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Abstract

Semi-rigid bolted end-plate moment connections are widely used in construction practice. These
connections are mainly designed to resist gravity, wind, and low to moderate seismic loads. In elastoplastic
designs and nonlinear system-level simulations, it is key to accurately predict/model the connection
response (i.e., stiffness, strength, and ductility), rather than employing the simplified pinned/rigid
idealization. Several researchers developed different empirical, analytical, and mechanical models, within
the past five decades, to predict the connection’s full response or key response parameters. These models
are generally developed and validated based on a limited experimental and/or simulation data set; hence,
their accuracy and general applicability are not well established. The potential limitations of existing models
arise from the complexity of flexible connections’ response due to the multitude of deforming components
and the interactions between them. Accordingly, the objective of this study is to provide a comprehensive
review of existing numerical models, their main assumptions and features, and to assess their accuracy.
Emphasis is placed on flush and extended end-plate connections; being the most commonly used connection
types. The robustness of 16 numerical models is thoroughly assessed using an experimental database, of
more than 1200 specimens, that was recently collated. The assessment will demonstrate the inaccuracy of
existing models in predicting the connection fundamental response quantities, particularly the elastic
rotational stiffness and ductility. The advantages and disadvantages of each model are highlighted to guide

future efforts to develop more accurate models in support of performance-based engineering.
Introduction

Semi-rigid beam-to-column and beam-to-beam connections are abundantly found in both conventional and
ductile steel construction. In laterally-braced structures, they are typically designed to resist gravity loads
only and as such, they are assumed as pinned connections. In laterally-unbraced structures, they are
commonly designed to resist both gravity and lateral loads, such as those induced by wind loads and low-

to-moderate earthquakes. These connections can possess moderate rotational stiffness and flexural capacity,
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situated somewhere between these two ideal cases of pinned (or simple) and fixed (fully rigid) connections.
Bolted end-plate connections are popular worldwide, due to ease of fabrication and erection (Nethercot
1984; Kidd et al. 2016). Those come in two main configurations, flush and extended end-plate connections
(referred to henceforth as FEPC and EEPC, respectively) as illustrated in Figure 1, along with key geometric
parameters. These end-plate connections are characterized by a nonlinear power-shaped moment-rotation
response. Their respective stiffness and strength are the highest among the different types of semi-rigid
connections (e.g., shear-tab and angle connections). Properly representing the nonlinear response of semi-
rigid connections can be beneficial in producing economical designs (Weynand et al. 1998; Tahir et al.

2006) as well as accurate structural responses in system-level numerical simulations.

The nonlinear response of semi-rigid connections can arise from elastic/plastic deformations taking place
in more than one of the connection components (e.g., end plate bending, bolt elongation, column flange
bending, column web-panel zone shear deformation). Due to the multitude of deforming components,
predicting a semi-rigid connection response can be challenging. In the literature, several researchers
proposed models to predict the connection response. These models can be broadly categorized as analytical,
mechanical, or empirical. In analytical models, the connection response parameters (mainly the elastic
stiffness and the plastic moment capacity) are computed using analytical expressions that rely on the
principles of solid mechanics and material behavior. Examples of such models are the yield line method
(Packer and Morris 1977) and the T-stub method (Zoetemeijer 1974); the former is demonstrated in Figure
2a. In mechanical methods, the connection components are idealized using a mechanical assembly of
uniaxial springs and rigid elements; each of which represents the elastoplastic behavior of the corresponding
component, as demonstrated in Figure 2b. The springs’ behavior itself is generally deduced from analytical
methods. The most popular application of this method is the Eurocode 3 component method (CEN 2005b).
Lastly, in empirical models, regression analysis is conducted against experimental and/or simulation data
to fit an empirical expression including several significant features, as illustrated in Figure 2¢. These models
are developed (and benchmarked) based on test/simulation data for a limited range of testing parameters
(e.g., joint configuration, boundary conditions, applied load history, etc.) and connection configurations
(e.g., connection geometry, materials, bolt pre-tensioning, etc.). Consequently, model extrapolation beyond
the validation data set design space may yield high errors. Consequently, these models may still fall short
of accurately predicting key response parameters. Moreover, analytical/mechanical models use simplified
assumptions to idealize component deformation while empirical models employ a limited number of
features to simplify the regression procedure and the resulting empirical expression. Consequently, not all
sources of deformation as well as loading, material, and geometric parameters influencing the response are

accounted for. Past brief assessments demonstrated that the error in some of these models can exceed 100%
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in predicting the connection’s most fundamental response parameters; the elastic stiffness and plastic

strength (Benterkia 1991; Terracciano 2013).

Within the past two decades, there has been a strong push toward the development of robust numerical
models and acceptance criteria for different structural components (Landolfo 2022; NIST/ATC 2018). This
is driven by the growing adoption of performance-based design approaches and the rise in computational
capabilities. There is also an increasing need for achieving efficient designs through the use of flexible
framing to reduce construction costs and carbon emissions (Hellquist 1966; Mirza and Uy 2011; BCSA
2021; Celik and Sakar 2022). With that in mind, the first objective of this paper is to provide a thorough
review of existing predictive models; their type, scope, development procedure, mathematical expressions,
and limitations. This is essential given that researchers and practitioners might not be aware of many of the
wide range of models in the literature. Emphasis is placed on models developed for bare steel semi-rigid
end-plate moment connections with I-shaped columns and strong-axis orientation (i.e., beam connected to
column flange). Models for connections with composite concrete slabs are ignored herein since the
robustness of these models is eventually dependent on the ability to predict the response of the bare steel
connection. The paper’s second objective is to utilize a recently compiled comprehensive experimental
database, comprising more than 1200 specimens, to consistently assess the accuracy of these models in
predicting the connection response. This assessment will highlight the strong aspects of existing models
and their drawbacks to help inform future studies aiming to develop more robust models. To the best of the
authors’ knowledge, this is the first study to provide a holistic review and assessment of all semi-rigid

predictive models using a large experimental data set.
Existing Models for Semi-Rigid End-Plate Moment Connections

The connection’s moment-rotation response is represented by different models in the literature. This
includes simple linear elastic models, bilinear, trilinear, and continuous nonlinear models. In linear models,
only the connection elastic rotational stiffness, K., is predicted. In bilinear models, K. as well as the plastic
moment M, or the ultimate moment M, are predicted. In continuous nonlinear models, the full moment-
rotation response of the connection is predicted. Common nonlinear models are the three- (Goldberg and
Richard 1963) and four-parameter (Richard and Abbott 1975) power model and the Ramberg-Osgood
model (Ramberg and Osgood 1943) as given by Eqn (1) to (3), respectively and illustrated in Figure 3. The
three-parameter power model requires prior knowledge of K. and M,. The four-parameter power model
additionally requires the post-yield stiffness Ks. The Ramberg-Osgood model requires prior knowledge of
the anchor point coordinates (6o, Mp). All these nonlinear models require a model shape parameter # that

describes the transition between the elastic and plastic branches. An elaborate summary of analytical models
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used to represent the moment-rotation curve can be found in the literature (Abdalla and Chen 1995; Chen

et al. 2011; Diaz et al. 2011; Patnana et al. 2019).
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Numerous studies as well as national standards provide equations to predict the aforementioned response
parameters. These models are either based on the connection kinematics and principles of solid mechanics
(i.e., analytical or mechanical models) or empirically derived based on curve fitting, as discussed earlier.
Analytical and mechanical models are generally robust as long as the underlying derivation assumptions
are valid. However, they can be particularly laborious and generally too complex for application by
practicing engineers, as well as researchers (SCI/BCSA 2013; D'Alessandro et al. 2018; Terracciano et al.
2018). This is due to the intrinsically complex elastic/inelastic behavior of semi-rigid connections, because
of the multitude of deformable components within the connection (i.e., bolts, angles, plates, etc.) and the
interaction between them (Steenhuis et al. 1998; Al-Aasam 2013). Empirical models, on the other hand, are
advantageously simpler, making them favorable among engineers. In such models, regression analysis is
conducted against a given experimental or simulation data set. The nonlinear equation, given by Eqn (4), is
widely used in the literature (Benterkia 1991; Lignos and Krawinkler 2011; Lignos et al. 2019). This
equation has an exponential form where RP is the target response parameter, JX; is feature i which is
generally a geometric or material parameter, and c; is the exponent for feature i. The exponents can be
deduced from step-wise linear regression analysis in the log-log domain. On the downside, these models
may lack a physical basis and, as a consequence, can sometimes lead to unrealistic numerical responses.
Plus, these models are generally as good as the number of significant features considered in the regression

and the size/range/quality of the data set.

RP=c,-(X))"(X,)" ... (X,)" (4)
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Table 1 provides a summary of available pertinent predictive models for semi-rigid end-plate moment
connections. In total there are 16 models; the majority of which (10) are either empirical or semi-empirical.
These models have been in continuous development since 1975 and to the present day. Almost all these
models were independently developed from each other, using different sets of experimental and/or
parametric numerical simulations. In this paper, these models are assessed. Emphasized discussion is placed
on the more recent predictive models and those used in European and North American design standards.
Note that there are some other models available in the literature that are excluded from Table 1 and the
following assessment; these are mainly 1) older models where one -or more- of the model parameters is not
clearly defined in the original research or 2) models that represent a slight increment/modification to another
model that is already listed in Table 1. For a detailed discussion of pre-1990 models, the reader is referred

to Benterkia (1991).
Experimental Database

A comprehensive experimental database is compiled to assess the existing numerical models. The database
covers both bare steel and composite end-plate connections. To date, it includes a total of 1277 test
specimens collected from 176 different experimental programs conducted between 1960 and 2022. In
summary, 545 are FEPCs and 732 are EEPCs. For each specimen, multiple test attributes, and geometric,
and material parameters are systematically collected and tabulated. Also, the moment-rotation response is
processed in digital form Figure 4 shows a summary breakdown of the database. The majority of tests
involve bare steel connections comprising I-shaped columns fabricated from conventional (mild) carbon
steel and subjected to monotonic loading. Most specimens are either tested in cantilever (i.e., exterior
connection) or cruciform (i.e., interior connection) beam-to-column configuration while some specimens
were beam-to-beam connections (i.e., splices). Also, the vast majority of beam-to-column specimens are
tested with a strong (or major) axis orientation. The emphasis in this study is on these major-axis
connections and associated models and not the weak-axis ones which are already limited in the literature.

The database is publically available through a graphical user interface (Mak and Elkady 2021).
Deduction of Response Parameters

Figure 5 shows a typical moment-rotation curve. In the case of cyclic loading, this curve represents the
average cyclic envelope (joining the peaks of the 1% cycle at each drift level) of both the positive and
negative loading directions. All digitized test data are refined into 100 equally-spaced data points to ensure
a consistent data fitting procedure to deduce response parameters as discussed later on. In line with existing
design and numerical modeling approaches, the moment is defined as the moment at the column face, which

is computed as the product of the applied force (by an actuator) or reaction force (measured by a load cell)
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at the beam end and the horizontal distance between the centerline of the actuator or load cell and the
column flange face. The rotation is defined as the joint rotation resulting from the shear deformation of the
column web, bending deformation of the column flange, plastic local deformation of the beam web/flange,
elongation on the bolts, and bending deformation of the end plate. In other words, the rotation represents
the total rotation of the joint minus the rotation contributions resulting from the elastic shear/flexural

deformations of the beam and the column.

Key moment-rotation response parameters are deduced from the test data. This is done by fitting the
response curve with a bi-linear curve as illustrated in Figure 5. The deduced parameters include the elastic
and post-yield rotational stiffnesses (K. and K, respectively), the yield, effective yield, maximum and
capping moments (My, Mye, Mimax, and M. respectively), and the maximum and failure rotations (6max and
0, respectively). The detailed fitting methodology is not described here for brevity but can be found in
Elkady (2022). In summary, the elastic rotational stiffness K. is deduced first followed by the post-yield
stiffness, Ks, which is deduced based on the equal-area fitting method, as illustrated in Figure 5. Knowing
K, the rest of the response parameters are obtained. This includes the effective yield moment, M.,
representing the plastic moment capacity, which is deduced as the intersection point between the elastic
slope and post-yield slope. Other parameters include the maximum moment, Mmax, and the failure rotation
6r. Another post-yield stiffness metric, K rangent, 1S employed to represent the tangent to the post-yield region
near the Mmax point. Ksngent 1S deduced by linear fitting one-third of the discrete data points between M.
and Mmax, that are closest to Mmax (Elkady 2022). Consequently, M, is deduced as the intersection point
between the elastic slope and tangent post-yield slope. These two parameters K angent, and My are deduced

to be able to assess existing models incorporating the four-parameter power model (refer to Figure 3b).
Assessment of Existing Numerical Models

In the following sub-sections, the accuracy of each model is assessed and possible reasons behind the
model’s performance are discussed. The discussion is broken into two sections, starting with analytical and
mechanical models and followed by empirical models. To assess a model’s accuracy in predicting a given
response parameter RP, the relative error metric, (RP), is computed using Eqn (5), where RPiest and RPrmodel
are the values of response parameter RP as deduced from the test data and predicted by the model,
respectively. Accordingly, a negative error value implies a conservative model prediction and vice versa.
Also, while the negative error value cannot be less than -100% (since RPmodc1 > 0), the positive error value
is unbounded. For models that predict the full M-0 curve directly, data fitting, as previously described, is
conducted to deduce the relevant response parameters for comparison. One should note that the predicted
model quantities are computed using the measured geometric and material parameters, not the nominal

ones. Also, the test data subset used in the assessment excludes connections with beam haunches, atypical
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configurations (e.g., connections with circular bolt patterns), or those subject to bi-axial bending or dynamic

loading.

The box and whiskers plot shown in Figure 6 provides a statistical summary of the observed errors in
predicting the elastic stiffness and the plastic strength of both FEPC and EEPC connections for all the
examined models. This figure will be cited repeatedly in the manuscript as part of the discussion. Additional
scatter plots of the error metric, superimposed with the values of the associated median error (u), will be
used to further examine its distribution and bias. In these scatter plots, the ordinate representing the error
will be limited to +200% to improve visuals and to exclude outliers from the discussion. The error metrics,
including the error mean (x), standard deviation (o), and maximum/minimum values, are summarized in
Table A.1 in the appendix. The median represents the error tendency for the majority of the predictions, the
mean reflects all errors including the outliers, and the standard deviation can be used to evaluate the error
variability/spread. The appendix also includes multiple comparison plots between the model predictions

and reference moment-rotation data of test specimens with different configurations (see Figure A.1).

E(RP) — RPmodel _R])test X 100 (5)

test

Analytical and mechanical models
Models in design standards

The yield line method is one of the earliest analytical approaches that first emerged in reinforced concrete
design (Jones and Wood 1967; Brestrup 1970) and was later utilized in steel connection design (Packer
and Morris 1977). The method assumes a plastic deformation pattern in steel plates that consists of rigid
plate facets bounded by yield lines. Static equilibrium or the virtual work energy method is then used to
compute the connection strength. The yield line method is used in the American design standards (Murray
and Sumner 2003; AISC 2016a). The end-plate connection’s plastic moment is computed as the lesser value
of the end-plate and column flange plastic moments, as given by Eqn (6), where Y, and Yr are the
analytically-derived yield line parameters for each component, respectively. The yield line parameter is
dependent on the end-plate, column flange, bolt layout geometry, and the presence of end-plate stiffeners

(ribs). The latter is typically overlooked in predictive models. Those expressions are assessed herein.

In addition to the yield line method’s idealization of the deformed shape of plates in bending, the
expressions are deduced assuming an end plate and beam flange of equal widths. In fact, AISC Design
Guide 16 (Murray and Shoemaker 2002) specifies that the effective end plate width shall not be taken larger

than the beam flange width plus one inch. While this is typically the case in practice, there are several
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situations where the end plate can be up to twice the beam flange width (Thomson and Broderick 2002;
Rolle 2013). For those, the yield line patterns may diverge from those assumed. Furthermore, the yield line
method does not consider deformation modes other than end-plate and column flange bending. While these
two deformation modes are the most common (Elkady 2022), in stiffened connections (i.e., with continuity
plates) employing thick end-plates (z, >40mm) and/or relatively slender beams, plastic strength is
controlled by bolt rupture or beam flange/web buckling. These cases are excluded from the data used in
Figure 7 which shows the error with respect to the deduced My.. The yield line parameters are computed
based on Eatherton et al. (2021) who recently deduced and summarized the expressions for FEPCs and

EEPCs with different configurations.

2
17,
M, =min T T (6)
y,C 'tcf “Ler

On average, the yield line model strength estimates are adequate for both connection types, with a median
error of +2%. The error is almost normally distributed with most errors falling within the £50% range.
Although this is still a large error, it is reasonable considering the simplicity of the model and its closed
form that is easily applied in practice. No bias is observed between the model error and the controlling
component (deformation mode) as demonstrated in Figure 8a for EEPCs. However, a negative correlation
is observed between the error and the ratio of the beam depth to the end plate thickness (or the column
flange thickness if it is the controlling component) as shown in Figure 8b. Essentially, the yield line model
tends to overpredict the strength of connections with shallow beams and thicker end plates and provides
reasonable strength estimates of those with deep beams and thinner end plates. This is expected given that
the latter case involves thin plates that generally deform per the assumed yield patterns (with narrow-banded
and clearly-defined yield lines). Correlation plots like the one shown in Figure 8b can be used to potentially
develop empirical correction factors to reduce the error of this model. In addition to the aforementioned
model assumptions, part of the observed —overestimation- errors arise from the fact that different yielding
patterns can be used to deduce the yield line parameter. Ideally, the pattern that yields the smaller Y shall
be used, however, this can be dependent on the connection geometry (e.g., the extension length e;). For
practical reasons, however, only patterns that are shown to match experimental data best are recommended

in the literature. This means that errors can occur in some other cases.

In this model and subsequent models, part of the error can be attributed to the uncertainty in the employed
response parameter definitions, based on the prescribed curve fitting methodology (refer to Figure 5). For

example, My. is used in the assessment above instead of Mo, though both represent the plastic strength. This
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uncertainty was checked for different strength/stiffness metrics and it was noted that the variation in the

response parameter definition does not contribute more the +8% to the observed errors.

In 2005, Eurocode 3 Part 1-8 (CEN 2005b) (referred to henceforth as EC3) incorporated the “component
method” for the design and analysis of steel joints. This method is widely recognizable and comprises a
detailed and comprehensive mechanics-based procedure in which the strength and stiffness parameters
associated with each of the connection individual components’ deformation/failure modes are computed
based on analytical expressions and then assembled to generate the global response. The method relies on
the equivalent T-stub model that is used to represent the bending behavior of the column flange and the end
plate (Zoetemeijer 1974; Jaspart 1991; Weynand et al. 1996). The joint’s plastic resistance (M rq) and initial
rotational stiffness (Sj,ni) are computed based on Eqns (7a) and (7b), respectively, where Frow and zow are
the tensile resistance of a given bolt row and its corresponding lever arm from the center of compression,
respectively, E is the steel elastic modulus, z is the equivalent lever arm and 4; is the stiffness factor for
component i. Using these two parameters, the M-6 response can be established as shown in Figure 9. The

complete analytical expressions to compute Fr.w and k; are not shown here for brevity.

Mj,Rd = ZE‘OW ’ Zrow (73)
E-z*

Sj,ini = _1 (7b)
=k,

This method is generally considered complex and laborious, prompting engineers to opt for the simplified
pinned/rigid connection assumption; thereby forfeiting the advantages of semi-rigid connections. Excluding
this issue, past studies showed that this method is capable of predicting the connection controlling failure
mode (Thomson and Broderick 2002; Hettula 2017) and can provide an acceptable conservative estimate
of the connection flexural strength (Coelho and Bijlaard 2007; Terracciano et al. 2018). Others showed that
it can under-predict the flexural strength by up to 55% (Thomson and Broderick 2002; Hettula 2017).
Notably, most studies showed that it fails in predicting the elastic stiffness, mostly yielding estimates that
are larger than three times the measured stiffness; i.e., € > +200% (Brown 1995; Thomson and Broderick
2002; Heong 2003; Liew et al. 2004; Coelho and Bijlaard 2007; Hettula 2017; Terracciano et al. 2018; Gao
et al. 2020; Gao et al. 2021).

EC3 is used herein to predict Mjrq and Sjni for bare steel specimens with I-shaped columns. Unit values are
assumed for the partial safety factors and measured material properties are considered. Figure 10 shows the

error in predicting M, rq and Sjin; relative to the deduced moment at 1/3 K. (i.e., the intersection of the secant
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stiffness (1/3 K.) with the test moment-rotation curve, consistent with the Mjrq definition in Figure 9) and
K., respectively, as well the corresponding error histogram distributions. The dataset plotted in this figure
includes both beam-to-column and beam-to-beam bare steel connections with I-shaped members and major-
axis orientation. Furthermore, since the component method did not exhibit any bias in the observed
prediction errors with respect to connections with stiffened and unstiffened columns (or other connection

characteristics), no distinction is made in the plot between the different cases.

No tendency is observed in FEPCs’ strength predictions which are slightly conservative with a median error
of -9%. On the other hand, for EEPCs, the component method underestimates the strength by about -20%.
For both connection types, the median and mean error values are close; implying that the error is normally
distributed with a standard deviation of about +33% which is relatively narrow. Hence, as a temporary fix,
applying an amplification factor of 1.09 and 1.20 to EC3 FEPC and EEPC strength predictions, respectively,
would help translate the median error to zero. Excluding the limited cases with outliers, the error in the
majority of predictions falls within +50%. Granted that part of this error might be attributed to the
uncertainty associated with the reported geometric and material test parameters, the error is still significant.
It is worth noting that the error scatter remains practically the same if Mjrq is compared to My, instead of
the moment at one-third of the elastic stiffness, as per Figure 9. This means that this error is not a result of
the uncertainty associated with the method used to deduce the plastic strength from the test data. Generally,
the observed errors can be attributed to the assumptions of the component method, particularly, the T-stub
approach and yield line mechanism. This approach considers three discrete T-stub modes of deformations
and effective T-stub lengths that are based on pre-defined and idealized yield patterns. The method also
assumes the center of the beam compression flange as the connection’s center of rotation, which is then
used to compute the lever arm for the different bolt rows. This is a major assumption given that the center
of rotation is dependent on the end plate’s deformed shape, which is dependent on its thickness and the bolt
layout. Relatively large errors are also observed in test specimens with uncommon configurations such as
FEPCs with uncommonly large bolt gauge-length (g) (Zoetemeijer 1981), EEPCs with four bolts per row,
two bolt rows in the extended end-plate portion, stiffened end-plates, and deep beams (4, >700mm). It is
worth noting that model amendments for 4 bolt per row connections are employed herein as proposed in
Demonceau et al. (2010) and validated against tests conducted by Ungermann et al. (2009) for splice
connections. Although the component method is supposed to be generally applicable, these connection
configurations are outside the common design range considered in the development of the method. Also,

EC3 ignores strain hardening and membrane effects.

Referring to Figure 10c-d, similar observations are inferred concerning the initial rotational stiffness. In

particular, the component method tends to overestimate K. by an average of 35%, consistent with prior
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studies. Most importantly, significant variability is observed in the stiffness predictions, with an error
standard deviation larger than +150%. There was no observed correlation between the error values and the
joint configuration or with any key geometric parameters such as Av/t.p or fep/tcr. For K., the EC3 component
method still overlooks several model parameters such as the bolt pre-tension force, the axial load demand
in the beam and column, and the shear-to-moment ratio in the connection. Contrary to the plastic strength
which is controlled by the main yielding component, the elastic stiffness is a particularly sensitive response
parameter that is affected by all of the connection’s deforming components. It will be demonstrated herein

that large K. errors with large variability are observed in all models’ predictions (refer to Figure 6a).
Simplified analytical models

Several simplified analytical models have been proposed as an alternative to the yield line and component
methods. These are either pure analytical models or hybrid models that employ analytical expressions
modified by empirically-driven coefficients for further simplification or improved accuracy. Four of these

models are discussed herein.

Brown et al. (2001) developed analytical expressions to compute the initial rotational stiffness of FEPCs
and EEPCs. These expressions explicitly account for the column flange and the end plate flexibility in
bending as well as the column web deformation in shear. Other sources of flexibility are implicitly
considered using a correction factor for simplification. The equivalent connection stiffness is computed
using Eqn (8) by assembling the individual component stiffnesses based on the mechanics-based component
method that was introduced in Annex J of EN1993-1:1998 (CEN 1998). The model was validated against
16 test specimens; all of which have standard configurations (i.e., 4-bolt FEPCs and 8-bolt EEPCs) and
end-plate thicknesses less than 16mm. The model provides highly conservative estimates of K. that are 45%
to 60% lower than the true value, as shown in Figure 11a. Although not demonstrated in the figure, no
difference was observed between stiffened and unstiffened connections or between those with a standard
configuration and others. Compared to other models, these conservative predictions are coupled with low
error standard deviation (6=%57), particularly for EEPCs. Hence, an amplification factor of about 1.6 can
be used to improve the overall model predictions. The main drawback of this model is the exclusion of the
bolt stiffness and its pre-tension force (degree of contact between the end-plate and the column flange) as
well as the exclusion of the axial load effect and the bending flexibility of the column web (Skiadopoulos

et al. 2021). These significant predictors are regularly ignored in the assessed models.

0.2 )
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Guo et al. (2011) also developed a simple analytical model to predict the elastic stiffness of EEPCs. The
model considers the equivalent flexibility of the end plate in bending (Kcpb) and the column panel zone in
shear (Kcws), as given by Eqn (9). The model was validated against only three tests involving 8 bolts and
stiffened class 3 columns; hence, column flange deformations are ignored. This model is a simplified
version of the Brown et al. (2001) model. Therefore, similar observations are made with respect to K-
predictions being conservative and inconsistent as shown in Figure 11b. Moreover, due to this further
simplification (i.e., the exclusion of column flange bending), the model provides larger variability in
prediction with an error standard deviation of £111% (compared to +57% for Brown et al. (2001) model).
No bias is observed with respect to stiffened/unstiffened connections or with respect to specimens that were

controlled by different deformation modes.

K_ K 6E I_h*
K — epb cws Where, R: . — p eph’b
¢ °

epb

K. = and K, =G(h, —t)ht,, 9
Most recently, Kong et al. (2020) developed a hybrid mechanical/empirical model to predict the elastic
stiffness and ultimate moment of FEPCs. The model is developed based on a data set of 46 test specimens.
For predicting K., the model employs Eqn (9), similar to Guo et al. (2011). The only difference here is that
the effective end-plate bending length, er, is empirically estimated based on regression analysis against the
collected test data, as given by Eqn (11b). For predicting M., the model considers the end-plate yield line
mechanism in bending as observed from four validated FE simulations based on the tests by Qiang et al.
(2014). The effect of shear-moment interaction is also considered as per Drucker (1956) yield criterion, as

given by Eqn (11b). Note here that the model defines M, as the moment capacity at a joint rotation of 3%

as per AISC (2016b) unless failure occurred earlier.

Figure 12 shows the error scatter for K. and M, with respect to the corresponding deduced test parameters.
Although the scatter differentiates between connections with stiffened and unstiffened columns, the model
does not. The model is on the conservative side as it underestimates K. by 51% and 24% for connections
with stiffened and unstiffened columns, respectively. The much lower K. values for stiffened connections
are expected considering that the model does not consider the stiffeners’ effect on the connection flexibility.

Consistent with all the other models so far, high variability is observed in the K. predictions with errors
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mostly falling between £100%. These observations are consistent with those of the model’s authors who

reported errors of up to -44% based on the test data set used in the model development.

Based on Figure 12b, the model does a relatively reasonable job predicting M, for stiffened connections
with most errors falling between £25%. This is consistent with the model’s authors’ reported discrepancies
that varied roughly between -30% and +40%. For unstiffened connections, large errors reaching +200% are
observed with significant scatter. This is attributed to the fact that the yield line mechanism will change if
the connection geometry and bolt layout are different from the reference 4- and 6-bolt connections used to
develop this model. The model M, predictions are also better for connections with relatively thin end-plate
(tep/ter < 1). The error increases substantially with thicker end-plate as demonstrated in Figure 13,
particularly for unstiffened connections. This is because, in such connections, the column web-panel zone
in shear and the bolt elongation in tension control the connection deformation.

6 ep,u’c

M :2[—(2%’“ +Ve"’°)(hep —17)+V,, L (h, —%‘) (10)

Where,

e = g 139646 -(g0'9 '(el ~ty, /2)03 'tep )2 Lo H883 .goy .(el -1, /2)03 'tep +32.11

I, =e +e, +t,/2 (11b)
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Empirical models

In this section, empirical models are assessed. Those are divided into two categories based on the data type
used in developing the model; specifically, a) data generated by the EC3 component method or b) data
obtained from physical tests and/or FE simulations. In total ten models are assessed; two based on the first

category and eight based on the second category.
Models driven by EC3 component method

Following the commissioning of the EC3 component method, there has been an ongoing effort to develop
a simpler alternative to the method’s lengthy and complex computations. The earliest was the empirical
equations developed by Kozlowski et al. (2008) to predict the initial rotational stiffness and plastic strength
of both bare steel and composite beam-to-column connections. These equations were developed by
regressing parametric data that are generated using the EC3 component method procedures, rather than

experimental data. The parametric data considered connections with European IPE160 to IPE400 beams,
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HEB140 to HEB400 beams, Grade 10.9 M16 to M24 bolts, and t, between 12mm and 30mm. Different
equations are developed for different connection configurations (interior/exterior connections with
stiffened/unstiffened columns); those for FEPCs are given by Eqns (11a-b). The equations have a simplified
form with only four geometric features; the column depth, the beam depth, the end-plate thickness, and the
bolt diameter. No material parameters are considered nor does the model account for the bolt pretension

force or the presence of end-plate (rib) stiffeners in EEPCs.

Similar to the EC3 component method, the model K. predictions are mostly overpredicted, inconsistent,
and yield excessive errors across all different connection configurations; though the model tends to be more
accurate for interior stiffened connections (see Figure 14a). Higher errors, compared to EC3, are observed
in this model because of the regression simplifications. As for the plastic strength, the model provides good
conservative predictions for FEPCs with a median error of about -9% as shown in Figure 14b. The model
also provides consistent predictions for specimens that fall within and outside the model’s range of
applicability (refer to Figure 6). The error variability is comparable to that of the EC3 model. As such, this
model can be considered a faster and more efficient alternative to the component method, which can be

helpful when in the early stages of frame design calculations.

e MBI T 10 - dyt + 7 interior & unstiffened

M gy =177 n)P 01 d) exterior & unstiffened (11a)
e OF2 0 T - d™ interior/exterior & stiffened
e M2 g0 g2 -t::l -d;*"-6261 interior & unstiffened
S fini = g8 -h 038 -h,f'6 -t:fo ~d;° B +1074 exterior & unstiffened (11b)

e P 0t gt 07 - d ™ -5377  interior/exterior & stiffened

More recently, acknowledging the laborious and lengthy procedures of the EC3 component method,
Terracciano et al. (2018) conducted a parametric study using the EC3 component method to generate ready-
to-use 2-dimensional contour plots (i.e., design charts) to graphically determine the connection stiffness
and strength. Simplified empirical equations were also developed, as given by Eqns (12a-b). The parametric
study involved standard European EEPCs with 8-bolt configuration, stiffened columns, and assuming equal
end-plate and column flange thicknesses. The equations are a function of the bolt diameter, the column
flange thickness, and the column and beam depths. Although #.;=t.ris assumed in this model, a more logical
choice here would have been using z., instead of the #.rin the equation. This would better reflect the response
variation in specimens outside this assumption, where end plate deformation is typically dominant. As
expected, in regards to K., this model performance is similar to the EC3 component method, with large

variation in predictions (see Figure 15a), though this model underpredicts K. by about 20% contrary to EC3
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which tends to overestimate it. One should note that no bias is observed between connections falling within
(solid black markers in Figure 15) or outside the model’s applicability range. The model overestimates M,
significantly by about 48% which is comparable to EC3 (u=+53%) (see Figure 15b). The model shows an
improvement is observed for M, prediction for specimens within the applicability range, where the error
values become more consistent and the median error is about +30%. This is more or less consistent with
Terracciano et al. (2018) observations where M, predictions are 7% smaller than the that of EC3 method.
It is worth noting that Kozlowski et al. (2008) model does a better job predicting the plastic strength of
FEPCs compared to this model’s predictions for EEPCs. This may be attributed to the more complex
behavior of EEPCs compared to FEPCs, particularly when it comes to the moment lever-arm assumption.
In that respect, this model is valid as a simpler alternative to the EC3 component method, as long as it is

used within the range of applicability.

3 2
k
K =|8343 % | —333.[ %o | ca730.[ Do |s0865 || 2o |.mr, /1)
tcf tcf tcf 25 ’

where, &, s=a, -h + B (12a)
o, =-135x107 k2 +1x107 - h, —0.188
B. =1239.x107 - h> —0.19- h, +53.12

[2.205-(ﬁ] —0.524:| s (Lo fy) <my s for 2, <160mm

tcf

P
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where, m,, ;= I+, (12b)
_{—1.404><10_7 B2 +9.466x107° - h —0.0169  for &, <310mm
" 19.282x107" for 4, >340mm
4 _{—5.799x10_3~hc+3.142 for h, <310mm
" 0.003- 4, +0.344 for 4, >340mm

Models driven by test and/or simulation data

Among the earliest forms of nonlinear models is the odd-power polynomial model given by Eqn (13), where
¢ and k parameters are the model constants and standardization factor, respectively. This empirical model
was developed by Frye and Morris (1975) and is built on prior work by Sommer (1969) on header-plate
connections, to predict the response of bare steel beam-to-column interior (cruciform) connections. The
model coefficients were calibrated using 30 specimens from early test data by Johnson et al. (1960),

Sherbourne (1961), and Ostrander (1970). The model considers the end-plate and the column flange
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thicknesses, the distance between the extreme bolt rows as well as the presence of column stiffeners as

given by Eqn (13a).

Figure 16 shows the error scatter for K. and My, for both FEPCs and EEPCs. In this plot, splice connections
as well as connections with special configurations involving 4 bolts per row or 2 bolt rows in the extended
end-plate portion are excluded. The figure shows that the model consistently and significantly underpredicts
the M-0 curve of stiffened FEPCs (see sample comparisons in the appendix). In particular, K. and My. are
underpredicted by about 87%. Obviously, a simple amplification correction factor of 1.87 would help
alleviate the model error for stiffened FEPCs. For stiffened EEPCs, the model conservatively predicts a
plastic strength that is 42% lower than observed. Similarly, an amplification correction factor of 1.42 would
help move the median error to zero. For all other types of connections, the model exhibits significant error
and large variability in predictions, particularly for the stiffness. This is consistent with past observations
by Benterkia (1991). This can be attributed to the limited number of features considered by the model. For
instance, the model does not account for the material strength, the bolt size, the bolt rows pitch, the shear,
and axial load effects, or the column panel zone deformation; all of which are influential parameters. The
model also does not differentiate between FEPCs and EEPCs, although their response is different
particularly in regards to the deformation mode of the end plate. Furthermore, this model is regarded in the
literature as unfavorable as it can produce unrealistic negative stiffness because of the negative exponents,

with respect to the rotation.

To improve the model accuracy for EEPCs, subsequent research (Goverdhan 1984; Benterkia 1991)
suggested replacing the z.x parameter with the beam depth, /., and the associated -2.4 exponent with -2.6.
These modifications only improve the plastic strength predictions for stiffened FEPCs where the median

error is shifted from -87% to +15%.
0=c(kM)+c,(kMY +c,(kM) units: inches, kip.in (13)
Where,

¢, =1.83x107, ¢, =-1.04x107, ¢, =6.38x10™°, k=z"*-£"* ¢ unstiff.

cp

(13a)
¢, =1.79x107, ¢, = 1.76x107, ¢; =2.04x107", k=z* 1) stiff.

More than a decade later, Kukreti et al. (1987) developed a two-parameter power model (see Eqn (15)), to
predict the response of 4-bolt bare steel splice FEPCs under symmetric loading (i.e., equal bending).
Regression analysis was conducted to find the features’ exponents as given by Eqn (14a). This was based

on 50 two-dimensional parametric FE simulations that were validated against 8 splice tests by Srouji (1983).



469
470
471
472
473
474
475

476
477
478
479
480
481
482
483
484
485
486
487
488
489

490

491

492

493
494
495
496
497
498

The model considers the beam, end-plate, and bolt dimensions, geometric layout, as well their respective
material properties. In total, 12 features are considered in normalized form. The model is valid for small
rotations within the elastic phase; hence, it can be used to estimate the elastic rotational stiffness, K.
Furthermore, as the model is developed for splice connections, it does not take into account the column
deformations and consequently, it does not apply to beam-to-column connections. Nonetheless, its
applicability is investigated here for cruciform (interior) beam-to-column connections with stiffened

columns where column deformations are already limited.

Figure 17 shows the error in predicting K. for splice and stiffened interior connections. For the splice tests
by Srouji (1983) that were used in model development (highlighted by red markers), the model appears to
provide reasonable collective error that is centered around zero; though most K. predictions are
underpredicted by about 19%. This is consistent with the original research observations of a -5 to -20%
difference, which was deemed adequate at that point given the complexity of the problem. Beyond this set,
K. is largely overpredicted by a factor of three on average. Large errors are particularly observed in splice
connections with four bolts per row and in those subjected to beam axial load (Wald and Svarc 2001;
Ungermann et al. 2009). For stiffened cruciform connections, relatively high stiffness is also predicted.
This is expected given that column deformations are ignored. More importantly, the predictions, in this
case, are largely inconsistent and a substantial variability is observed in the error (¢ = +361). This can be
attributed in part to the limited number of tests used to develop this model; resulting in extrapolation errors.
This is highlighted in Figure 17b, which shows the correlation between the error and the end plate thickness.
In this figure, relatively lower errors are observed for thinner end plates that are similar to those tested by

Srouji (1983) (#p=9 to 13mm), while the errors tend to increase with thicker plates.

1.356

6=15-c-

units: inches, kip.ft (14)

Where,

ol ) T ) e e
hb hb hb hb hb hb 3 fy,b db beptep

Benterkia (1991) compiled an experimental database of pre-1990s research and used it to develop an

empirical model to predict the nonlinear moment-rotation response of FEPCs, using Eqn (15). The model
is developed for unstiffened connections with up to two bolt rows in tension and is valid for rotations up to
2.3% radians. This model considers 11 different geometric and material properties. Notably, to the best of
the authors’ knowledge, this is the only model that considers the bolt pre-tension force, P.. Although the

compiled database was large, the model constants (¢; and ¢;) were obtained based on regression analysis
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against only 13 tests (Ostrander 1970; Zoetemeijer and Kolstein 1975; Davison 1987). This is a limited

number of data considering the number of regression constants.

Figure 18 shows the K. and M. error scatter. Similar to previous models, this model is inconsistent and
inaccurate in predicting the elastic stiffness, with several cases producing errors exceeding 50%. On the
other hand, the model provides a reasonable estimate of My., with a median error of -16% and +20% for
stiffened and unstiffened connections. Interestingly, the model appears to show better and more consistent
performance for stiffened connections, even though it was developed based on unstiffened specimen tests.
Although this model considers several key features, its main drawback is the limited number of tests used
in calibration. Hence, the full effect of these features is not captured. Other, more recent empirical models,

that employed larger calibration data sets are shown to behave better as discussed later on.

M .
O=c,- units: cm, kN (15)
q-M
Where

_7,0.8700 0.917 1.299 —0.652 —0.919 3 —0.006 3 0.3790 2.0040 0.090 —0.233 —0.240

¢ =h AT e e, fy‘P f f ATy (15a)
_7.—2.385 0.281 0.631 -0.013 —0.561 —0.270 —-0.258 —0.234 0.643 0.2210 0.3910
=h lep lp € "6 ’fyP ’fyc fyB Pybon B,

With the advancement of 3-dimensional finite element (FE) simulation techniques within the structural
engineering field, Bahaari and Sherbourne (1997) calibrated the Richard-Abbott four-parameter analytical
model (refer to Figure 3b) against parametric FE simulations of 53 exterior EEPCs with and without column
stiffeners. Empirical expressions are developed using nine geometric and two material features. Compared
to previous models, the geometric features considered herein are inclusive of all components (column,
beam, plate, and bolt). Equation (16a-d) shows these expressions for stiffened EEPCs (units are mm and
MPa). This fitted model had a coefficient of determination, R?, larger than 0.9. As demonstrated in Figure
6b, this model only does a reasonable job predicting the plastic strength of stiffened connections, with a
median error of -11% and relatively low variability (¢ =+34%). For the other response quantities, the mode
predictions are unreliable. In particular, for unstiffened connections, the model appears to be highly
sensitive to the column flange thickness, where this parameter is raised to an exponent that is an order of
magnitude larger than the rest of the features. Unstiffened connections with #r <15mm appeared to result
in very low strength. This is implied from Figure 6b where the minimum and 25 percentile error values

approach -100%.

M — t0438 1(‘1726 . t]())‘.jﬂ ) h[:)Al} 1‘314 b0442 fl 77 fl .029 /(1319 . (pt /db )0.88 .til.:t‘)()) < O.SSMP,b (163)
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In a similar approach, Abolmaali et al. (2005) calibrated the Ramberg-Osgood model using the results of a
parametric FE study involving 34 exterior FEPCs with a four-bolt configuration and stiffened column.
Regression equations were developed to predict the three model parameters, as given by Eqns (17a-c). The
model units are inches and psi. The equations consider nine features including the bolt layout, the end plate
dimensions, the beam section dimensions, and the steel yield stress. While the model does not specify the
yield stress of which component shall be used, that of the end plate is assumed herein given that end plate

bending with the dominant deformation mode in these simulations.

Similar to Bahaari and Sherbourne (1997) model, this model yields large and inconsistent errors for K.
predictions as shown in Figure 19a. The model’s main drawback is that it overlooks the column web and
flange deformations and does not consider the bolt-pretension force; all of which have a significant effect
on the elastic stiffness. This is why the model K. estimates for stiffened beam-to-column and splice
connections are relatively better than those for unstiffened connections. The model also does not consider
connections with multiple bolt rows in tension which is common in practice. The model reference moment
M, is compared herein with the deduced Mo. On average, the model does a better job estimating the plastic
strength for both stiffened and unstiffened connections with a median error of +5% as shown in Figure 19b.

Nonetheless, due to the aforementioned drawbacks, the model can reach a large error of £50%.

_ 05070 —0.003 1.130 0.448 0.1390 0.095 0. 1170 0 1340 1.136 0.2960
My=e"" g7 d T e by Tty by S (17a)
__—6.2660 0.555 0.231 2.938 -0499 -0.563 _—0.080 —0.485 -1.102 —0.062
60 =e ’ ’ db "€ ) bcp ’ Zcp ’ tbf ) tbw ’ hb ) fy (17b)
_ 163150 0.077 0.974 0.946 -1.009 -0.478 -0.287 _-0.451 0.011 -1.363
=e ’ ’ db "€ ’ bcp ’ Zcp tbf tb hb fy (17C)

With the increased accessibility to computational power in the past decade. Rolle (2013) was able to
conduct larger parametric FE simulations (164 FEPC and 68 EEPC exterior beam-to-column specimens).
The generated data was then used to developed a semi-empirical model to determine the stiffness and
strength of FEPCs and EEPCs. The model determines the connection plastic strength as the product of an
empirical correction factor ¢, the bolt tensile strength Fuw, and the inner lever arm z (as defined in CEN

(2005b)). Similarly, the elastic stiffness is computed as the product of several geometric features and further
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corrected using three empirical factors. The geometric features were chosen considering their correlation
with the response parameters based on the simulation results. The empirical correction factors were
regressed against the FE simulation data. The model performance with respect to K. predictions is consistent
with the rest of the models discussed so far, with mostly overestimated values (u=+50%) and large
inconsistency (¢ >150%) in prediction errors (refer to Figure 6a). The model plastic strength predictions
are consistent with small standard deviation, though the predictions are conservatively shifted by about
18% and 58% for FEPCs and EEPCs, respectively. The larger error for EEPCs is partially attributed to an
additional 0.75 reduction factor employed by the model to consider the bolt pre-tension load effect on force
distribution. Similar to many of the other models, simple amplification factors can be used to shift the model

median errors to zero.

tt
M,=cF, z, wherec=1.95 o b fw (182)
mm, f,
‘- ty b hy where =70 =10 =025 for FEPC (18b)
; =31 ¢,=05 ¢ =050 for EEPC
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Most recently, Eladly and Schafer (2021) conducted parametric FE simulations of 160 different EEPC
configurations with stiffened columns, fabricated from austenitic stainless steel. The study covered
connections with stiffened columns, end plates with/without ribs, shallow beams, and thin end plates
(tep<12mm, 7,<300mm, and d,<16mm). The parametric results were then used to fit nonlinear regression
models for each of the four Richard-Abbott model parameters (refer to Figure 3b). The model features
include six geometric and three material parameters, as shown in Eqn (20). The model authors showed that
this model is robust, yielding an average error of about 4% for the connection strength, but this was
associated with large variability that reached 25% for the elastic stiffness and plastic strength parameters.
Although the employed FE approach was validated against test data, the model was not benchmarked
directly against test data.

Figure 20Error! Reference source not found.a-b shows the error in predicting K. and M, with respect to
the corresponding parameters deduced from the test data. In this figure, to be consistent with the model
connection configuration, only connections with stiffened columns, two-bolt per row and single bolt row
in the extended tension portion are considered. With respect to K., the model mostly predicts lower stiffness
values. The predictions exhibit large variability consistent with prior observations for all the other models.
Interestingly, on average, the model predictions for carbon steel connections (¢=-25%) are better than that

of stainless steel connections (¢=-68%). The underestimated K. values can be attributed to the fact that this
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model does not consider the strength/grade of the bolt or its pre-tension force. In fact, bolt pre-tension was
not considered in the FE simulations used to develop this model. This can have a major effect on K.
(Hellquist 1966; Jenkins et al. 1986; Prescott 1987; Chasten 1988). Moreover, part of the observed error is
due to the negligence of column web shear deformations. Particularly, in EEPCs with stiffened columns,
insignificant deformations due to column flange bending are expected. On the other hand, the continuity
plates do not restrain the column web-panel zone from deforming in shear. Therefore, one would expect
that the model herein should have included the column web thickness rather than the column flange

thickness.

With respect to M, the model underpredicts stainless steel connections’ strength by about 28%. Similar to
K., the model appears to do better (on average) for carbon steel connections with a median error of -14%.
The My error for most of the tests falls between +70% which is still large. This error is mainly related to the
exclusion of the geometric features associated with column deformations. This is demonstrated in Figure
20c which shows the correlation between the error and the beam depth to end-plate thickness ratio. In
particular, the model overestimates the strength for connections with low /Ay/t, <11.5. Those involve
shallow beams and thick end plates where column panel zone shear deformations tend to control. On the
other hand, the model tends to underestimate the strength of connections with deep beams and thin end
plates (hv/te, >17.5) that are mainly controlled by higher-mode buckling of the end plate and buckling of
beam flanges/web. Furthermore, although not included in Figure 20, the model also yields very large errors
(>200%) in predicting the strength of connections experiencing beam flange/web buckling. Those are either
connections with slender beams (i.e., class 3 or 4 as per CEN (2005a)) or connections falling within or near

the fully-rigid category (i.e., occurrence of beam buckling) (Ryan 1999; Sumner I1I 2003; Jain 2015).

Finally, one should note here that the applicability of this model to carbon steel connections is valid since
the empirical model already considers both the yield and ultimate yield stresses when determining the post-
yield stiffness (Ks); hence, the amount of plastic strain hardening generated by the material is implicitly
considered. In fact, excluding any errors in K. or Mo, this model produces a comparable post-yield stiffness
for both stainless and carbon steel specimens as shown in Figure 20d with a median error close to zero.
Most K errors are within the +£50% range. Although this error is large, it can be deemed acceptable given
that errors in K; are not as detrimental —to design and structural analysis- as those in K. and considering the
state-of-practice where the post-yield stiffness is either ignored (as in bilinear models), assumed constant
(e.g., by setting K; = 2~3% K. (Davison et al. 1987; Landolfo 2022; Zhao et al. 2021) or setting the Mmax/My.
ratio to 1.1~1.3 (Lignos and Krawinkler 2011; Elkady and Lignos 2014)), or inaccurately predicted in other
continuous models (Frye and Morris 1975; Abolmaali et al. 2005). This is better demonstrated in Figure

A.1 based on full-response comparisons.
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Models for connection ductility

The connection’s rotational ductility, as measured by the failure rotation, is one of the parameters that are
key to the study of system-level robustness under extreme hazards, such as progressive collapse under
impact/blast loads and sidesway collapse under strong seismic events. This response quantity is generally
overlooked in the aforementioned models given the insufficient data. Within the past few years, emphasis
was placed on developing empirical or probabilistic models to estimate steel connection failure. For semi-

rigid end plate connections, only two models are found and discussed herein.

Ostrowski and Koztowski (2017) developed an expression to estimate the ultimate rotation (i.e., at failure)
for exterior stiffened FEPCs. The expression, given by Eqn. (20), is developed based on only 11 FE
parametric simulations where failure is controlled by bolt rupture. The FE model was validated against test
data conducted at the material, component (T-stub), and joint levels; though the number of validation
specimens was limited particularly at the joint level. The simulated specimens involved an HEB300 column
and HEA360 beam with 4-bolts, #.,,—10~20mm, d;=50~90mm, g=120~180mm, and fully pre-tensioned
M20 Gr. 10.9 bolts. Eqn. (20) implies that & is inversely and directly proportional to the end-plate thickness
and the bolt gauge length, respectively. This is logical given that stiffer thick end-plate connections undergo
negligible rotations before bolt failure. Figure 21a shows the error scatter based on beam-to-column test
specimens that failed by bolt rupture. Note here that a drawback of Eqn. (20) is that it may result in negative
0r values because of the presence of a constant negative scalar term (i.e., -42.48). Those cases are ignored
in Figure 21a. For specimens falling within the model range of applicability, the figure shows that the model
predictions are highly variable regardless of the connection geometric layout, where 6 is reasonably
underestimated by about 30%. Although this level of error may be acceptable, the model still yields large
variability in its predictions even for connections within its applicability range, with errors reaching -100%
and +200%. This can be mainly attributed to the exclusion of the material parameters, particularly that of
the bolt which is related to the bolt fracture strain. Though not plotted in Error! Reference source not
found.a, it should be noted that large errors are observed for connections failing by bolt stripping or weld

failure. For these cases, the model tends to overestimate the failure rotation since these are early unplanned



646
647
648

649
650
651
652
653
654
655
656
657
658
659
660
661
662
663

664

665

666

667
668
669
670
671
672
673
674
675

failure modes. Similar observations with respect to splice specimens; those are generally designed with
thick end-plates (>30mm) and experience insignificant deformations prior to failure (Srouji 1983; Hendrick

1985; Steurer 1999). Hence, these cases should be treated differently in future models.

More recently, Eladly and Schafer (2021) also developed an empirical formula for the ultimate (i.e., failure
rotation, 0r) of stainless steel EEPCs, using Eqn (21), as part of the continuous nonlinear model discussed
earlier. Predicting ductility is of particularly importance in this model since it is one of the key advantages
of stainless over carbon steel. Similar to Ostrowski and Kozlowski (2017), the equations are developed
considering bolt rupture as the failure mode. Note here that in the parametric study, A-80 stainless steel
bolts (equivalent to Gr. 8.8) were considered. In the compiled experimental database, only 7 stainless steel
specimens reached failure. The prediction error for those is plotted in Figure 21b where a median error of
+2% and a highest error of -30% are observed. This level of error can be considered acceptable given the
overall sensitivity of 0r to geometric, material, and loading parameters (Elkady 2022). In particular, the
model herein does not consider the loading protocol (monotonic versus cyclic), the bolt grade (duplex
versus austenitic), and the bolt shear-to-tension force ratio (Song et al. 2020); all of which can have a
significant effect on 6. For connections with regular high-strength steel bolts, the model overestimates 0r
by about 67%. This is expected considering the higher ductility of stainless steel bolts; at least 50% larger
than carbon steel counterparts (Song et al. 2020). On the other hand, for Grade 10.9 bolts, the model

underestimates 6; by about 50% since it was developed based on lower bolt grade.
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Summary and Conclusions

Semi-rigid end-plate moment connections are widely used in practice and have been the focus of great
amount of international research through the years. Much of this research was concerned with developing
models, using different approaches, that can capture the connections’ elastic and elastoplastic behavior for
design and analysis purposes. Contrary to full-strength connections, semi-rigid connections’ behavior can
be more complex and sensitive to multiple factors. The accuracy of existing models, in predicting the
moment-rotation response -or the characteristic stiffness, strength, and ductility parameters- of semi-rigid
flush and extended end-plate moment connections, is assessed in this study using a comprehensive
experimental database of more than 1200 specimens. This is the first study to conduct such a broad

experimental-based assessment of 16 models to highlight the strengths and weaknesses of the different
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models and pave the road towards the development of more robust ones. The main findings are summarized

as follows:

e Regardless of the model type and the associated complexity, the available models fall short of achieving

consistent accuracy in predicting key response parameters, usually with errors exceeding 100%. This
can be mainly attributed to the fact that most models are developed based on simplified assumptions
that do not account for all loading, material, and geometric parameters influencing the response or are
based on test/simulation data with a limited range of testing parameters (e.g., boundary conditions,
applied load history) and connection configurations (e.g., beam depth, angle thickness, bolt pretension
force). Consequently, model extrapolation to other configurations can yield high errors.

All models, assessed in this study, yield excessive (error>100%) and inconsistent (error range>+50%)
estimates of the elastic rotational stiffness (refer to Figure 6a). This confirms past findings in the
literature. For instance, on average, the most rigorous Eurocode 3 component method overestimates the
stiffness of FEPCs and EEPCs by about 85%+140% and 85%+140%, respectively. Several simpler
models achieved comparable and sometimes better (though mostly non-conservative) predictions.
Multiple connection features need to be accounted for to predict the elastic stiffness which is a
particularly sensitive response parameter. For example, except for one model, all available models
ignore the bolt pretension force although it has been shown to have a major impact on the stiffness
(Hellquist 1966; Faella et al. 1998).

Available models generally do better job predicting the connections’ plastic strength compared to the
elastic stiffness with the majority of errors are between +40% (refer to Figure 6b). Both the yield line
and the component methods provide reasonable estimates (excluding outliers), though the latter tends to
be conservative by about 20%. Better estimates are observed for FEPCs compared to EEPCs, which is
expected given the addition deformation complexities in the latter. Most of the assessed analytical and
empirical models provide consistent estimates (narrow error range within £30%), as long as they are
applied within their applicability/development range.

Based on the current assessment, it was shown that simple correction factors can temporarily be
employed to improve the plastic strength and elastic stiffness predictions of several models and shift the
median or mean prediction error to zero. Some of these correction factors are correlated with key
geometric parameters.

Several key parameters that are shown to affect the connection response have been commonly ignored
in prediction models. This includes: 1) load protocol effect, 2) material hardening, 3) end-plate rib
stiffeners, 4) column and beam axial loads (Wald and Svarc 2001; da Silva et al. 2004), and 5)
unbalanced bending and shear-to-moment ratio (Li et al. 1996; Waqas et al. 2019; Béland et al. 2020).
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Bilinear models ignore the connection’s post-yield stiffness while most continuous nonlinear ones do
not provide good predictions. This is a key response parameter, arising from plastic strain hardening,
that affects nonlinear simulations concerned with ductility and collapse capacity. This needs to be
carefully considered in future models.

Current models for predicting the connection ductility are limited and require further development. The
two models assessed herein showed unreliable predictions of the failure rotation that is solely controlled
by bolt rupture. For this failure mode, models need to consider the effects of the loading protocol, the
bolt shear-to-tension load ratio, and the bolt pre-tension force. For connections controlled by other
failure modes such as bolt stripping, weld failure, and end-plate tearing, test-based probabilistic —rather
than empirical- models may be more sensible.

Empirical models are simpler and at the same time comparable in terms of accuracy to analytical and
mechanical models. However, to improve their robustness, it is necessary to 1) include many features
covering the contributions of all the deforming components, and 2) employ a large set of data (ideally
from physical tests or thoroughly validated FE models).

For models developed based on FE simulations, the FE modeling approach must be rigorously validated
with available test data of connections with different characteristics, before conducting any parametric
simulations. Otherwise, the FE model may be biased. This is particularly critical for studies focused on
quantifying ductility and failure rotation.

Most empirical models rely on data sets generated by FE simulations. Those relying on physical test
data employ limited data sets covering a narrow band of the design space. The comprehensive
experimental database compiled herein offers the opportunity for developing more robust empirical
models.

Semi-rigid connection response characteristics are dependent on the controlling deformation mode(s).
These modes are in turn dependent on the joint location and type (beam-to-column versus beam-to-beam
and exterior versus interior) and the connection column web and end-plate stiffening. As such, future
models may need to be developed based on discrete categories related to the connection topology.

The apparent complexity of semi-rigid end-plate connections’ behavior and their dependency on a
multitude of test, geometric, and material parameters support the case for employing machine learning
(ML) algorithms -such as neural networks- to predict the connection response parameters. The literature
has demonstrated the efficiency of ML algorithms in capturing complex physical structural problems
compared to standard nonlinear expressions. These, however, require large datasets of high quality,

similar to the one compiled herein.
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Notation

The following symbols are used in this paper:

Ay
AVC
bcf
bep
dy

qy O

F row
F ub

fyi
fui
G

g

h,
hc
Brep
Ly
I x,b
Kews
K.
Kepb
Ks
Ks,tangcnt
k

ki
Ly

la

beam cross-section area

column web shear area

column flange width

end-plate width

bolt diameter

constants or regression coefficients

modulus of elasticity of component i [P: end plate, C: column, B: beam]|
Euler number

end-plate extension at the compression side

effective end-plate length in bending (er=e: — ex + t/2)

distance between the top bolt row and end-plate edge in compression
distance between the top bolt row and end-plate edge in tension
end-plate extension at the tension side

vertical distance of bolt row i to the beam’s tension-flange external edge
bolt horizontal edge distance on the end-plate length

strength of a given bolt row

bolt ultimate strength

yield stress of component i [P: end plate, C: column, B: beam, b: bolt]
ultimate stress of component i [P: end plate, C: column, B: beam, b: bolt]
shear modulus

bolt gauge (distance between bolt columns)

beam depth

column depth

end-plate depth

end-plate cross-section second moment of inertia (bep ep/12)

beam second moment of inertia

stiffness of column web in shear

initial elastic rotational stiffness

stiffness of end-plate in bending

post-yield hardening stiffness based on an equal-area bilinear fit
post-yield hardening stiffness based on the tangent slope at Mimax
regression coefficient

elastic stiffness coefficient for component i

beam length

lever arm



785 I distance between the upper portion of the flush end plate and the horizontal plastic hinge
786 Mo reference —plastic- moment based on the Ramberg-Osgood model

787 My ultimate moment corresponding to 3% joint rotation

788 M, plastic moment

789  Mira joint design —plastic- moment resistance as per CEN (2005b)

790  Mmx  maximum moment developed by a joint during a test

791 M, yield moment

792 M. equivalent yield moment based on an equal-area bilinear fit

793 m vertical distance between the tension bolt center and the nearest tension beam flange edge
794 mcr horizontal distance between the bolt center and column flange fillet edge

795 mep horizontal distance between the bolt center and beam web weld

796 P bolt proof load

797  Pyporr  bolt yield load

798 P bolt pre-tension load

799  pr distance from the tension bolt center to the center line of the beam tension flange
800  pi bolt row inner pitch
801  pr bolt row pitch above and below the tension flange

802  RPmodel Tesponse parameter predicted by a model

803  RP.« response parameter deduced from test data

804 . column fillet radius

805 Sy joint initial rotational stiffness as per CEN (2005b)
806  tur beam flange thickness

807  tow beam web thickness

808  fer column flange thickness

809  tew column web thickness

810 1 end-plate thickness

811  twmc  column stiffener thickness

812  tump  end-plate stiffener thickness

813  twe fillet weld thickness

814  Yr yield line parameter for the column flange

815 Yo yield line parameter for the end-plate

816 Vo  plastic shear force capacity per unit length

817 Vepu  ultimate shear force at the upper portion of the flush end plate x

818 x mean error

819  Zw beam plastic section modulus

820  zex arm length between extreme bolt rows

821  z arm length between bolt row i and beam compression flange center

822 Ziow arm length between a given bolt row and the beam compression flange center
823 p transformation parameter as per CEN (2005b)

824 € error metric

825  Ou design rotation capacity
826 0, or O ultimate or failure rotation

827 O reference —plastic- rotation based on Ramberg-Osgood and the modified 3-parameter power models
828 ¢ standard deviation of the error
829 u median error
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1110 Table 1. Summary of existing predictive models for bare steel semi-rigid end-plate moment connections with I-shaped columns in
1111 chronological order
Reference Model type Predictions Applicability
Frye and Morris (1975) Empirical Full M-0 FEPC/EEPCs
Kukreti et al. (1987) Empirical Full M-0 Splice FEPCs
Benterkia (1991) Empirical Full M-0 Unstiffened FEPCs
Bahaari and Sherbourne (1997)  Empirical Full M-0 EEPCs
Brown et al. (2001) Analytical K. FEPCs/ EEPCs
Murray and Shoemaker (2002) Analytical M, FEPCs/EEPCs
CEN (2005b) Analytical/Mechanical K. and M, All connection types
Abolmaali et al. (2005) Empirical Full M-0 Stiffened FEPCs
Kozlowski et al. (2008) Empirical K. and M, FEPCs/EEPCs
Guo et al. (2011) Analytical K. EEPCs
Rolle (2013) Semi-Empirical K. and M, FEPCs/EEPCs
Ostrowski and Koztowski (2017) Empirical O Stiffened FEPCs
Terracciano et al. (2018) Empirical K. and M, Splice EEPCs
Kong et al. (2020) Semi-Empirical K. and M, FEPCs
Luo et al. (2020) Analytical K. Stiffened EEPCs
Eladly and Schafer (2021) Empirical Full M-0 Stainless EEPCs
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1113 Table A.1. Summary of observed error metrics

Error metrics [%]

Model reference Parameter Connection type

x o [min  max]
FEPC-stiffened —88 —86  =£l11 [-100 -44]
K FEPC-unstiffened -23 -16 %61 [-98 +300]
¢ EEPC-stiffened —28 +3 +95 [-93 +351]
. EEPC-unstiffened +9 +60  £166 [-97 +752]
Frye and Morris (1975) FEPC-stiffened —85 80 +12  [94 -25]
M FEPC-unstiffened +13 +55  £132  [-89 +495]
P EEPC-stiffened -39 -32 432 [-80 +90]
EEPC-unstiffened +160 +209 £209 [-67 +697]
Kukreti et al. (1987) K. FEPC-splice/int. stiff. +178 +295 £361 [-66 +1635]
I% FEPC-stiffened -10 +26  +80 [-78 +242]
Benterkia (1991) ¢ FEPC-unstiffened +101 +186 +£216 [-31 +930]
M FEPC-stiffened =17 —4 +35 [-51 +90]
? FEPC-unstiffened +18 +27  +51 [-57 +171]
EEPC-stiffened +151 +176 £163  [-66 +724]
. EEPC-unstiffened +29 +157 £31 -100 +1236
Bahaari and Sherbourne (1997) EEPCostiffencd =) - 32 %-56 T130] 1
EEPC-unstiffened -33 -29  +62 [-100 +172]
. . FEPC +2 +1 +27 -59 +60
Yield line method M, EEPC ) v 38 %-86 +141‘]
FEPC —45 -12 90 -99 +409
Brown et al. (2001) K. EEPC 62 50 157 {_99 +252}
S FEPC +1 +19  £75 [-94 +286]
b EEPC +53 +85  £142  [-97 +657]
CEN (2005b) y FEPC -9 3 136 [-70 +177]
IRd EEPC 20 -15  +32  [-90 +201]
K FEPC-stiffened +19 +44  +98 [-86 +385]
. ¢ FEPC-unstiffened +180 +269 +£253 [-87 +950]
Abolmaali et al. (2005) y FEPC-stiffencd 0 T4 247 [51 +172]
0 FEPC-unstiffened +8 +16  +45  [-53 +180]
FEPC-inside range +53 +92  £120 [-89 +411]
K FEPC-outside range +38 +54  £89 [-76 +364]
¢ EEPC-inside range +129 +198 +£262 [-93 +1191]
. EEPC-outside range +78 +145 £215 [-98 +951]
Kozlowski et al. (2008) FEPC-inside range ___ —6 1 136 [-55 +87]
M FEPC-outside range =12 -9 +32 [-59 +81]
? EEPC-inside range —45 -39 428 [-91 +54]
EEPC-outside range —41 -35  £25 [-77 +30]
Guo et al. (2011) K. EEPC -36 -2 =111 [-99 +666]
© FEPC +64 +144 230 [-92 +1057]
) ‘ EEPC +41 +101 +185 [-85 +1392]
Rolle (2013) P FEPC 18 -9 435 [-60 +94]
? EEPC —58 55  +15  [84 +7]
. . FEPC-inside range +20 +26 86 -87 +191
Ostrowski and Kozlowski (2017) - 6r FEPC-outside ralglge 26 24 56 E-99 +137}
K EEPC-stiffened -20 +10  +46 [-71 +147]
Terracciano et al. (2018) ¢ EEPC-Unstiffened -9 +30 £104 [-98 +388]
' I EEPC-Stiffened 429 +24  £25 [-24 +67]
P EEPC-Unstiffened +54 +74  +84 [-84 +356]
Kong et al. (2020) K. FEPC-Stiffened =51 —49 23 [-87 +16]

FEPC-Unstiffened —34 28 89 [-94 +285]
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M FEPC-Stiffened +9 +14  £29 [-54 +96]

i FEPC-Unstiffened +33 +54  +70 [-38 +269]

K EEPC-Stainless steel  —68 42 52 [-82 +68]

¢ EEPC-Carbon steel —26 -2 +75 [-94 +378]
EEPC-Stainless steel ~ —28 24  +20 [-60 +5]

Eladly and Schafer (2021) Mo EEPC-Carbon steel  —14 -6 +31  [-52 +123]
0 EEPC-Stainless steel ~ +2 -13  +26 [-53 +9]

Y EEPC-Carbon steel +67 +66 114  [-58 +413]
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Figure 12. Kong et al. (2020) model for FEPCs: (a) K- error; (b) My error
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1173 Figure 14. Kozlowski et al. (2008) model for FEPCs: (a) Ke and (b) M, error
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Figure 15. Terracciano et al. (2018) model: (a) K- error; (b) M, error for EEPCs
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Figure 18. Benterkia (1991) model for FEPCs: (a) Ke error; (b) Mye error
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1181  Figure 21. Error in predicting failure rotation based on empirical models by (a) Ostrowski and Koztowski (2017) for FEPCs and
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Figure A.1. Sample comparisons of existing models’ predictions with reference test data
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