and financial
consequences. This paper addresses this gap by reviewing basic principles governing corrosion, how these corrosion principles translate
to real-world environments, commonly available corrosion protection systems, long-term field data assessing corrosion in varied quantified
environments and associated conclusions, and practical design and maintenance strategies for improving corrosion resistance. These con-
cepts are connected through a proposed framework for considering corrosion as a limit state that can be applied to all structures. Detailed
consideration of uncoated weathering steel (UWS) bridges is provided as a pilot material and structure type for considering corrosion as a
limit state. Thoughtful application of these concepts can be used to optimize corrosion resistance, improving life-cycle costs and service
lives of civil engineering structures.

Keywords: corrosion, corrosions resistance, uncoated weathering steel.

CORROSION AS A LIMIT STATE For example, selections between alternative corrosion pro-
tection systems are typically limited to relative compari-
sons between cost and qualitative performance of different
options. Another example of present reliance on qualita-
tive processes is the descriptions of different environments
that are frequently applied to make choices regarding situ-
ations in which some corrosion protection systems should
or should not be used. In some cases, such qualitative con-
siderations are the best available information. However,
this paper will review recent progress to enable corrosion
resistance to be approached from a more quantitative—and,
therefore, engineered—approach.

Furthermore, it is proposed to develop an engineered
approach that takes the form of considering corrosion as
a limit state. This proposed framework is analogous to the
limit state equations routinely used in structural engineer-
ing, where mathematical equations require the strength of
various member types to be greater than the force effects
of the loads that are applied to those members. Numerous
mathematical equations have been rigorously developed
over decades to ensure that such strength requirements are
consistently satisfied with a uniform level of safety, gener-
ally having a format similar to Equation I:

OR, >0 €]

Jennifer McConnel, PhD, Bentley Systems Career Development Professor Where q) iS a resistance (Safety) factor; Rn iS the member
and Director of the Center of Innovative Bridge Engineering, University of . o .
s resistance for a specific force effect and/or member type;

Delaware, Newark, Del. Email: righman@udel.edu . .
and Xvy;0; is the summation of the factored load effects from

the governing load combination considering dead load,

C orrosion affects nearly every industry sector. In fact,
the National Association of Corrosion Engineers
(NACE) estimated (in 2016) the worldwide economic
impact of corrosion to be $2.5 trillion annually, equating
to 3.4% of the global gross domestic product. Furthermore,
the most widespread problem affecting our national trans-
portation infrastructure is material degradation. This fact is
supported by examining the causal factors for diminishing
conditions of highway bridges. So, increased understand-
ing of corrosion is a timely need to enable more widespread
implementation of design and maintenance choices that
lead to more durable structures.

While presently, corrosion is typically considered in the
design and maintenance of highway bridges, these consid-
erations are generally qualitative. The most current national
guidance on this topic is contained in the American Asso-
ciation of State Highway and Transportation Officials’
(AASHTO) Guide Specification for Service Life Design
of Highway Bridges (2020). This reference highlights that,
with respect to corrosion, “there is no universal solution.”
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live load, wind load, etc. It is within reason as a long-term
goal to think about corrosion as a similar concept, with
the corrosion resistance of our materials being designed to
be greater than the corrosive effect of the environment in
which they are located. For example, Equation 2 shows an
equation analogous to Equation 1:

OR. >3 v:C; 2

where OR, could represent the corrosion resistance of a
given material or corrosion protection system and Xvy;C;
could represent the combined corrosion effect of environ-
mental factors causing corrosion, such as average annual
snowfall, atmospheric chloride concentrations, etc. The
following sections review recent findings that can serve
to develop a foundation for such equations and engineered
approaches.

CORROSION AND CORROSION
RESISTANCE OF STEEL

Corrosion Fundamentals

To progress the consideration of the corrosion resistance
of structures from qualitative to quantitative approaches,
a basic understanding of the fundamental chemical pro-
cesses governing steel corrosion is necessary. Steel corro-
sion involves the transformation of iron (Fe) into what is
typically referred to as “rust.” Equations 3 through 6 illus-
trate one of the simpler of a few possible ways of forming
rust. Equation 3 shows that the first reaction in the steel
corrosion process is the dissolution of electrons from iron.
This dissolution occurs quite readily when iron is exposed
to any of the multiple sources of naturally occurring mois-
ture (e.g., humidity, rain, snow) due to the natural oxidation
state of iron being +2 (as in the example shown in Figure 1)
or +3. Furthermore, the transformation to rust cannot pro-
ceed without moisture (H,O) to produce hydroxide ions in
the subsequent step (Equation 4) in the series of reactions
leading to the formation of rust. Therefore, the presence of
water is a critical factor affecting corrosion rates and thus
an important factor in designing for corrosion resistance.
More complicated means of forming rust similarly rely on
the presence of H,O.

Fe (ireotution Fe?* 4 2e- 3
2e” +150, + H,0 — 20H™ )
Fe’* +20H™ — Fe(OH), )
Fe(OH), —™ o) O03H,0 ©6)

Another element of concern is chlorine. Chloride ions
(CI") can be suspended as fine particulates in the air above
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bodies of salt water, which the wind can then drive onto
structures in marine environments. Other sources of CI~
are deicing agents applied to roadways for winter road-
way maintenance. From a chemistry perspective, Cl™ is
problematic because it serves as an electrolyte. Equation 3
shows that the first reaction for forming rust is an electro-
chemical reaction, with electrons traveling through films
of moisture on the surface of the steel. Chlorides form dis-
solved electrolytes in this solution, which act as a catalyst,
thereby increasing the rate at which rust forms. These facts
regarding the effect of H,O and CI™ highlight that, while
“the elements” is often thought of as a general phrase refer-
ring to weather, considering “the elements” as the chemi-
cal elements involved in quantitatively described corrosion
processes provides a scientific foundation for designing for
corrosion as a limit state.

Influence of the Environment on Corrosion

The discussion in the previous section explains why corro-
sion rates depend on the environment in which structures
are located, as the presence of H,O and Cl™ vary dramat-
ically between locations. These variations occur due to
regional variations in climate, site-specific features within
a given region, and differences in exposure to water and
chlorides within a given structure. These variations can be
considered relative to the existing framework of macro-
and micro-environments. In this framework, all structures
can be classified into at least one macro-environment. For
example, one version of these classifications involves four
categories: coastal environments, where the concern is
exposure to chlorides; industrial environments, where the
concern was previously exposure to sulfur dioxide, but this
concern has been mitigated by modern Clean Air regula-
tions now in place for decades; urban environments, where
the concern was previously exposure to elevated pollutants
in general, which is also a negligible modern concern; and
lastly, rural environments that have been and continue to be
defined as being relatively benign environments. Thus, of
these four macro-environment categories, only the coastal
macro-environment presents a modern-day corrosion con-
cern as it is the only one with elevated H,O and/or Cl".
Quantification of this category is discussed subsequently.
Micro-environments may exacerbate the corrosivity of
the macro-environment due to the specifics of the bridge
site, particularly due to the amount of H,O and CI™ at the
site relative to the typical characteristics of the surround-
ing macro-environment. Examples of this include highway
overpasses that cross over roadways treated with deicing
agents for winter roadway maintenance. These bridges are
exposed to higher amounts of chloride than other bridges
in the same general location because road spray from the
under passing roadway is transferred to the superstructure.
Similarly, bridges that cross over waterways can experience



localized increases in humidity. Alternatively, vegetation
in such close proximity to the structure that it shelters the
structure from sunlight for the majority of the day may also
increase the local humidity. And lastly, as a final example,
within the coastal macro-environment, the chloride effect
is highly variable due to regional variations in atmospheric
chloride concentrations, which are illustrated in Figure 1.
More detailed consideration of these effects for the specific
example of UWS bridges is given below.
Nano-environments are a third category of environment,
proposed herein, to refer to differences in exposure to water
and chlorides within a given structure. For example, details
like leaking joints and discontinuous deck materials allow
only some portions of the superstructure to be exposed to
greater than normal amounts of H,O and possibly the CI™
dissolved in this water. Similarly, details that trap debris or
provide inadequate drainage allow water and debris to col-
lect onisolated areas of the structure, creating a continuously
wet environment. While these effects are sometimes con-
sidered as part of the micro-environment, it is useful to dis-
tinguish between this classification of nano-environments
compared to the definition of micro-environments given
previously because owners, designers, and maintenance
engineers have different levels of control over these two
categories of environments. There is generally little to no

Sites not pictured:

Alberta 32 <0.1 mg/L
Alaska 01 0.1 mg/L
Alaska 02 0.4 mg/L
Alaska 03 <0.1 mg/L

British Columbia 24 0.8 mg/L
Puerto Rico 20 2.1 mg/L
Saskatchewan 21 <0.1 mg/L

control about the general site (i.e., micro-environment as
defined herein) for a bridge. On the other hand, engineers
and owners have full control of the nano-environment of
the structure. Suggestions on best practices for exerting this
control to achieve more corrosion resistant structures are
described subsequently.

Corrosion Protection Systems

Corrosion protection systems for steel can be organized in
three categories. These three categories apply to structural
steel used in bridges and the exposed elements of buildings
and include numerous types of paint that are typically for-
mulated to be used in specific combinations to form multi-
layer paint systems. These are often termed “liquid applied
coatings.” Other coating types are categorized as “thermal
applied coatings,” with the most common examples of this
being galvanizing and metallizing. In both of these coat-
ing systems, molten zinc or a blend of zinc and aluminum
is used to provide corrosion protection. The third category
is “uncoated steels,” in which case the corrosion resis-
tance is provided by additional alloying elements within
the steel. There are two general types of uncoated steels
presently specified for typical use in the United States. One
type is known as weathering steel [or, when used uncoated

Fig. 1. Chloride concentrations in the continental United States (NADP, 2020).
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as intended, uncoated weathering steel (UWS)], and there
are specifications for several grades of UWS [e.g., via
ASTM A588 (2019) for buildings and ASTM A709 (2021);
AASHTO M 270 (2021) for bridges]. The other type of
uncoated steel presently available is designated as SOCR
(previously designated as ASTM A1010), due to the fact that
corrosion resistance is provided by a relatively high per-
centage of chromium (Cr) (ASTM, 2021; AASHTO, 2021).
Additional information on each of these types of corrosion
protection systems is well summarized by Kogler (2015),
who provides an overview of the scientific principles gov-
erning corrosion protection as well as practical consider-
ations for each of these corrosion protection systems.
These various corrosion protection systems have differ-
ing performance in different environments as well as differ-
ent costs, making it difficult to optimize the selection of the
corrosion protection system. While additional quantitative
and objective information on both performance and cost is
needed, recent work has started to provide quantitative com-
parative data. First considering performance, an aggregate
view of comparative field performance was compiled by
McConnell et al. (2022) as quantified by the superstructure
condition rating (SCR) [Federal Highway Administration
(FHWA), 1995] based on data from eight state depart-
ments of transportation that identified UWS, galvanized,
metalized, and painted bridges within their agency. While
the SCR takes several factors into consideration (such as
for steel bridges, fatigue cracks and other visual signs of
overstressed members, damage resulting from vehicular
impacts, missing bolts in structural connections), corro-
sion is the most common cause of decreasing SCR. Thus,
when reviewing these ratings for an extensive sample size,
prior work has supported that SCR give a general indication

of steel bridge durability (McConnell et al., 2024) despite
their qualitative and subjective nature. Therefore, the SCR
for the bridges identified by these departments of transpor-
tation was downloaded from the National Bridge Inventory
(FHWA, 2022) and analyzed.

Figure 2 shows linear regression lines of the SCR versus
age of each corrosion protection system considered (which
were found to be a reasonable compromise between simplic-
ity and accuracy compared to higher order curve fits). One
notable observation from Figure 2 is that the slopes of the
performance of the galvanized, UWS, and painted bridges
are remarkably similar. Furthermore, Figure 2 shows that
the relative performance of these three corrosion protection
systems is such that galvanized bridges generally have the
highest SCR ratings, painted bridges have the lowest SCR
ratings, and UWS bridges have performance (as quantified
by SCR) in between these two types. The metalized bridges
in this dataset initially have the highest SCR, but the trend
for this dataset deteriorates more quickly than the other cor-
rosion protection systems. However, it should be noted that
the sample size of the metalized bridges was very small, rep-
resenting less than 1% of the dataset, and that older metal-
ized bridges may not be representative of modern methods.
Additional analysis of this data can be found in McCon-
nell et al. (2022). The results in Figure 2 inform general
trends but do not definitively determine the performance of
a certain corrosion protection system at a given age or, more
critically, a given environment given the significant effects
of the environment on durability. Therefore, this data can
be supplemented with the data compiled by Kogler (2015),
who proposed deterioration rates and expected lives of dif-
ferent corrosion protection system options in environments
where such data is available.

Paint

Superstructure Condition Rating

Galvanized

UWS
= = = Metallized

O B N W b U1 O N 0 O

0 10

20

30 40 50

Age (Years)

Fig. 2. Linear regression lines of condition versus age for various corrosion protection systems (not for extrapolation).
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The ideal framework for choosing between alterna-
tive corrosion protection systems would be to compare
such considerations of performance with the correspond-
ing life-cycle cost, which accounts for both the first cost
and maintenance costs over the lifetime of a structure.
For example, materials with higher first cost are gener-
ally coupled with lower maintenance costs. However, suf-
ficient data on longevity—and the multitude of factors that
influence longevity—is not presently available to execute
such an analysis. Yet, one aspect of cost for which there
is presently relatively comprehensive high-quality data
is the first cost of the most common corrosion protection
systems. These have been quantified by a 2020 fabricator
survey performed by the American Institute of Steel Con-
struction (AISC), the results of which are summarized by
Figure 3. This data indicates that the two UWS options
[UWS with painted ends, which is recommended best prac-
tice for UWS (FHWA, 1989)], and UWS with painted ends
and fascia (which is a preferred practice of some owners
for aesthetic reasons) were consistently the lowest cost. The
third lowest cost option is a single coat of inorganic zinc
(I0Z) paint. It is noteworthy that even the maximum cost of
these three minimum cost choices is lower than the mini-
mum cost of the seven remaining choices. The two UWS
options also have minimal maintenance requirements.
Therefore, in situations where these three corrosion pro-
tection systems can provide adequate corrosion resistance,
they are preferred options because they will also result in
minimizing life-cycle cost. For this reason, the following
section summarizes research related to specific analysis of
the environments in which UWS provides adequate corro-
sion resistance.

QUANTIFIED ENVIRONMENTAL
EFFECTS FOR UWS BRIDGES

Introduction

Prior to the start of the research summarized herein, an
existing resource for quantifying the corrosivity effects
of different environments was the International Standards
Organization (ISO) Standard 9223 (2012), which can be
applied to any structure type (e.g., buildings, bridges, and
other infrastructure types). This standard categorizes the
corrosivity of all environments into six categories, labeled
Cl1 to C5 in terms of increasing severity and with the sixth,
most severe, category labeled as CX. The classifications
into these categories are a function of the average tempera-
ture, average relative humidity, and average annual chloride
and sulfur dioxide deposition rates, which are mathemati-
cally related to the corrosion rates for carbon steel, zinc,
copper, and aluminum.

Figure 4 shows the classification of locations in the con-
tinental United States and portions of Mexico and Canada
into these ISO categories. From Figure 4, it is observed that
the majority of the continental United States is in category
C2 (low corrosivity), most of the remainder is in category
C3 (medium corrosivity), relatively small areas are in cat-
egory C4 (high corrosivity), and no areas are in any of the
remaining categories (very low, very high, or extreme cor-
rosivity). In other words, the ISO 9223 classifications are
relatively coarse, such that the observed performance of
UWS bridges (and perhaps other corrosion protection sys-
tems) does not correlate well to these classifications. This
is not particularly surprising considering that UWS is not
a material type explicitly considered in this specification.

100
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S 60 []50-75 percentile
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Fig. 3. Box and whisker plot of relative first costs of common corrosion protection systems (AISC, 2022).
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Furthermore, this classification system lacks the ability to
consider the influences of the micro-environment, which
has been shown to be of significant importance. Therefore,
while this classification system has general usefulness for
describing the corrosivity of an environment, the results
below advance this concept by being specific to UWS and
considering micro-environment effects.

Methodology

The quantifications of environments that are discussed sub-
sequently are based on three types of data: field data for
34 bridges that was collected as part of research specifi-
cally focused on the performance of UWS; in-depth review
of owners’ reporting of UWS condition (as quantified by
element-level condition state data reported in accordance
with AASHTO 2001, 2011, or 2019 procedures) for 200
bridges; and superstructure condition ratings of 10,000
UWS bridges in 48 states, the District of Columbia, and
Puerto Rico. These three data types have different amounts
of refinement to the data and, consequently, the number of
bridges evaluated by those methods. This results in a data-
set that is well balanced in terms of the depth of the data
analysis as well as its breadth, allowing comprehensive con-
clusions to be developed.

A key aspect of the field work and review of owners’
reporting on UWS condition was based on methodical
selection of the bridges to be evaluated. The organizational
structure for these selections was based on forming groups
of bridges in geographic proximity to one another, which
were termed “bridge clusters,” that targeted the macro-
and micro-environments of greatest interest. Specifically,
the two environments that were clearly of most wide-
spread concern based on an owner survey (McConnell et
al., 2024) were highway overpasses over roadways treated
with deicing agents and bridges in coastal environments.

The intersection of these two effects for bridges along the
northern coastlines was also evaluated. As summarized by
Table 1, two condition-related categories were examined in
each of these environments: “inferior” and “good” perform-
ing. These categories captured the most extreme perfor-
mance situations by sampling the worst-performing bridges
as well as not only good-performing bridges, but bridges
that were performing well despite being located in a harsh
environment at an advanced age. Table 1 shows the states
representing these environments and conditions in the field
work and review of owners’ reporting. The geographic range
of each cluster was generally within a 50-mi radius, which
typically resulted in all of the bridges for a given cluster
being located within a single state, but included bridges in
two states in some situations, as shown in Table 1.

Within each cluster, the bridges were systematically
selected for review of owners’ reporting based on statisti-
cal analysis of key parameters influencing corrosion (e.g.,
site-specific humidity, distance to the coast, etc.). A subset
of these were selected for field work based on capturing the
range of performance within a cluster. By structuring the
bridge selections in this way, a full range of the effects of
many of the most severe macro-environments in the United
States can be evaluated, and by including multiple bridges
within each cluster (10 to 28 based on the number of influen-
tial parameters and the diversity of the environments within
the clusters), the effects of different micro-environments
within these macro-environments were also quantified.
Full details on the cluster bridge selections and associated
data can be found in McConnell et al. (2024).

Sample Field Data

One data type resulting from the field evaluations was ultra-
sonic thickness measurements, which is the metric that is
most readily correlated with structural performance. Field

"

ISO Corrosivity Categorles . - . . CX o e

Fig. 4. International Standards Organization corrosivity categories for locations in continental United States (NIBS, 2023).
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Table 1. Overview of Cluster Categories and Locations
Environment
Condition Deicing Coastal Deicing + Coastal
MD/VA LA/MS CT
Inferior MN NC —
IA — —
NY TX NH
Good CO NC —
OH — —

measurements of plate thicknesses obtained from a hand-
held ultrasonic thickness meter (after minor surface prepa-
ration) can be compared to the nominal thickness of the
corresponding plate indicated on the structural plans. This
comparison can be used to provide an estimate of thickness
loss. While this is considered a minimum estimate because
the original actual thickness may have exceeded the nomi-
nal specified thickness due to plate rolling tolerances, these
estimates can be used to update structural capacity calcula-
tions (e.g., for load-rating purposes) if significant losses are
found that warrant such an evaluation.

Figure 5 shows the estimated thickness losses based on
measurements from two locations indicative of representa-
tive performance (i.e., away from improperly designed or
maintained areas) on each of 21 bridges relative to the cor-
responding age of the structure. This data is plotted relative
to the upper bounds of section loss (represented by solid
lines) that are expected to occur in the ISO environmental

0.08
0.07
0.06
0.05
0.04
0.03
0.02

Minimum Thickness Loss (in.)

0.01

corrosivity categories discussed previously [based on an
earlier ISO draft (1988) reported by Albrecht et al. (1989)].
In particular, the upper bound to the “high” corrosivity
category is of interest because discussions with stakehold-
ers (as part of the research summarized herein) reached a
consensus that this is a reasonable threshold for the upper
limit of corrosion that is considered acceptable. This deci-
sion was made in part because extrapolating this threshold
line results in less than Y16 in. of thickness loss after a 75-yr
service life, which is viewed as a reasonable compromise
between economy and safety relative to plate rolling and
inspection tolerances.

Comparing the field data shown in Figure 5 to the high
corrosivity category threshold, approximately half of
the data points fall above this threshold. In other words,
approximately half of the dataset exhibited worse perfor-
mance than desirable, suggesting that the environment in
which these bridges are located should be identified and

0.00

Age (Years)

Low Medium

High

Very High @ Field Data‘

Fig. 5. Section loss of bottom flanges versus age of bridge for UWS field bridges, plotted relative to corrosivity categories.
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that designs in these environments need more consider-
ation. This data is a key finding supporting the recommen-
dations contained in the following subsection.

Another data type resulting from the field evaluations
was soluble chloride concentrations absorbed within UWS
samples. This was measured by scraping the outer layer of
corrosion by-products from representative locations of the
girders (as described with respect to the Figure 5 data), col-
lecting this material, then performing laboratory analysis
of it using ion chromatography. This data can be thought of
as representing a primary cause of corrosion because it is
measuring chloride concentrations, a key factor in the cor-
rosion process. Figure 6 shows this data for two represen-
tative subsets of bridges—those in coastal environments
and those serving as highway overpasses in environments
where deicing agents are used. This shows that the chloride
concentrations caused by road spray containing dissolved
deicing agents (from underpassing roadways) reaching the
superstructure can be significantly higher than the chloride
concentrations experienced by bridges in coastal environ-
ments. In fact, on average, the chloride concentrations for
the bridges serving as overpasses to roadways treated with
deicing agents was 10 times higher than the corresponding
chloride concentrations on coastal bridges that were not in
regions where deicing agents are regularly used. This data
is another key finding supporting the recommendations
contained in the following subsection.

Results

The overall objective of the field work described earlier was
to establish quantifications for environments where UWS

4500

does not perform satisfactorily. The quantifications of the
combinations of parameters that create such severe condi-
tions for the two general environments where this occurs
that were of greatest concern to bridge owners—coastal
environments and overpasses over roadways treated with
deicing agents—are summarized later. In addition, quanti-
fications are also provided for high time of wetness environ-
ments, which was an environment of concern qualitatively
described in prior work (FHWA, 1989). These quantifica-
tions of environments presume reasonable design, detail-
ing, and maintenance practices in accordance with FHWA’s
(1989) long-standing guidance on UWS and should, there-
fore, be considered as a supplement to these recommen-
dations. The practical translation of this approach is that
these results are not a means to avoid poor performance
associated with known problematic details, such as leaking
joints and details that trap moisture. Rather, these guide-
lines focus on the “overall performance” of bridges, which
is a term meant to represent performance independent of
the effects of poor detailing or maintenance, as these issues
are better addressed through appropriate design and main-
tenance practices, as discussed in the next section. Fuller
details on the analysis of these environments can be found
in McConnell et al. (2024).

Coastal Environment

Table 2 provides the quantitative definition of coastal envi-
ronments for UWS. This definition is a combination of a
distance to the coast less than 1 mi, a humidity score of at
least 0.65 [which corresponds to average monthly relative
humidity exceeding >65% for each month of the year and

M Coastal
4000 M Deicing

3500
3000
2500

Average Soluble Chloride (ppm)

2000
1500
1000
500 I I
ol | 1

B24 B3 Bl D36 D1 D6 C1 C28 A3 C17 A10 C13 A9

Bridge ID

Fig. 6. Average soluble chloride concentrations for representative coastal
bridges and highway overpasses in environments where deicing agents are used.
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Table 2. Quantitative Definition of Coastal Environment for UWS
(Note: All four criteria must be simultaneously satisfied)

Parameter Value Context
Distance to coast <1 mi Small
Average monthly relative humidity
Humidity score >0.65 exceeding >65% for each month
and >75% for at least 2 mo per year
Atmospheric CI~ >0.565 ppm 90th percentile value
Crossing type Waterway —

>75% for at least 2 mo per year (see McConnell et al., 2024,
for additional details)], and a 90th percentile value (relative
to the national UWS inventory) of atmospheric chloride con-
centration for a bridge that also serves as a waterway cross-
ing (due to the greater severity of this micro-environment
in coastal locations). There were no observed instances
of UWS bridges with unsatisfactory overall performance
in coastal environments that were not waterway cross-
ings. Figure 7 provides a map of the locations where the
three quantified variables defining a coastal environment
simultaneously occur. Table 2 and Figure 7 demonstrate
that the coastal environment for UWS is a relatively lim-
ited geographic region. While this definition of a coastal
macro-environment shares some similarities with the C4
macro-environment in Figure 4, given that they are both
dependent on chloride exposure and humidity, more north-
ern locations are included because it is not dependent upon
temperature and is limited to a smaller distance to the coast
since this is an explicit consideration in only the definition
of a coastal environment for UWS waterway crossings.

‘s

Deicing Environment

Table 3 provides the quantitative definition of a deicing
micro-environment for overpasses over roadways treated
with deicing agents where UWS does not consistently per-
form satisfactorily, or “heavy deicing environments” for
brevity. Table 3 illustrates that there are three combinations
of vertical under-clearance, average daily traffic (ADT)
under the bridge, average annual snowfall, and atmospheric
chloride concentration that, when simultaneously satis-
fied, quantitatively define a heavy deicing environment. It
is noted that the combination of vertical under-clearance,
ADT under the structure, and average annual snowfall
are proxy for quantifying the amount of chlorides from
deicing agents that reach UWS superstructures (because
site-specific deicing agent data is not widely available)
while the atmospheric chloride concentration can further
elevate chloride concentrations in marine environments.
While the coastal environment was observed as being rela-
tively limited, 11% of the current inventory of UWS bridges

Fig. 7. Continental U.S. locations meeting definition of coastal environment for UWS waterway crossings.
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Table 3. Quantitative Definition of Heavy Deicing Environment for UWS
(Note: All five criteria for a given environment must be simultaneously satisfied)

Inferior Performance Inferior Performance Inferior Performance
Label Environment 1 Environment 2 Environment 3
Crossing type Highway Highway Highway
Vertical under-clearance (ft) Any <18 <18
ADT under (count) >100,000 >10,000 >4,000
Average annual snowfall (in.) >18 >22 >22
Atmospheric CI™ (ppm) NA NA 20.1

falls into one or more of the heavy deicing environments
quantified by Table 3. This (combined with the data previ-
ously reviewed in Figures 5 and 6) indicates that greater
caution is warranted in the use of UWS as highway over-
passes in heavy deicing environments.

High Time of Wetness Environment

The third category of environments where inferior over-
all performance of UWS has been sometimes observed is
those with frequent high rainfall, high humidity, and per-
sistent fog. These environments can be concisely quanti-
fied by time of wetness, which is the number of hours of
year where the combination of temperature and humidity
allows condensation to form on metal. ISO (2012) brack-
ets time of wetness into five ranges labeled as T1 to TS,
with TS5 being the highest time of wetness. Figure 8 indi-
cates the time of wetness categories for various locations
throughout the continental United States as compiled by
Chase (2012). Comparing this data to the locations where

inferior performance of UWS is observed that is not attrib-
uted to other factors described in previous sections, it is
found that all known instances of these bridges are located
in TS, which is limited to very localized areas along the
coastline of the Pacific Northwest, while also having sig-
nificant vegetation. Therefore, time of wetness category TS5,
representing greater than 5,500 hr/yr, is suggested as being
a quantification for this environment of concern.

Other Environments

In addition to the three categories of environments quantita-
tively discussed previously, two other environments where
UWS should be used with caution have been previously
identified by FHWA (1989). These are industrial areas and
low water crossings. However, industrial areas are a con-
cern that has been mitigated due to Clean Air Act regula-
tions. All known existing standards relating to UWS that
quantify a threshold on sulfate (the chemical basis for the
concern regarding industrial environments) either directly

Fig. 8. Time of wetness categories for continental U.S. locations (Chase, 2012).
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or indirectly refer to sulfate concentrations of 250 ug/m3
or higher. In contrast, the current maximum sulfur dioxide
emissions limit by the U.S. EPA is 200 ug/m3. For these
reasons, and because UWS bridge owners in the United
States have not reported any problems with UWS bridges
that are attributed to proximity to industrial sites, industrial
environments are suggested as being an obsolete consider-
ation for UWS bridges.

Low-level water crossings are the only environment of
concern that has been historically quantified for UWS.
Decades of applying the current FHWA guidelines of cau-
tious use of UWS within 10 ft or less of vertical clearance
over stagnant, sheltered water or 8 ft or less over moving
water suggest that these limits are at least adequate, and
most likely conservative, for providing good-performing
UWS. It is suggested that a more relevant consideration may
be the propensity for flooding at the bridge site that results
in the structure being submerged. More significantly, flood
events also frequently lead to trapped debris—and, there-
fore, trapped moisture—on the superstructure. Flooding
considerations have the capability to be quantified by met-
rics such as various intervals of flood stages (e.g., 50-yr,
100-yr) compared to the vertical clearance and the fre-
quency of exceedance of these metrics.

APPLICATIONS FOR DESIGN AND SERVICE
LIFE EXTENSION OF BRIDGES

Considering corrosion as a limit state has implications
for both the design and maintenance plans of new bridge
designs as well as for the maintenance practices and possi-
ble rehabilitation of existing bridges. These considerations
allow new and existing bridges to achieve longer service

lives. From the perspective of new bridge designs, consid-
eration of corrosion as a limit state may be most readily
incorporated into service life design procedures, relative to
traditional design procedures largely focused on strength.
Service life design is an evolving approach but significant
progress on this has been made recently through the pub-
lication of the Federal Highway Administration’s Service
Life Design Reference Guide (Hopper et al., 2022). This
guide serves as a framework for assessing relevant dete-
rioration mechanisms and then designing corresponding
elements accordingly, both through the initial design and
determining timelines for anticipated future maintenance
needs. As data sets for specific materials in various envi-
ronments become available, such as the data described ear-
lier, these quantifications can be used to improve the rigor
of service life designs by more specifically considering cor-
rosion as a limit state.

While it is uneconomical (and often unnecessary) to
design every component or every bridge for a maximum
service life, the general goal should be for the structure to
be in acceptable condition when it becomes functionally
obsolete. Figure 9 conceptually illustrates the goal in terms
of the condition of a structure versus time for three alter-
native scenarios. The dotted line represents a design with-
out careful consideration of degradation mechanisms while
the dashed line shows the improvement in performance
that results from designs that thoughtfully consider mate-
rial degradation. Yet, the solid line illustrates that it is only
through thoughtful design and maintenance that bridges are
generally in acceptable condition when they become func-
tionally obsolete. The following subsections summarize
best practices on these topics.

Condition

- Sub-optimum Design

Optimum Design

—Acceptable Threshold

— Optimum Design w/ Maintenance

Time

Date of Functional
Obsolescence

Fig. 9. Theoretical condition versus time relationship in various scenarios.
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Design Considerations: Where to Design Using UWS

In considering corrosion as a limit state or when adopt-
ing service life design, choosing an appropriate corrosion
protection system for the given environment is a critical
design consideration. Using UWS as an example because
extensive research has been done on whether UWS is an
appropriate corrosion protection system for numerous envi-
ronments, guidelines for the environments in which to
use or not use UWS are available. Such guidelines origi-
nated with a 1989 technical advisory on the use of UWS
from FHWA. Later, FHWA sponsored research to update
these guidelines (McConnell et al., 2024), which was sum-
marized in the previous section. This and other research,
as well as practical experiences, were used to develop
updated guidelines on the use of UWS in different environ-
ments (AISC, 2022). A conceptual representation of these
guidelines is shown by Figure 10. In this flowchart, the
macro-environment is first classified as being either high
time of wetness, coastal, or none of the above. The defini-
tions of high time of wetness and coastal were quantified in
the previous section. Then, the micro-environment is also
evaluated for its potential to increase the chloride concen-
tration or humidity (i.e., exposure to water) relative to the
macro-environment. Specific examples of this are water-
way crossings in coastal environments, the quantification
of a heavy deicing micro-environment that was given in the
previous section, low-water crossings susceptible to sub-
mersion of the UWS members, and sites with dense veg-
etation that shelters even the exterior UWS members from
sunlight for the majority of the day.

If both the macro-environment and the micro-
environment increase the humidity or chlorides, then UWS

Macro-Environment

Micro-Environment

would not be recommended; instead, a more durable cor-
rosion protection system would be recommended. For
example, a paint system could be used, either at the onset
or anticipated as future need. While paints may not nec-
essarily perform better than UWS, repainting when paint
deteriorates is a relatively common and convenient practice
to readily provide continued corrosion protection and an
acceptable structural condition with respect to corrosion.
If neither the macro-environment nor micro-environment
are severe relative to the preceding definitions, then UWS
would be the ideal material choice from the perspectives of
least first-cost, least life-cycle cost, and proven corrosion
performance.

The intermediate recommendation in Figure 10
of “use UWS thoughtfully” results when only the
macro-environment or the micro-environment results in
increased humidity or chlorides. In these situations, some
diminished performance of UWS is likely. However,
because of the severity of these environments, it cannot be
assured that most other materials or corrosion protection
systems would perform ideally either. Therefore, designers
and owners may opt for an alternative corrosion protection
system or, because of a greater understanding of the behav-
ior of UWS resulting from the extensive long-term studies
on this material, use UWS thoughtfully. One example of
thoughtful use of UWS is including a sacrificial thickness
as a corrosion allowance. Given the data previously shown
in Figure 5, a '4 in. sacrificial thickness to bottom flanges
is a recommended value for most situations because this
envelops the expected corrosion losses and results in typical
plate thicknesses. Another example of thoughtful use is cre-
ating a maintenance plan. While maintenance of all bridges

Recommendation

High Time
of Wetness

Yes

Increases
humidity or

Increases
humidity or

UWS not
recommended

Yes

No
Use UWS
thoughtfully

Yes

UWS is ideal
choice

Fig. 10. General concept for UWS use based on macro- and micro-environment (AISC, 2022).
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is vital, the concept of a maintenance plan is to thoughtfully
plan and program for potential maintenance needs before
there is an apparent problem. This minimizes deferred
maintenance problems and improves bridge performance.
Maintenance considerations that may be included in main-
tenance plans or generally considered for extending the ser-
vice lives of existing bridges are further discussed in the
following section. Both sacrificial thicknesses and mainte-
nance plans are further discussed in AISC (2022).

Maintenance Considerations

Maintenance considerations can either be preprogrammed
in a maintenance plan at the time of original design, imple-
mented into a maintenance plan that is developed during
the service life of a bridge, or implemented individually or
in combination as the need arises. The most effective main-
tenance considerations for steel bridges, and possibly other
bridge types, include consideration of the drainage of the
runoff (that is often salt-laden in winter months) from the
bridge deck and other surfaces where water may collect.
The overarching concept of these considerations is prevent-
ing this runoff from reaching the structural components of
the structure, through well-designed and well-maintained
drainage systems. Best practices for initial design of drain-
age systems are readily available in FHWA (1989) and
AISC (2022) guidelines. While the implementation of these
design practices is widespread, maintaining these drainage
systems is not. In particular, leaking bridge joints are a fre-
quent occurrence, which leads to widespread deterioration
of structural members beneath these leaking joints. There-
fore, it is strongly recommended that these joints be repaired
or replaced before they deteriorate or as soon as possible
thereafter. Lifespans on typical joint lifespans compiled by
Milner and Shenton (2014) are also summarized by AISC

(2022), which can be used for maintenance planning pur-
poses. Ideally, joint maintenance should be programmed at
internals not to exceed the anticipated life span of the joint.

Alternatively, to prevent leaking joints and the associ-
ated structural deterioration, the ideal scenario is to elimi-
nate joints wherever possible. A common means of doing
this is by using integral or semi-integral abutments. Addi-
tional information on jointless bridges and the practi-
cal constraints thereof is summarized by AISC (2022). A
newer strategy that achieves the same effect from a drain-
age standpoint without complicating the structural design
is to place the expansion joint beyond the back wall with a
drainpipe or trough that collects the runoff and discharges
it away from the superstructure. For example, this is a wide-
spread strategy used by the Virginia Department of Trans-
portation, which has a standard detail for this known as a
Virginia Abutment (Figure 11) and has been retrofitting
numerous bridges throughout their jurisdiction with this
design detail.

Another aspect of a maintenance plan or other periodic
maintenance is bridge washing and cleaning. The clear ben-
efits of these practices for UWS bridges are documented by
McConnell et al. (2024), where statistical analyses revealed
that for highway crossings specifically, bridge washing was
the second most highly correlated variable with bridge per-
formance (as quantified by superstructure condition rat-
ings), second only to age of the structure. Best practices for
bridge washing are outlined by AASHTO (2023) and rec-
ommended frequencies for washing various bridge compo-
nents are given by AISC (2022).

Lastly, a final aspect of a maintenance plan or other peri-
odic maintenance can include maintenance painting. This
is an essential item for bridges that are initially painted. For
uncoated steels used in environments where thoughtful use

Fig. 11. Virginia Abutment (Hoppe et al., 2016).
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of UWS is recommended based on the guidelines described
in the previous section, maintenance painting after decades
of service should be anticipated as a potential need. If UWS
fails to perform in an acceptable manner in a given situa-
tion, AISC (2022) give recommendations for rehabilitating
the structure through painting. Situations where this may
occur are likely to be ones where painted steel structures
would need to be repainted in a similar time frame (and the
performance of other material types is uncertain or cost-
lier). Thus, the use of UWS effectively avoids one painting
cycle.

CONCLUSIONS

The content of this paper reviews information that can be
used to advance considerations of corrosion, which are
presently relatively subjective and qualitative, to a more sci-
entifically grounded and data-driven design process. The
ultimate vision is to implement the concept of a limit state
[which is ubiquitously used for providing sufficient resis-
tance to physical stresses (Eq. 1)] to designing for corro-
sion, through limit state equations comparing predicted
corrosion resistance to the anticipated corrosive effect of
the environment (Eq. 2). In terms of predicted corrosion
resistance, two categories of information have resulted from
the recent research summarized herein. One of these was
binary categories of good and inferior corrosion resistance
of UWS based on the environment in which it was located.
This detailed analysis of UWS is an important focus because
of it being the minimum life-cycle cost option in environ-
ments where it performs well. The other category of infor-
mation related to corrosion resistance was relative rankings
of the corrosion resistance of other corrosion protection
systems. The datasets used to form both of these conclu-
sions were based on long-term, in-situ field performance of
real structures, using large national datasets. Ongoing labo-
ratory research will supplement these findings by providing
quantitative assessments for different corrosion protection
systems in identical environments, which is not possible to
do the field.

With respect to quantifying the corrosive effects of envi-
ronments, the environments of greatest concern to owners
have been quantified for UWS but have not been quanti-
fied for other materials or corrosion protection systems
beyond the relatively coarse considerations shown in Fig-
ure 4. One of these is coastal environments. The coastal
environments of concern for UWS are limited to the
micro-environment of waterway crossings existing in the
macro-environments mapped in Figure 7, which are quan-
titatively described by Table 2. A second environment of
concern is highway overpasses in environments where deic-
ing agents are heavily used. The heavy deicing environment
for highway overpasses is governed by micro-environment
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effects (rendering a map an unsuitable descriptor) that are
described by Table 3. These conclusions can be thought of
as indirect means of summing a set of environmental vari-
ables to begin framing corrosion as a limit state. This same
approach could be readily applied to gain a similar level of
understanding for other corrosion protection systems and/or
materials, which would be highly valuable future research.
Such analyses should also consider alternative degradation
mechanisms for the corrosion protection system or mate-
rial under evaluation. While corrosion of steel is governed
by the “elements” comprising water and chloride, it should
be considered that other corrosion protection systems and
materials are vulnerable to effects such as those caused by
ultraviolet radiation, freeze-thaw cycles, etc.

Lastly, unlike most other limit states where initial design
considerations can be relied upon to achieve the limit state,
corrosion limit states can be most effectively met through
initial design considerations coupled with maintenance
practices. This includes practices that increase corrosion
resistance and/or decrease the severity of the environment.
To achieve appropriate corrosion resistance when the envi-
ronment is not exceptionally corrosive, the least-cost option
of UWS is recommended. However, when the corrosivity
of the environment is high, the corrosion resistance can be
increased by choosing alternative corrosion protection sys-
tems. Alternatively, designers can also decrease the severity
of the environment in various ways, with the most impact-
ful option being, in general, detailing the nano-environment
(during the initial design) to limit exposure to water and
performing periodic inspections and maintenance as
needed to maintain adequate protection from and drainage
of water. This is true for both bridges and the exposed ele-
ments of buildings. Furthermore, during the service life of
highway bridges, data demonstrates there is significant ben-
efit to decreasing the severity of the environment through
maintenance actions such as joint maintenance and bridge
washing. Thoughtful combinations of these strategies allow
structures to reach or exceed their targeted lifespans for
minimal cost.
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Behavior of Extended Single-Plate Shear Connections
Subjected to Combined Shear and Compression
Forces Using Finite Element Analysis

SUNIL SAPKOTA, GIAN ANDREA RASSATI, JAMES A. SWANSON, and BO DOWSWELL

ABSTRACT

Extended single-plate shear connections can be subjected to compression loads in addition to shear loads during extreme events like wind
and earthquakes. However, the existing interaction equations found in the AISC Steel Construction Manual (2023), in literature, and in design
examples—which are being used in design for combined loading cases—have not been formally validated for use by experimental testing
or finite element analysis. This research aims to study the behavior of these connections when subjected to combined loading of shear and
compression force by performing a nonlinear finite element analysis in ABAQUS (2022). The variables considered in the study are column
web stiffness, connection configurations, and different bracing conditions of the beam. The results from these analyses were compared
to the available interaction equations in the AISC Manual and in literature to assess their applicability under different conditions. Shear-
compression interaction plots were generated from the results that show the shear strength decreases with an increase in compression
force in the connection. The effect of the compression force on the shear strength depends on the column web’s rigidity and the bracing

condition of the beam.

Keywords: extended shear tabs, finite element analysis (FEA), combined loading, compression, shear, interaction equations.

INTRODUCTION

Single-plate shear connections offer many advantages
over other connection configurations: They are cost
effective, are easy to fabricate, and provide rapid erection
capabilities. However, when the supported beam needs to
be connected to the web of the girder or the web of the sup-
porting column, the ends of the beam may need to be coped
as shown in Figure 1(a). Coping makes the fabrication pro-
cess difficult and expensive, which takes away the advan-
tages that these connections offer.

Coping can be avoided by extending the plate beyond
the flange of the supporting column or girder. This causes
the a distance [the distance between weld line and bolt line
as shown in Figure 1(a)] to be longer than the limit set for
conventional shear tabs; such configuration of the shear
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tab is known as extended single-plate shear connection, or
extended shear tab, and is shown in Figure 1(b). The major
benefit of these connections is that the fabrication process
is simple, and erection work is faster as coping of the beam
is avoided. Owing to the larger length compared to conven-
tional shear tabs, they have higher eccentricity, resulting in
a higher moment in the connection. This makes the behav-
ior of extended shear tabs different than the conventional
configurations, resulting in additional failure modes and
limit states that need to be considered.

Two types of conceptual support conditions may exist for
these connections—rigid and flexible. When a shear tab is
attached to the column flange or connected to both sides of
the girder or column web, the support is considered rigid
(Muir and Hewitt, 2009). The extended shear tabs that are
connected on only one side of the column web or girder
web are considered to have a flexible support condition.
The support condition affects the behavior of these connec-
tions as it influences the point of inflection of the in-plane
moment, which ultimately affects the moment to which the
bolt group is subjected. In some extended shear tabs, sta-
bilizer plates are provided to improve the stability of the
connection as shown in Figure 2. These configurations are
called stiffened extended shear tabs, and the ones without
any stabilizer plates are called unstiffened extended shear
tabs.

The actual moment developed in the plate and bolt group
is difficult to estimate because there is an uncertainty in
the actual rigidity of the supports, and it is difficult to find
the exact stiffness of the connection. Research done in the

ENGINEERING JOURNAL / FOURTH QUARTER / 2024 / 193



past has focused on the study of failure modes, shear load
eccentricity, support rotation, and stability of the extended
shear tabs. Most of the studies were focused on the case of
gravity-induced shear load alone. However, in certain cases
connections are expected to carry axial load as well as shear
load, and their combined presence will affect the behavior

of the connection. One of the most common sources of
axial load in connections is lateral load (wind or earthquake
load). Axial load is developed in the connection when a sup-
ported member is a part of the lateral load-resisting path.
Similarly, for gable-shaped buildings, axial forces can be
developed in the connection. Furthermore, an extreme load
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event such as a blast or a fire may lead to the development
of axial forces that will need to be transferred through the
connection, due, for example, to the emergence of catenary
action in the beam or to the loss of a column. There are
very few studies that examine the behavior of these connec-
tions under combined shear and axial forces. This research
focuses on the study of the behavior of unstiffened extended
shear tabs connected to the web of a column under a com-
bined loading of shear and axial compression forces.

BACKGROUND

Past Research on Combined Loading

Mirzaei (2014) conducted four full-scale experimental tests
of conventional shear tabs for combined loading of shear
and axial force in order to improve the design procedure
for shear tabs in Canadian specifications. The experimen-
tal testing was followed by a parametric study in ABAQUS
(2022), which showed that adding a small compression load
increased the shear strength, but beyond a certain range, the
strength decreased. Conversely, the addition of tensile force
decreased the shear strength. This behavior was attributed
to the compression load delaying the weld tearing, while
the addition of tensile load put higher demands on the weld,
resulting in weld failure.

Thomas (2014) performed full-scale testing on 23
extended shear tabs, 12 of which were subjected to com-
bined loading of shear and axial forces. The major param-
eters studied were tab depth, tab thickness, and presence
of stiffeners. The support condition was flexible because
the plates were welded single sided to a web of a column
stub. The failure mode for tensile loading was weld rup-
ture, while for compression loading it was bolt fracture. The
addition of axial load decreased the shear strength, and this
effect was more pronounced for tensile loading and deeper
connections.

Salem (2016) conducted experimental and finite element
analysis (FEA) with both semi-rigid and rigid support con-
ditions. It was observed that for a rigid support condition,
an increase in compression force caused a rapid decrease
in shear strength. On the other hand, for a semi-rigid sup-
port, the addition of compression increased the strength.
However, it should be noted that testing was done for only
one level of compression load, so no definitive conclusions
can be drawn about the actual behavior under combined
loading.

Nasrabadi (2018) conducted experimental and FEA
on various cases of extended shear tabs, including the
unstiffened configuration. The results revealed that the
application of axial compression either decreased or
increased the ultimate strength of the connections, depend-
ing on the intensity of the axial force and on the mode of

failure experienced under the application of a pure shear
load. Conversely, the application of axial tension decreased
the strength in all cases. For a connection whose failure
mode was buckling under shear load alone, its strength
decreased. However, for a connection with net section rup-
ture as the failure mode, its strength increased for a level of
force up to 37% of the axial yield strength.

AVAILABLE INTERACTION
EQUATIONS FOR DESIGN UNDER
COMBINED SHEAR AND AXTAL FORCES

There are several interaction equations in the 16th Edition
of the AISC Steel Construction Manual (2023), hereaf-
ter referred to as the AISC Manual. The first, AISC Man-
ual Equation 10-8, shown as Equation 1, includes only
the interaction of shear and flexural yielding. It does not
include the case of axial loading. The second, AISC Man-
ual Equation 9-1, shown as Equation 2, is included for the
interaction of shear, moment, and axial load for the case of
in-plane loading only. Design considerations for extended
single-plate shear connections subjected to combined shear
and axial forces have been incorporated in the newly added
Part 12 of the AISC Manual, which suggests using Equa-
tions 12-2 and 12-3 to check the plate for the interaction
of axial force (tension and compression), shear force, and
flexure for yielding and lateral torsional buckling. These
equations, listed as Equations 3 and 4, are derived from
AISC Specification for Structural Steel Buildings (AISC,
2022a) Chapter H, in conjunction with AISC Manual
Equation 10-8. They include the minor-axis flexural term,
wherein the required flexural strength is calculated by
using the geometric horizontal eccentricity. Additionally,
the AISC Manual suggests that the weak-axis flexural term
need not be included in the strength check whenever a slab
is present at the top of the supported beam and there is suf-
ficient restraint against the rotation about its longitudinal
axis. The use of these equations can be found in the AISC
Companion to the Steel Construction Manual, Exam-
ple IIA-19B (2022b), to check for the interaction of axial,
shear, and flexural yielding of the plate, as well as rupture
of the plate. It assumes the case where a slab is present at
the top of the beam, providing sufficient restraint against
minor-axis rotation, and completely ignores the minor-axis
flexural term in the equation. Equations 3 and 4 will take
the form of Equations 5 and 6 when the weak-axis flexural
term is ignored in the equation.

None of the AISC Manual equations have included tor-
sional load into the interaction equations applicable to
extended shear tabs. Dowswell (2019) proposed an inter-
action equation for an extended shear tab under com-
bined loading by explicitly including the torsional term,
as shown in Equation 7. This equation also uses geometric
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eccentricity to calculate the torsional moment. However, no
experimental or finite element studies have been performed
to validate the effectiveness of these equations in predicting
the strength of extended shear tabs subjected to combined
shear and axial force.
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where
k=1 for compressive load

=2 for tensile load

RESEARCH SIGNIFICANCE

Based on the literature study, it was found that there are
only a few research programs that have been conducted
to study the behavior of extended shear tabs subjected to
combined shear and axial forces. The studies done in the
past were mostly qualitative in nature where the specimens
were not subjected to a range of axial loads. The available
results from past research programs show that axial load
will influence the ultimate strength and failure mode of the
connection. The AISC 15th Edition Manual (2017) did not
include the case of axial loading in the design procedure for
extended shear tabs. The newly added Part 12 in the AISC
16th Edition Manual (2023) now includes Equations 5 and
6 to consider the interaction of shear, axial, and flexural
forces. However, no experimental and analytical studies
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have been performed to validate the use of these equations.
This study aims to understand the behavior of extended
shear tabs subjected to combined shear and compression
forces and validate the use of these interaction equations.

Finite element analyses by Rahman et al. (2007) iden-
tified the relevant parameters, such as the coefficient of
friction, boundary conditions, element types, and loading
steps for finite element modeling of extended shear tabs.
The work done by Thomas (2014), Salem (2016), and Nasar-
badi (2018) concluded that finite element models can accu-
rately predict the results of the experimental testing done in
extended shear tabs subjected to combined loading of shear
and compression forces as well. Because experimental test-
ing for the case of combined loading is very difficult and
expensive, finite element analysis is a valuable tool to study
the behavior of extended shear tabs under combined shear
and compression forces.

TEST MATRIX AND FINITE
ELEMENT ANALYSIS

Test Matrix

Table 1 shows the test matrix that was developed to study
the behavior of the extended shear tabs subjected to com-
bined shear and compression forces. The test matrix was
developed based on commonly used practical connection
components. The three major variables are column web
stiffness, connection configuration, and lateral bracing
condition of the beams. For each of the connection configu-
rations, the size of the beams, plate thickness, and depth of
the plate were made constant.

Figures 3, 4, and 5 show the three connection config-
urations contained in the test matrix. The two columns
selected for the study were W14x233 and W14x90. They
are representative of columns used for heavy loads and light
loads, respectively, and also provide a range of support con-
dition flexibility. Each 10-ft-long column was connected to
three different beam sizes through three different connec-
tion configurations. Each case was analyzed for three dif-
ferent practical beam bracing conditions, for a total of 18
cases. Connections 1 and 4, 2 and 5, and 3 and 6 are iden-
tical to each other, with the exception of the column size.

Finite Element Modeling in ABAQUS

Previous work by the authors (Ruffley, 2011; Ganaganur
Anantharam, 2022) amply demonstrated the capabilities
of the finite element modeling approach employed in this
work, as also supported by Rahman et al. (2007), among
many. The following provides a detailed summary of the
modeling approach employed.



Table 1. Test Matrix

Column Beam Connection Connection
Size Size ID Configuration Bracing Condition of the Beam
. 3 rows of 2 bolts | Top flan.ge contlnuously braced
W14x30 Connection ii. One-point lateral restraint on top flange near the
(total of 6 bolts), .
Length =21 ft 1 3% in. plate connection end
ein-p iii. No lateral restraint on top flange
. 4 rows of 2 bolts | Top flan.ge contlnuously braced
W18x35 Connection ii. One-point lateral restraint on top flange near the
W14x90 (total of 8 bolts), .
Length =27 ft 2 . connection end
Y2 in. plate .
iii. No lateral restraint on top flange
i. Top flange continuously braced
W24x76 Connection 5 rows of 2 bolts ii. One-point lateral restraint on top flange near the
(total of 10 bolts), .
Length = 36 ft 3 5 in. plate connection end
ein-p iii. No lateral restraint on top flange
i. Top flange continuously braced
W14x30 Connection 3 rows of 2 bolts, ii. One-point lateral restraint on top flange near the
(total of 6 bolts) .
Length =21 ft 4 % in. olate connection end
ein-p iii. No lateral restraint on top flange
. 4 rows of 2 bolts | Top ﬂan'ge contlnuously braced
W18x35 Connection ii. One-point lateral restraint on top flange near the
W14x233 (total of 8 bolts), .
Length =27 ft 5 . connection end
Y2 in. plate .
iii. No lateral restraint on top flange
i. Top flange continuously braced
W24x76 Connection 5 rows of 2 bolts ii. One-point lateral restraint on top flange near the
(total of 10 bolts), .
Length = 36 ft 6 connection end

% in. plate

iii. No lateral restraint on top flange
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Parts, Partitions, Assembly, and Meshing

Parts were created in ABAQUS for each component of a
connection using the geometric properties provided in the
AISC Manual (2017). Partitioning for beams, columns,
bolts, and plates was done to achieve a better mesh qual-
ity. Beams were modeled only up to half of their length by
applying a symmetric restraint at the midspan. To achieve
a finer mesh near the connection end and a coarser mesh
elsewhere, two separate parts of the beam were created: one
with a length equal to twice the depth of the beam, d,,, and
other for the remaining length. These parts were then con-
nected using a tie constraint. The same process was fol-
lowed for the column. The mesh size used in the model is
shown in Table 2.

Material Properties

The material model for the beam, column, and plate was
taken from the experimental data of past coupon test-
ing done at the University of Cincinnati for an unrelated
project, which is shown in Table 3. The tested coupon was
ASTM AS572/A572M Gr. 50 (2021) steel and was used for
both the shear plate and the I-shapes. The measured tensile
yield stress and tensile strength were 55.1 ksi and 67.4 ksi,
respectively. Similarly, Table 4 shows the material model
for bolts that was taken from experimental bolt testing
done at the University of Cincinnati. The tested bolts mate-
rial was ASTM F3125 Gr. A325 (2023) with an ultimate
strength of 120 ksi. The measured tensile yield stress and
tensile strength were 99.0 ksi and 130 ksi, respectively.

V!
237%"

L —%" dia. Gr. A325
bolts, std.
holes

W14x90

| 1472 |
T ]
N ( W24x76
2
?\.‘ FOon--—prs--c-————=D===S
W14x90 "
I AN | 134
2‘y2" 3" /
11/2" :\N .
1T = AN
s}
1O O 1
|
\
1o o
||
S N oRNe) =
X o
3 I
= 1o ©
||
1o o -
|
\ f -
| | ¥ 3
| W24x76
1" ‘
%II
7‘y4ll

Section A-A

Fig. 5. Connection configuration 3.
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Table 2. Mesh Size

Connection Component Partitions Mesh Size, in.
Beam 2d,, distance 0.2
Remaining length 0.8
3d,, distance 0.2
Columns —
Remaining length 0.8
Bolts 0.07
Plates 0.15
Table 3. Material Properties for ASTM A572/A572M Gr. 50 and
ASTM A992/A992M (2022) Steel
Engineering Engineering True Stress, True Strain, Plastic Strain
Stress, ksi Strain ksi (in./in.) (in./in.)
0 0 0 0 0
551 0.00175 55.1 0.00175 0
55.0 0.0305 56.7 0.0300 0.028296
60.5 0.0500 63.5 0.0488 0.047042
65.7 0.100 72.3 0.0953 0.093562
67.0 0.150 7741 0.140 0.138013
67.4 0.200 80.9 0.182 0.180573
66.5 0.250 83.1 0.223 0.221395
61.7 0.300 80.2 0.262 0.260616
44.3 0.350 59.8 0.300 0.298356
0.0 0.350 0.0 0.300 0.298357
Table 4. Material Properties for ASTM F3125 Gr. A325 Bolts
Engineering Engineering True Stress, True Strain Plastic Strain
Stress, ksi Strain (in./in.) ksi (in./in.) (in./in.)
0 0 0 0 0
99.1 0.00256 99.3 0.00255 0
114.3 0.00704 115.1 0.00701 0.00446
120.7 0.02333 123.6 0.0231 0.0205
128.4 0.04039 133.6 0.0395 0.0370
130.0 0.06315 138.2 0.0612 0.0587
1191 0.12577 135.1 0.118 0.116
99.2 0.18271 117.3 0.168 0.165
80.3 0.22200 98.2 0.200 0.198
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Contact Interaction

Contact interaction among the bolts, plate, and beam web
was simulated by creating a contact pair and assigning a
interaction property to each contact pair for both normal
and tangential behavior. Based on the research of Rahman
et al. (2007), the coefficient of friction assigned for tangen-
tial behavior was 0.3. “Hard contact” was assigned as the
normal behavior.

Based on the study by Ruffley (2011), 3D solid, first-order
elements have been used in this work. Reduced integration
was used instead of fully integrated first-order elements to
avoid the stiff response of the elements in bending, which is
known as “shear locking.” However, first-order linear ele-
ments with reduced integration (C3D8R) are sensitive to
hour-glassing; the effect resulting in elements with no stiff-
ness when subjected to bending (Mirzaei, 2014). ABAQUS
has hourglass control available to reduce this effect. Taking
all of these into consideration, the element type used in the
analysis was a 3D solid, linear brick element with reduced
integration and hourglass control.

Restraints, Constraint, Analysis Step, and Loading

A reference point was provided at the centroid of the end
surface of the beam and column. The nodes of the end sur-
face of the beam and column were coupled to the respective
reference point by using a kinematic coupling constraint.
The boundary conditions and load were then applied to the
reference point. The weld between the plate and the col-
umn web was not explicitly modeled. The weld’s behavior
was simulated by using a tie constraint between the plate
end surface (slave surface) and the column web surface
(master surface). The displacement at the column ends was
restrained in all three directions, and rotation was restrained
about the longitudinal axis of the column. The beam free
end was provided with a XSYM (Ul = UR2 = UR3 =0)
boundary condition enforcing symmetry in a plane trans-
verse to the axis of the beam.

In addition, to prevent lateral buckling failure of the
beams under compressive load, lateral restraints were
applied. The W14x30 beam was restrained at two points,
the W18x35 at four points, and the W24x76 at three points
along the span at a uniform spacing. To achieve a lateral
restraint in ABAQUS, the beams were divided into the
number of parts equal to the required number of bracings to
create a set of nodes. Then, the appropriate boundary con-
dition was applied to the nodes on each division. The num-
ber of bracing points was fixed to prevent lateral buckling
and to maintain a consistent ratio of Lb/ry (Lp = unbraced
length, and r, = radius of gyration about the weak axis)
for all beams. Similarly, for compression loading, flange
buckling was observed in the W14x90 column. Therefore,
the flanges of the W14x90 column were restrained in the

lateral direction at all nodes along the column flanges to
prevent local buckling of the column, which was outside of
the scope of this study.

Compressive loading was applied to the beam end, while
shear loading was applied as a point load at such a distance
from the connection end as to obtain the same shear force
and rotation that would be produced by applying a uni-
formly distributed load over the span. To prevent the lateral
torsional buckling failure of the beam, loads were applied
2 ft away from the connection in the beam bracing cases
where the top flange is not continuously restrained in the
lateral direction.

Loading was applied in two steps—pretensioning and
loading—whenever an analysis was run for the case of
shear load only. However, when the compression load was
included in the analysis, the loading was applied in five
steps. The loading protocol for the horizontal loading was
taken from research by Mirzaei (2014) where at first the
shear load was applied as a displacement-based vertical
load up to the service level. After that, the desired compres-
sion force (as a percentage of the axial yield strength of the
plate) was applied in full as a point load (force-based load-
ing). Finally, the remaining shear load was applied up to
failure, keeping the axial load constant.

All analysis steps included geometric nonlinearity. The
direct equation solver was used with Full Newton Raphson
as the solution technique. The steps in the analysis are fur-
ther explained in the following:

i. Initial Step

In this step, restraints were applied to the ends of the
beam and column. No external load was applied in this
step.

ii. Pretensioning Step

In this step, bolts were pretensioned using the
temperature method based on the research of Ruffley
(2011). Additionally, Ganaganur Anantharam’s (2022)
research work shows that the temperature method
for bolt pretensioning can simulate the most realistic
behavior of the pretensioned bolt in all conditions
up to failure. In this method, a temperature decrease
was applied to the shank of each bolt to achieve
the minimum pretension force specified in AISC
Specification Table J3.1. For ¥-in.-diameter ASTM
F3125 Gr. A325 bolts, the minimum pretension force
required is 28 kips. The bolts used in the model had
threads excluded from the shear plane. The temperature
decrease required to achieve this minimum pretension
is given by Equation 9. However, this is strictly true only
if the materials in the grip are perfectly rigid. So, this
equation is only capable of providing an initial estimate
of the temperature change required. Following that, a
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series of iterations must be performed, decreasing the
temperature each time until the required pretension is
achieved.

EoA,

AT &)

where AT is the temperature change, Py, is the minimum
pretension force, E is the modulus of elasticity of steel =
29,000 ksi, A, is the area of the bolt shank and o is
the coefficient of thermal expansion for steel = 6.6 X
1076/ °F. The temperature change required to achieve
minimum pretension for a bolt used in the analysis
using Equation 10 was found to be 331°F, which was
used as an initial estimate of the iterative process.
Finally, after several iterations, the temperature change
that provides the minimum required pretension was
found to be —645°F.

iii. Shear Loading—1

In this step, displacement-based vertical loading was
applied to the point of shear loading. Whenever the
analysis was performed for the case of combined shear
and compression, the shear load was applied only up
to the service load level. However, if an analysis was
performed for the case of shear load alone, loading was
applied up to the failure point of the connection in this
step and no further loading step was required.

iv. Notional Load

Geometric imperfections were simulated using the
notional load approach. Dowswell (2016) discusses
the notional load approach to evaluate the stability
of gusset plates. A similar approach has been used in
this study. The notional load parameter, &, was taken
as 0.012. A notional load equal to the required axial
strength multiplied by the notional load parameter is
applied at the first vertical bolt line in the transverse
direction. This load is kept constant for the remainder
of the loading step.

v.  Compression Loading

In this step, compression load was applied to the
reference point attached to the end cross section of the
beam as a force-based loading. It was applied as the
percentage of the axial yield strength of the plate, P.
The shear load applied up to the service load level was
maintained in this step.

vi. Shear Loading—2

In this step, the remaining shear load was applied to the
point of shear loading as a displacement-based loading
keeping the compression load constant until failure.
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RESULTS AND DISCUSSIONS

In the following section, the results and discussion for the
finite element analysis of the connections in the test matrix
are presented separately for the three different bracing con-
ditions of the beam.

Beam Bracing Case: Top Flange Continuously Braced

The behavior of the connections was dependent on the col-
umn size used when subjected to shear loading. The con-
nection with a W14x90 column showed yielding of the plate
at the first vertical bolt line, followed by yielding near the
support line, as shown in Figure 6. The figure shows the
equivalent plastic strain (PEEQ) in the plate, column web,
and beam web, where the light gray color indicates yield-
ing. Significant yielding and rotation of the column web
were observed. This caused the point of inflection, ini-
tially located between the bolt line and the support line, to
further shift toward the support line, which increased the
moment at the first vertical bolt line and caused yielding at
that location.

All connections with W14x90 column showed simi-
lar behavior, except for Connection 3, in which bolt fail-
ure occurred before the plate reached net section yielding
at the first vertical bolt line. This could be attributed to the
use of the actual plate thickness of 0.625 in., which was
close to the maximum allowable thickness of 0.63 in. as
determined by the AISC (2017) design procedure. The bolt
failure occurred at a load of 142 kips, which is 1.21 times
the strength obtained by using the design procedure of the
AISC 15th Edition Manual (2017).

In contrast, the connection with a W14x233 column
showed yielding of the gross section near the support line
first, followed by yielding of the net section at the first ver-
tical bolt line, as shown in Figure 7. Significant yielding
and rotation of the column web were not observed. Large
out-of-plane deformation at the bottom of the plate was
observed due to the higher negative moment in the plate
caused by the stiffer column web.

After analyzing the shear loading case, the connections
were subjected to pure compression loading to determine
the strength of the plate. To apply a compression load, a dis-
placement was provided at the end of the beam in the nega-
tive x-direction. The connections failed due to buckling of
the plate.

Once the compressive strength of the plate was deter-
mined, the connection was subjected to combined shear
and compression forces. The connections were analyzed
separately for three cases: shear load plus compression
force equal to 25%, 50%, and 75% of the total compressive
strength obtained from the previous analysis. The applica-
tion of compressive forces decreased the shear strength of
the plate. The failure mode was lateral buckling of the plate.



The force-displacement plot for shear loading and com-
bined loading cases for Connection 1 is shown in Figure 8.
The behavior was further studied by generating an inter-
action plot, which was normalized against the shear yield
strength and axial yield strength of the plate as shown in
Figure 9.

The comparison of interaction plots for two different col-
umns is shown in Figures 10 and 11. The figures show that
at the lower level of compression force, the rate of decrease
in shear strength for the rigid support is greater than that
for the flexible support. The reason for the higher effect of
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the compression force on connections with the W14x233
column is the higher negative moment that develops in the
connection caused by the rigidity of the column web. This
higher negative moment leads to a higher compression force
at the bottom of the plate, which interacts with the applied
compression force, ultimately resulting in a buckling failure
of the plate. At a higher level of compression force, its effect
is seen more for a flexible support. However, in the case of
Connection 6, its behavior is similar to that of the connec-
tion with the W14x90 column.

PEEQ
(Avg: 75%)

(c) Yielding at gross section,
Connection 2

Fig. 6. Behavior of connections with W14x90 column.

(b) Yielding at net
section, Connection 4

S, Mises
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(c) Large out-of-plane
deformation at the bottom of
the plate, Connection 4

Fig. 7. Behavior of connections with W14x2383 column.
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The comparison of the results from FE analysis with
those of the different interaction equations discussed ear-
lier is shown in Table 5. The ratio given in the table is the
ratio of the strength obtained from FEA analysis to the
results obtained by using the respective interaction equa-
tions. The design strength was used in the interaction equa-
tion for each term. The value of the resistance factor, ¢,

o 04 R
< N
0.3
0.2
0.1
0.0
0.0 0.1 0.2

used for axial, flexural, and torsional strength, was 0.90,
while 1.0 was applied for shear yielding strength. The
AISC Manual Companion Example ITA-19B (2022b) was
used to compute the required force and available strength.
The flexural strength was determined using AISC Specifi-
cation Section F11, where the limit state of flexural yield-
ing governed for all connection configurations. To compute

—— C-W14x90
- -A- - C-W14x233

0.3 0.4 0.5 0.6
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y

Fig. 10. Comparison of behavior of connection with a six-bolt configuration with W14x90 and W14x233 columns.
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Fig. 11. Comparison of behavior of connection with an eight-bolt configuration with W14x90 and W14x233 columns.

ENGINEERING JOURNAL / FOURTH QUARTER / 2024 / 205



Table 5. Comparison of Results with Interaction Equations for Top Flange Continuously Restrained

AISC Manual AISC Manual | AISC Manual
(2023) Dowswell (2023) (2023)
Eq. 9-1 (2019) Part 12 M,, =0 Case
P/Py P, kips VEea, kips Ratio Ratio Ratio Ratio
0.00 0.00 55.80 1.43 1.57 1.49 1.49
_ 0.12 22.04 55.00 1.57 1.87 4.57 1.91
C°"“$°t'°" 0.24 44.09 49.20 2.14 6.84 — 318
0.36 66.13 35.78 12.78 — — 23.20
0.47 88.17 0.00 1.29 1.93 2.90 1.29
0.00 0.00 114.20 1.27 1.40 1.34 1.34
_ 0.11 35.06 109.85 1.26 1.53 2.35 1.42
C°““;°t'°“ 0.21 7012 95.18 1.23 2.32 — 1.60
0.32 105.18 68.36 112 — — 1.65
0.42 140.24 0.00 0.78 1.64 2.12 0.78
0.00 0.00 65.00 1.72 1.89 1.80 1.74
_ 0.13 23.62 48.64 1.46 1.76 5.15 1.75
c°““2°t'°" 0.25 47.24 37.79 1.89 — — 2.80
0.38 70.85 22.93 — — — —
0.51 94.47 0.00 1.38 2.06 3.10 1.38
0.00 0.00 110.00 1.26 1.39 1.34 1.34
_ 0.12 38.93 84.73 1.02 1.30 2.13 117
°°""§°t'°" 0.24 77.85 50.38 0.70 — - 0.94
0.35 116.78 28.20 0.54 — — 0.82
0.47 155.70 0.00 0.87 2.04 2.35 0.87
0.00 0.00 223.00 1.37 1.50 1.45 1.45
_ 0.12 59.75 214.62 1.35 2.06 2.75 1.52
c°““g°t'°“ 0.23 119.50 185.09 1.27 — — 1.62
0.35 179.25 143.55 1.18 — — 1.68
0.46 239.00 0.00 0.71 2.00 227 0.71

lateral-torsional buckling strength, the value of the bending
modification factor, C, was used as 1.84 (Dowswell, 2019).
Similarly, the compressive strength of the plate was com-
puted using AISC Specification Section J.4 (2016), with the
effective length factor, &, set to 1.2. Because all the con-
nection configurations had the ratio of effective length, L.,
to radius of gyration, r, greater than 25, AISC Specifica-
tion Section E3 was applied. The strength was computed
using the realistic material properties used in the analysis.
It shows that AISC Manual Equations 12-2 and 12-3 (Equa-
tions 3 and 4) with a case of M,, = 0 and AISC Manual
Equation 9-1 (Equation 2) can safely predict the strength for
a lower level of compression force. However, they can over-
predict the strength for a higher level of compression force.
Moreover, when the connection involves a larger column
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web stiffness, increased negative moment in the plate was
observed due to the increased rigidity in the connection
This resulted in a higher effect of the applied compression
force on overall strength of the plate, causing FEA results to
be lower than those predicted by the equations.

Since the equations were overpredicting strength for com-
pression loading alone, it became apparent that equations
incorporating out-of-plane moments were necessary. The
AISC Manual interaction Equations 12-2 and 12-3 (Equa-
tions 5 and 6) were found to be excessively conservative
when the weak-axis flexural term is included in the equa-
tion. Dowswell’s (2019) equation (Equation 7) was slightly
less conservative than the AISC Manual Equations 12-2
and 12-3 (Equations 5 and 6), but in some cases of com-
bined loading, the results were still quite conservative.



Beam Bracing Case: Without Lateral
Restraint on Top Flange

The failure mode for all connections when subjected to
shear loading was twisting of the extended shear tab.
The failure load for all connections is given in Table 6 on
page 211. The force-displacement plot for shear loading and
combined loading cases for Connection 1 is shown in Fig-
ure 12. The failure load was taken as the peak load in the
force-displacement plot. The deformation in the plate and
stress contour for connections 1 and 4 at the peak load is
shown in Figure 13.

40
35
2. 30
=
S 25
B
=
= 20
[
=
wn 15

10

0 0.1 0.2

After analyzing the connection under shear load only, the
connections were subsequently subjected to compression
load and combined shear and compression forces. Once
again, the connections were analyzed separately for three
different cases: shear load plus compression force equal
to 25%, 50%, and 75% of the total compressive strength
obtained from the analysis. The application of compression
force resulted in a decrease in the shear strength of the plate,
with a greater effect observed at a higher level of compres-
sion force. A shear-compression interaction plot was gener-
ated, which was normalized against the shear yield strength

e Shear Only
===V +25%P
= =V +50%P
w— V + 75%P

0.3 0.4 0.5

Vertical Displacement, in.

Fig. 12. Force-displacement plot for combined loading for Connection 1.

(a) Connection 1

S, Mises
{Avg: 75%)
65.9

(b) Connection 4

Fig. 13. Stress contour plot showing deformation of the plate at peak load.
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and axial yield strength of the plate. This plot is presented
in Figure 14 for all the connections. The obtained ratio
of shear strength to nominal shear yield strength ranged
from 0.31 to 0.45, while the obtained ratio of compressive
strength to nominal axial yield strength ranged from 0.23
to 0.32.

All three connection configurations were analyzed with
the W14x90 column and the W14x233 column. The com-
parison of interaction plots for two different column sizes is
shown in Figures 15, 16, and 17. The figures show that at a
lower level of the compression force, the effect of compres-
sion force on shear strength is similar for both column sizes.
However, at a higher level of compression force, the effect is
more pronounced for the flexible column (W14x90).

The comparison of results from the FE analysis with dif-
ferent interaction equations discussed earlier is presented
in Table 6. The table shows that the equations that do not
include the out-of-plane moment (Equations 2, 3, and 4)
consistently overpredict the strength, while Dowswell’s
(2019) equation (Equation 7) can predict the strength with
good accuracy. However, there are some cases where the
ratio of observed strength-to-predicted strength is less than
1 by a few percentage points.

0.5

Beam Bracing Case: Single Point Restraint
Near the Connection

Adding a single point lateral restraint near the connection
end prevented the early failure of the connection due to
twisting of the plate. The behavior under shear loading was
similar to the case of beam bracing, where the top flange
was continuously restrained in the lateral direction. The
force-displacement plot for shear loading and combined
loading cases for Connection 1 is shown in Figure 18. Simi-
larly, Connection 3 failed due to shear failure of the bolt,
just like in the beam bracing case with continuous restraint
of the top flange.

The application of a compression force results in
a decrease in the shear strength of the plate, with the
extent of the effect depending on the column size used. A
shear-compression interaction plot, normalized against the
shear yield strength and axial yield strength of the plate,
was generated. This plot is presented in Figure 19 for all
connections. The obtained ratio of shear strength to nom-
inal shear yield strength ranged from 0.44 to 0.65, while
the obtained ratio of compressive strength to nominal axial
yield strength ranged from 0.32 to 0.43.
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Fig. 14. Normalized shear-compression interaction plot (beam bracing case: without lateral restraint on top flange).
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Fig. 15. Comparison of behavior of connection with a six-bolt configuration with W14x90 and W14x233 columns.

0.5

—o— C-W14x90
- -A- - C-W14x233

VIV,

P/P

y

Fig. 16. Comparison of behavior of connection with an eight-bolt configuration with W14x90 and W14x233 columns.
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The comparison of interaction plots for two different col-
umn sizes is shown in Figures 20 and 21. It was found that
the effect of the column size on the behavior of the extended
shear tabs under combined loading of shear and compres-
sion in this beam bracing case is similar to the beam brac-
ing case where the top flange is continuously braced in the
lateral direction. The results show that, at lower levels of
compression force, the rate of decrease in shear strength is
greater for a rigid support compared to a flexible support.

0.5

VIV,

P/P,

However, at higher levels of compression force, the effect
of the compression force was more evident for a flexible
support.

The comparison of results from the FE analyses with dif-
ferent interaction equations discussed earlier is shown in
Table 7. The observations for a single point restraint in the
top flange near the connection end are similar to the case of
continuous restraint.

—— W14x90
- -A- - W14x233

Fig. 17. Comparison of behavior of connection with a 10-bolt configuration with W14x90 and W14x233 columns.
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Table 6. Comparison of Results with Interaction Equations for No Restraint on Top Flange

AISC Manual AISC Manual | AISC Manual
(2023) Dowswell (2023) (2023)
Eqg. 9-1 (2019) Part 12 M,, =0 Case
P/Py P, kips VEea Ratio Ratio Ratio Ratio
0.00 0.0 341 0.87 1.07 0.91 0.91
_ 0.06 11.8 32.3 0.85 110 1.26 0.94
C°""f°t'°" 0.13 23.6 28.8 0.83 1.29 2.93 1.04
0.19 35.4 24.4 0.85 10.81 — 1.18
0.25 35.6 47.2 0.69 1.33 1.55 0.69
0.00 0.0 731 0.81 1.01 0.86 0.86
_ 0.06 19.2 65.6 0.74 0.96 1.02 0.81
c°"“§°t'°“ 0.12 38.5 58.3 0.68 0.98 1.39 0.78
0.17 57.7 51.8 0.63 1.20 3.89 0.79
0.23 76.3 76.9 0.43 1.01 116 0.43
0.00 0.0 120.6 0.72 0.94 0.76 0.76
_ 0.06 30.5 112.1 0.67 0.92 0.93 0.74
C°"“§°t'°“ 0.12 60.9 101.6 0.62 0.96 1.29 0.70
0.18 91.4 92.8 0.59 1.23 3.47 0.71
0.24 119.4 121.8 0.36 1.02 116 0.36
0.00 0.0 34.6 0.92 1.11 0.96 0.96
_ 0.08 15.0 317 0.88 1.11 1.51 1.00
c°"“:°t'°" 0.16 30.0 28.2 0.92 1.31 47.86 1.22
0.24 45.1 24.0 1.11 5.79 — 1.67
0.25 45.7 60.1 0.88 1.31 1.98 0.88
0.00 0.0 76.1 0.87 1.08 0.92 0.92
_ 0.07 24.0 61.4 0.72 0.94 1.07 0.79
C°"“§°t'°“ 0.15 48.0 54.0 0.66 1.05 2.00 0.79
0.22 72.0 45.7 0.62 2.36 — 0.80
0.29 76.3 96.0 0.53 1.26 1.45 0.53
0.00 0.0 139.4 0.86 1.11 0.91 0.91
_ 0.08 411 128.7 0.80 1.53 1.25 0.89
c°"“g°t'°“ 0.16 82.2 115.1 0.74 1.87 2.74 0.88
0.24 123.3 106.4 0.74 4.48 — 0.95
0.32 119.4 164.5 0.73 1.38 1.56 0.49
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Fig. 18. Force-displacement plot for combined loading for Connection 1.
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Fig. 19. Normalized shear-compression interaction plot (beam bracing case: single point restraint in top flange near the connection).
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Fig. 20. Comparison of behavior of connection with a six-bolt configuration with W14x90 and W14x233 columns.
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Fig. 21. Comparison of behavior of connection with an eight-bolt configuration with W14x90 and W14x233 columns.
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Table 7. Comparison of Results with Interaction Equations for
Single Point Restraint on Top Flange Near the Connection
AISC Manual AISC Manual | AISC Manual
(2023) Dowswell (2023) (2023)
Eqg. 9-1 (2019) Part 12 M,, =0 Case
P/Py P, kips VEEa Ratio Ratio Ratio Ratio
0.00 0.00 59.3 1.52 1.85 1.59 1.59
. 0.24 16.33 52.8 1.43 1.93 2.65 1.65
C°""f°t'°" 0.48 32.67 43.8 1.44 4.08 - 1.95
0.72 49.00 30.3 1.57 — — 2.44
0.52 65.33 0.0 0.95 1.84 215 0.95
0.00 0.00 101.4 1.13 1.41 1.19 1.19
) 0.09 29.28 95.5 1.09 1.48 1.79 1.21
°°"“§°t'°" 0.18 58.57 82.0 1.01 1.94 6.87 1.25
0.27 87.85 59.6 0.85 — — 1.18
0.35 11713 0.0 0.65 1.54 1.77 0.65
0.00 0.00 55.8 1.48 1.62 1.55 1.55
. 0.11 20.13 40.3 1.17 1.37 2.84 1.40
C°""Z°t'°" 0.22 40.26 27.8 1.12 2.04 — 1.62
0.32 60.39 15.5 1.83 — — 3.09
0.25 80.53 0.0 1.18 1.76 2.65 1.18
0.00 0.00 103.2 1.19 1.47 1.25 1.25
. 0.18 32.54 68.3 0.81 1.11 1.43 0.91
°°““§°t'°" 0.36 65.07 51.4 0.67 1.58 30.51 0.85
0.54 97.61 24.0 0.38 1.20 — 0.55
0.42 130.14 0.0 0.72 1.70 1.97 0.72
0.00 0.00 218.1 1.34 1.73 1.42 1.42
) 0.15 49.17 188.6 1.18 2.33 2.05 1.31
C°“"§°t'°" 0.29 98.33 166.2 1.10 3.55 12.52 1.34
0.44 147.50 147.0 1.08 — — 1.46
0.35 196.67 0.0 0.88 1.65 1.87 0.58
Note: Connection 3 results are not reported due to the predicted failure by bolt fracture.

CONCLUSIONS

The major goal of this research was to investigate the
behavior of extended shear tab connections when subjected
to combined loading of shear and compression forces and
to validate the use of available interaction equations. To
achieve this goal, 18 finite element models of extended
shear tabs with different practical connection configura-
tions were developed and analyzed in ABAQUS for the
case of combined loading. The effect of a compression
force on the shear strength was studied by analyzing the
force-displacement plot, stress contour, deformed shape,
and generated shear-compression interaction plot. The

214 / ENGINEERING JOURNAL / FOURTH QUARTER / 2024

results from the analysis were compared with the available
interaction equations in the AISC Manual, AISC Specifi-
cation, and literature. Based on the research, the following
conclusions can be derived:

1. Effect of the bracing condition of the beam: The
beam bracing condition affects the shear strength and
failure mode of the extended shear tabs, be it for shear
loading alone or for the combined loading of shear and
compression force. The shear strength when no form
of bracing is provided in the beam top flange is sig-
nificantly lower, and connections fail by twisting of the
plate. The addition of a single point restraint near the



connection prevents the early twisting failure of the
shear tab, and thus significantly improves the shear
strength. When the top flange of the beam is continu-
ously braced, the failure mode observed was yielding
of the cross section in all cases but one, which failed by
bolt fracture.

Use of the interaction equations: Because the shear
strength and failure mode of the extended shear tabs
depend on the beam bracing condition, different inter-
action equations are found to be effective for different
bracing conditions of the beam. When the top flange
of the beam is continuously restrained, equations that
do not include the out-of-plane moment terms (AISC
Manual Equation 9-1, Equations 12-2 and 12-3 with
case M,, = 0) shown as Equations 2, 3, and 4 herein,
can safely predict the strength for a lower level of com-
pression force. However, it can overpredict the strength
for a higher level of compression force. Moreover, when
the connection involves a column with larger web stiff-
ness, an increased negative moment was observed that
resulted in a higher effect of the applied compression
force on the shear strength of the plate, causing FEA
results to be lower than those predicted by the equa-
tions. Since the equation was overpredicting results
for compression loading alone, it became apparent that
equations incorporating out-of-plane moments were
necessary. The equations provided in AISC Manual
Part 12 that include the weak-axis flexural term (Equa-
tions 5 and 6) were found to be overly conservative for
this case. Dowswell’s (2019) equation (Equation 7) was
less conservative than those equations, but in some
cases of combined loading, the results were still overly
conservative.

When no bracing is provided in the beam top flange,
equations that do not include the out-of-plane moments
overpredict the strength. In these situations, Dowswell’s
(2019) equation (Equation 7) can predict the strength
with good accuracy.

The conclusions for single point restraint in the top
flange near the connection end are similar to those for
the continuously restrained case.

Effect of the support condition: For a top flange that
is continuously braced or is braced at a single point
near the connection, the effect of a compression force
on the shear strength is more significant in the case of
a rigid support at a lower level of compression force.
As the level of compression force becomes higher, its
effect will be higher for a flexible support.

For a beam unbraced on the top flange, the support
condition does not have an influence on the effect of
compression force on shear strength for lower levels
of compression force. However, for higher levels

of compression force, the effect is more evident for
flexible columns.

Therefore, while designing, it would be more reliable to
use the equation proposed by Dowswell (2019) (Equation 7)
to compute the strength safely. Because the results from this
equation are much more conservative for cases where con-
tinuous or single-point restraint is provided in the top flange,
the required weak-axis moment in the equation for these two
cases can be decreased to a certain percentage of the value
that would have been obtained by using a geometric eccen-
tricity. In this case, decreasing the weak-axis eccentricity to
60% of the geometric eccentricity still yielded an actual-to-
predicted strength ratio greater than 1.

SYMBOLS
C,  Bending modification factor

M.  Available plastic moment strength of the plate
(kip-in.)

M, Available strong-axis plastic moment strength of the
plate (kip-in.)

M., Available weak-axis plastic moment strength of the
plate (kip-in.)

M,=M, Required (ultimate) moment strength of the plate
(kip-in.)

M, = V,a Required strong-axis moment strength of the
plate (kip-in.)

P

Mry =Pr(

of the plate (kip-in.)

) Required weak-axis moment strength

P, Available axial strength of the plate (kips)

P, Required axial strength of the plate (kips)

T, Available torsional strength (kip-in.)

T,  Required torsional strength =V, ( It ) (kip-in.)
V. = 0,V,, Available shear yielding strength of the plate

(kips)
V.=V, Required (ultimate) shear strength (kips)

a Distance from the face of the support to the first
vertical line of bolts, in.

dy Depth of beam, in.

L, Vertical edge distance, in.
Loy, Horizontal edge distance, in.
t Thickness of the plate, in.

ty Thickness of the beam web (in.)
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Steel Structures Research Update

Seismic Local Buckling Limits for Hollow
Structural Section and Built-Up Box Columns

JUDY LIU

INTRODUCTION

ecently completed research on seismic local buckling

limits for steel hollow structural section (HSS) and
built-up box columns is featured. These National Center for
Research on Earthquake Engineering (NCREE) studies are
led by Dr. Chung-Che Chou and Dr. Tung-Yu Wu in the
Department of Civil Engineering at National Taiwan Uni-
versity (NTU). Dr. Chou also serves as the NCREE Director.
Dr. Chou’s research has focused on seismic testing, analysis,
and design for steel and post-tensioned self-centering struc-
tures. Some recent work includes studies on hybrid simu-
lation of a full-scale steel moment frame, a post-tensioned
self-centering brace, novel prediction models for early
earthquake warnings, and earthquake reconnaissance work
in eastern Taiwan. Dr. Chou’s numerous accolades include
the Awards for Excellent Research and Technology Trans-
fers for his leadership on a research team developing a
sandwiched buckling-restrained brace and a self-centering
brace. Dr. Wu’s research interests include collapse behavior
of cold-formed HSS columns under seismic loading, sub-
wavelength seismic metamaterial structures, crack growth
in railway crossings under high wheel-rail impacts, and
seismic resilience of steel buildings. In addition to multiple
scholarships and fellowships, Dr. Wu’s honors include the
Raymond C. Reese Research Prize, awarded by the Ameri-
can Society of Civil Engineers (ASCE) for papers repre-
senting notable achievements in research with impact on
design. The National Science and Technology Council is
supporting this research on seismic local buckling limits
for HSS and built-up box columns. Selected highlights from
both projects are presented, along with a preview of future
research tasks.

BACKGROUND AND OBJECTIVES

Seismic local buckling limits for HSS and built-up box
columns have garnered interest due to some inconsisten-
cies and conservatism. The seismic local buckling limits
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for HSS, for example, are quite different across seismic
design codes in the United States, Japan, and Taiwan. The
discrepancies are partially attributed to inconsistent load-
ing protocols used in HSS research (Teng et al., 2023).
Limits for HSS and built-up box columns have also been
shown to be conservative (Lin and Chou, 2022; Teng et al.,
2023). Through the featured research, complemented by
concurrent studies led by Dr. Jason McCormick (Univer-
sity of Michigan) and Dr. Chia-Ming Uang (University of
California—San Diego), Drs. Chou and Wu have been work-
ing to resolve these issues.

Research teams led by Drs. Chou and Wu aim to improve
efficiency in HSS and built-up box column design through
integrated experimental and computational studies focused
on their seismic local buckling limits. Specific objectives
for HSS and built-up box columns are to:

1. Characterize their seismic performance under combined
axial and cyclic lateral loadings.

2. Extend the seismic performance knowledge base through
a computational parametric study.

3. Evaluate the level of conservatism of the compactness
requirements in existing seismic design provisions.

4. Propose highly and moderately ductile width-thickness
limits.

HSS COLUMNS

A coordinated experimental-numerical investigation has
provided insights into the seismic behavior of HSS col-
umns. The experimental work demonstrated seismic per-
formance relative to axial loading, element and member
slenderness. Finite element simulations extended the work
and aided in defining critical story-drift angles for the box
columns. Revised seismic local buckling limits have been
proposed based on this research.

Test Specimens, Test Setup, and Loading Protocol

Parameters investigated for six half-scale HSS columns
included cross-section sizes, element width-to-thickness
ratios, member slenderness, and grade of steel. The square
HSS ranged from nominal 4 in. to 8 in. sections. Width and
height dimensions, B and H, were 3.94 in., 5.91 in., 6.89 in.,
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and 7.87 in. Thickness, ¢, ranged from 0.236 in. to 0.472 in.
For element slenderness, following the AISC Specification
(2022a), 3 times the thickness, ¢, was subtracted from B and
H to obtain b and h, the flat widths across each side. The
resulting b/t and h/t values were 8.9, 14.9, 23.9, and 26.2.
The element width-to-thickness ratio of 14.9 was evaluated
for three nominal B and H values, allowing comparison
for three different member slenderness values (i.e., length
divided by radius of gyration, L/r). The ratio of 8.9 satis-
fies A4, the width-to-thickness limit for a highly ductile
member, while 14.9 satisfies A4, the limit for a moder-
ately ductile member (AISC, 2022b). Most specimens were
fabricated using steel grade STKR 490 with a specified
minimum yield stress of 47.1 ksi. Similar to A500 grades,
STKR490 HSS may be cold-formed from flat steel plate and
welded. A design thickness of 0.93 times the nominal thick-
ness was used in the b/t calculations. One specimen, with
element width-to-thickness ratio of 26.2, used BCR 295 for
tubes that were cold-formed from welded steel pipes, with
a specified minimum yield stress of 42.8 ksi. The nominal
thickness was used in the b/t calculations for BCR 295.
The specimens were subjected to axial compression and
cyclic lateral loading. The Multi-Axial Testing System

(MATS) shown in Figure 1 imposed fixed-fixed boundary
conditions. For each specimen, a constant axial force, P,
equal to 0.2 times the nominal axial yield force, P,, was
applied. The axial force was also reported in terms of Py,
the yield strength calculated using the measured, or actual
yield stress. The axial loading for these specimens ranged
from 0.13 to 0.16 of Py,. The cyclic lateral loading proto-
col of increasing displacements corresponding to increas-
ing story-drift angles (e.g., 0.01, 0.02, 0.03 rad...) followed
AISC Seismic Provisions Section K2 (AISC, 2022b).

Experimental Results

The test specimens exhibited overall similar behavior with
differences in the hysteretic response. Local buckling was
observed at the ends of the columns. The buckled shapes
were either (1) outward at opposite sides and inward at the
other opposite sides (Figure 2), or (2) outward at four sides.
Figure 2 shows the first type of buckled shape for an STKR
490 specimen with b/t =23.9 and P/P,, = 0.15 in the second
cycle of the 0.06 rad. A sample moment versus story-drift
angle response is shown in Figure 3. The moment, M, has
been normalized by the plastic moment capacity, M., of
the column. The results are for a nominal 6 X 6 x 0.25 in.

y
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Fig. 1. Multi-Axial Testing System (MATS), shown here with HSS column specimen.
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column with b/t =23.9, L/r=34.2, and P/Py, = 0.15. Dashed
lines in Figure 3 show the critical story-drift angle, SDA,,,
defined as the average of the story-drift angles (SDAs)
corresponding to the positive and negative peak moment
strength. The specimen has a b/t = 23.9 larger than A,,; =
21.0 but has an SDA, = 0.03; this is larger than expected
ductility of 0.02 rad for a moderately ductile member. The
tested specimens consistently exhibited better ductility than
expected (e.g., 0.04 rad for a highly ductile member). The
SDA,, values ranged from 0.02 rad for a specimen with b/t =
26.2 t0 0.09 for b/t = 8.9. The rest of the SDA,, values were
0.03, 0.04, or 0.05. These results motivated the numerical
investigation to follow.

Finite Element Simulation

Finite element simulations complemented the experimental
test program. The finite element modeling approach corre-
sponded to the experimental test setup and cyclic behavior
of the HSS columns. Fully integrated shell elements and a
nonlinear material model with kinematic hardening were
used with the explicit solver in LS-DYNA (2013). Global
and local geometric imperfections of L/1500 and B/200

were imposed (Figure 4). The columns were fully fixed at
the bottom and fixed at the top except for lateral and verti-
cal displacements.

The parameters for the computational study extended the
experimental test program. An extensive analysis matrix
included 33 sections of BCR 295 steel and 64 sections of
BCP 325 steel. BCR 295 uses the cold-roll-forming pro-
cess, and BCP 325 uses a cold-press process (Takeshi and
Takuya, 2020). Each column was analyzed for three dif-
ferent P/Py ratios (0.2, 0.3, 0.4), totaling 291 numerical
simulations.

The numerical simulation results were used to extend the
experimental test program and explore alternative seismic
local buckling limits. The column results were plotted with
respect to b/t and P/P,, (Figure 5). Figure 5, with results
for BCR 295 steel, shows how the SDA,, changes with b/t
and P/Py,. The results are also compared to current moder-
ately ductile, A4, and highly ductile, A4, limits, shown with
dashed lines. Multivariate regression analysis was used to
develop an SDA,, equation with input parameters b/t, P/Py,,
and Fya/E, where Fy, is the yield stress and E is the elas-
tic modulus. The results were also modified for the effects
of boundary conditions and loading protocol, following the

Fig. 2. Common failure mode of HSS columns—inward flange buckling and outward web buckling
(photo is for a test specimen with b/t =239, P/Pya =0.15, 0.06 rad, 2nd cycle).
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Fig. 3. Hysteretic response of nominal 6 X 6 X 0.25 in. specimen (b/t =239, L/r =34.2, and P/Pya =0.15).
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Fig. 4. Finite element model of HSS columns.
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work of Ozkula et al. (2021) to define adjusted critical story
drift angles, or SDA’,,.

Development of Seismic Local Buckling Limits

A few steps are needed for the transition from adjusted crit-
ical story-drift angle, or SDA’.,, to seismic local buckling
limits. First, the SDA’., values are set to performance tar-
gets for moderately and highly ductile members. SDA’,, is
defined as 0.02 rad for a moderately ductile column in an
intermediate moment frame (IMF) and 0.04 rad for a highly
ductile column in a special moment frame (SMF). Rewrit-
ing the SDA’,, equations to define the b/t values provides
equations for the moderately ductile, A,,4, and highly duc-
tile, Ay, limits. Figure 6 compares proposed limits to those
in the current AISC Seismic Provisions (2022b). The pro-
posed highly and moderately ductile limits are in terms of
C,, a ratio between the factored axial load demand and the
expected yield capacity of the column.

BUILT-UP BOX COLUMNS

The built-up box column research was another investigation
that integrated experimental testing with computational
simulations. The work was motivated by and extended
previous research on the seismic behavior of built-up box

columns. The beam-to-column subassemblage tests and
finite element simulations further extended the work with
characterization of boundary condition and near-fault load-
ing effects for defining critical story-drift angles for the box
columns. Revised seismic local buckling limits have been
proposed based on this research.

Previous Testing on Built-Up Box Columns

Prior research on built-up box columns has informed cur-
rent research efforts. Tests have been conducted on isolated
columns, subassemblages, and full frames. The research
has revealed some conservatism in the current seismic
local buckling limits and provided direction for research
underway.

Cyclic work of isolated columns has shown differences
between wide-flange and built-up box columns, as well as
potential improvements for box columns. Chou and Chen
(2020) tested six large-scale, built-up box columns with
fixed-fixed boundary conditions. Four columns were sub-
jected to a constant axial load (0.25-0.4P,) and cyclic lat-
eral loading, and another two columns were subjected to
a constant axial load (0.4P,) and different near-fault lat-
eral loadings. The columns performed well at high lateral
drifts when the column satisfied the width-thickness limit
for highly ductile members, A;; (AISC, 2022b). Lin and
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Fig. 5. Critical story drift angle (SDA;) of considered BCR295 sections.
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Chou (2022) further tested deep wide-flange columns and
built-up box columns, all satisfying the highly ductile mem-
ber requirement, A;,. The work showed that (1) the AISC
Seismic Provisions M4 limit results in markedly different
cyclic responses for deep wide-flange columns and built-up
box columns, and (2) the highly ductile member require-
ment, Ay, for built-up box columns is overly conservative.

The boundary conditions greatly influence column
cyclic behavior. In multistory buildings, the connections
and continuation to the beams and columns at the second
story affect the lateral stiffness and deformation capac-
ity of first-story columns. Chou et al. (2023) studied the
first-story column behavior by adopting actual boundary
conditions in steel multistory buildings. The first-story
built-up box column tests were conducted by using a
half-scale, beam-to-column subassemblage consisting of
a two-and-a-half-story steel frame with I-shaped beams at
two floors. Figure 7 shows the frame, a test specimen at
0.045 rad drift, and the column deformations at that level of
drift. No yielding or buckling was observed at the top ends
of the first-story columns. However, yielding at the bottom
ends of the second-story columns was observed at medium
lateral drifts for the highly ductile built-up box column
because the strong column-weak beam (SCWB) require-
ment was met by a small margin based on the AISC Seismic
Provisions (AISC, 2022b).

The boundary conditions and other parameters were
studied in additional subassemblage tests. To further inves-
tigate the cyclic behavior of first-story built-up box columns
under reversed cyclic lateral loading and constant axial
loading, Chou et al. (2024a) conducted tests on subassem-
blage columns by using a full-scale, one-and-a-half-story
subassemblage testing scheme (Figure 8). The columns
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had different width-thickness ratios (16.2 and 20.5) and
axial load ratios (0.25P, and 0.4P,). Four subassemblages
were designed with steel beams at the second floor and a
moderately ductile built-up box column. All were able to
achieve at least one complete test cycle at 0.04 rad drift
without noticeable degradation in strength. Figure 8 shows
a test specimen and the column local buckling at 0.05 rad
lateral drift. By collecting moment and drift data at 0.02
and 0.04 rad from isolated column and subassemblage col-
umn tests, a relaxed b/t limit for the flange of highly ductile
built-up box sections, A,y =0.96 E/R,F,, , was proposed,
significantly exceeding the current limit in (AISC, 2022b).
Moreover, one additional subassemblage was tested using
the hybrid simulation of a full-scale, seven-story steel dual
frame, verifying the acceptable seismic performance of
the moderately ductile built-up box column under varying
axial compression load (0.11-0.38P,) and lateral drifts to
1.5 times the maximum considered earthquake level (Wang
et al., 2023).

Shake table tests complemented the experimental work
on built-up box columns. Evaluating the seismic perfor-
mance of moderately ductile built-up box columns in earth-
quakes, Chou et al. (2024b), conducted shake table tests on
a full-scale, three-story steel dual frame (Figure 9) with a
buckling-restrained braced frame and a special moment
frame. The test results indicated that the b/f requirement for
highly ductile built-up box columns in the AISC Seismic
Provisions (2022b) is overly conservative. Columns with a
large b/t value (e.g., 21), exceeding the highly ductile col-
umn requirement (A,, = 12.2), still provided satisfactory
performance in the first story at large drifts without show-
ing strength degradation (i.e., 0.038 rad).
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Fig. 6. Proposed highly and moderately ductile limits compared with current limits in the AISC Seismic Provisions.
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Fig. 7. Two-and-a-half-story steel beam-to-column subassemblage: (a) prototype frame,
(b) deformation at 0.045 rad lateral drift, and (c) column deformation after 0.045 rad lateral drift.

(b)

Fig. 8. One-and-a-half story steel beam-to-column subassemblage: (a) deformation
at 0.05 rad lateral drift and (b) column local buckling after 0.05 rad lateral drift.

(@) (b)

Fig. 9. Shake table testing of a steel (a) three-story dual system and (b) a column base after testing (2.7MCE level).
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Test Specimens, Setup, and Loading Protocol

The research team has conducted cyclic lateral tests on 10
square built-up box columns with varying element slender-
ness and axial loading. Four of the tests were from the pre-
vious study by Chou and Chen (2020). The walls of the box
columns were joined by complete-joint-penetration (CJP)
groove welds as shown in Figure 10. The SN 490B steel
had a specified minimum yield stress of 47.1 ksi. Outside
dimensions for the specimens ranged from 12 to 16 in.,
and thicknesses ranged from 0.5 to 1.125 in. The resulting
width-thickness (b/f) ratios were from 11.8 to 36. Ratios
lower than 15.4 satisfy A4, the width-to-thickness limit for
a highly ductile member, while ratios lower than 23.7 sat-
isfy Azg, the limit for a moderately ductile member (AISC,
2022b). The 2020 specimens included two highly ductile
and two moderately ductile columns. The remaining speci-
mens, tested in 2024, all exceeded the moderately ductile
member limit. The specimens were subjected to axial com-
pression and cyclic lateral loading. The Multi-Axial Testing

‘e

(a) In farication

System (MATS) (Figure 1) was used to impose the load-
ing and fixed-fixed boundary conditions. These columns
were subjected to a constant axial load of 0.2 to 0.4 times
the axial yield capacity. Cycles of increasing lateral drift
were applied following the standard loading protocol of the
AISC Seismic Provisions (AISC, 2022b) for testing special
moment connections.

Experimental Results

As with the HSS columns, the built-up box columns exhib-
ited overall similar behavior with differences in the hys-
teretic response. Local buckling was observed at the ends
of the columns. Flange fracture close to the CJP weld also
occurred in the 2024 box columns. Axial load effects can
be seen in the moment versus rotation results. Figure 11
shows moment-rotation plots for columns with the same
b/t but twice the axial load for one of the specimens. The
higher axial load results in a lower peak moment and defor-
mation capacity. Trends with b/t values were also observed.
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(b) Complete-joint-penetration (CJP) groove welds

Fig. 10. Built-up box column assembly.
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The first four columns (Chou and Chen, 2020) performed
well with SDA_, values of 0.03 and 0.04, the latter for those
satisfying the highly ductile member requirement A in the
AISC Seismic Provisions (AISC, 2022b). The next six col-
umns, which exceeded the moderately ductile limit, exhib-
ited lower ductility (e.g., SDA,, values from 0.01 to 0.02)
and strength degradation.

Finite Element Simulations

Subassemblage test results were used to characterize a
boundary condition factor on the isolated columns. Finite
element analysis program ABAQUS (2016) was used to
characterize loading effects (cyclic versus near-fault load-
ings) on the isolated columns. The team developed mod-
els of the test specimens, subjected them to the same
loading protocols, and compared the experimental to the

computational results (Figure 12). The observed local buck-
ling and moment-rotation results compared well between
the physical experiments and the computational simula-
tions. Finite element comparisons were also made between
the fixed-fixed isolated columns under the standard cyclic
loading of the AISC Seismic Provisions and the near-fault
loading from Lin and Chou (2022) to develop a loading fac-
tor. The two factors were used to define the adjusted critical
story-drift angle, or SDA’,,, with modifications of the iso-
lated column test results for boundary conditions and load-
ing protocol effects (Ozkula et al., 2021).

Development of Seismic Local Buckling Limits

The research results have been used to develop proposals
for seismic local buckling limits for square, built-up box
columns. Following the methodology for I-shaped deep
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(c) Comparison of the experimental versus finite element analysis moment-rotation results

Fig. 12. Sample isolated column.
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columns (Ozkula et al., 2021), the team proposed prelimi-
nary revised seismic b/t limits that are dependent on the
column axial load ratio (Figure 13). Figure 13 shows the
proposed highly and moderately ductile limits in terms of
C,, aratio between the factored axial load demand and the
expected yield capacity of the column. Comparisons to the
current AISC limits (AISC, 2022b) are also shown. The
experimental results had indicated that the current highly
ductile and moderately ductile b/t limits for square built-up
box members in the AISC Seismic Provisions are too con-
servative except for the columns under a very high constant
axial load (0.4-0.5 times the axial yield capacity). The pro-
posed limits capture the axial load effect and remove the
conservatism for lower axial loads.

FUTURE WORK

The featured work has focused on the seismic performance
of square HSS and built-up box columns. Cyclic testing
included isolated HSS and box columns, as well as sub-
assemblage and shake table testing for the built-up box
columns. Previous work had found some member width-to-
thickness limits to be too conservative. The investigations
presented here resulted in preliminary proposals for revised
seismic b/t limits. Future research needs include inves-
tigation into the observed fracture of CJP groove welds
caused by severe buckling in the built-up box columns.
Future work may also include tests with bi-directional lat-
eral loading together with axial load on the column. The
researchers would like to extend the half-scale HSS work
with full-scale experiments to further verify the simulation
results and the proposed equations. Differences across steel
grades (e.g., A500, A1085, STKR, BCR) may also be stud-
ied. Meanwhile, future work plans include similar studies
of non-square HSS and built-up box column members with
different width-to-thickness ratios for webs and flanges.
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