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1. ABSTRACT

In capacity designed steel moment resisting frames (MRFs), beam-to-column joints (i.e.,
panel zones) are designed to remain elastic. To potentially exploit the beneficial aspects of
the stable panel zone hysteretic response in shear, a robust panel zone model is required.
To assess the available panel zone models in the literature, a database of more than 100
experiments was systematically assembled. Experimental evidence suggests that available
models may overestimate the panel zone shear strength by 40%. Regarding the model
utilised in Europe, the column flange contribution to panel zone shear strength is
disregarded, if continuity plates are not present, thereby underestimating the panel zone
shear strength by 20%, on average. Moreover, only one doubler plate (if two are needed) is
considered in the panel zone strength calculation. This paper examines realistic shear
stresses in various panel zone geometries based on continuum finite element (CFE)
simulations validated with available experimental data. The parametric analysis results are
then leveraged to develop a new panel zone shear strength model for the seismic design of
steel MRFs. Comparisons of the proposed panel zone shear stiffness and strength reveal a
noteworthy accuracy of less than 10% error and decreased variation compared to existing
models. Complementary CFE analyses on panel zones with doubler plates revealed that
these are effective withstanding the shear strains developed in the column web. Thus, the
panel zone thickness to be used in the proposed panel zone strength model should include
the column web and the doubler plate(s).



2.  INTRODUCTION

In capacity-designed steel moment resisting frames (MRFs), column web panel zones are
usually designed to remain elastic, while the dissipation of the earthquake-induced energy
is mostly realised in the steel beam ends [1], [2]. Back in 1970s, research on small-scale
beam-to-column connections with highly inelastic panel zones [3] highlighted the
beneficial aspects of panel zone shear yielding in the seismic performance of beam-to-
column connections. Similar findings have been demonstrated experimentally in recent
studies on full-scale beam-to-column connections [4]-[10]. The current design standards
limit the pane zone inelastic distortions to 4y, (where y,, is the panel zone shear distortion
at yield). Moreover, the current design equations are questionable for higher inelastic shear
distortions. Therefore, to potentially exploit the beneficial aspects of panel zone shear
yielding, a robust panel zone model is timely.

Referring to Fig. 1a, the Krawinkler model [11] comprises an elastic branch with stiffness
K,, given in Eq. 1a, which assumes shear deformation mode dominance within the panel
zone (see Fig. 1b). The bending deformation mode (see Fig. 1c) is disregarded from the
panel zone stiffness equation. The panel zone is assumed to yield uniformly within the
column web, as per Eq. 1b. The contribution of the flanges in the elastic branch is
disregarded, while it is assumed that they solely contribute to the plastic deformations of
the panel zone, until 4y,,. The panel zone shear strength at 4y,, is given in Eq. 1c and was
calibrated to limited experimental data with t.; ranging from 10mm to 24mm. After 4y,,, a
constant stiffness of 0.03K, is assumed. Available models in the literature are similar in
nature to the described model. In Europe [2], panel zones are designed based on their yield
stress, similarly to Eq. 1b. In case continuity plates within the panel zone are utilized in
design, an additional term to V,, is considered, as per Eq. 1d.
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Fig. 1 (a) Typical panel zone mathematical model, (b) panel zone bending deformation mode, and (c) panel
zone shear deformation mode
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Where, G is the shear modulus; f, is the yield stress of the steel material; t.,, is the column
web thickness; h, is the column depth; K, is the panel zone post-yield stiffness; My, ¢ ra
is the plastic moment resistance of the column flange; My, ¢ rq is the plastic moment
resistance of the continuity plate; d; is the distance between the continuity plates.

Fig. 2a compares the experimental elastic panel zone stiffnesses, K, ,,,, with the predicted
ones, K., as per the CEN [2] model, based on a dataset assembled by Skiadopoulos and
Lignos [12]. The data are divided into connections with and without doubler plates. The
straight lines denote the respective trends. It is observed that the elastic stiffness K, is
overestimated by 20% for the cases without doubler plates because the contribution of the
bending deformation on the total panel zone deformation is neglected [6], [13]. In the test
specimens featuring doubler plates, the elastic stiffness diverges by more than 20% from
the experimentally derived values. The reason is that when two doubler plates are needed,
the CEN [2] model accounts for only one in the respective calculations. Moreover, if the
doubler plate thickness is less than that of the column web, no contribution to the strength
and stiffness is assumed. These assumptions are questionable, as also concluded by Fig. 2a.

Fig. 2b depicts the ratio of the predicted over the measured panel zone strength ratio,
V, /Vp,m With respect to t.¢. For sections without doubler plates and thick flanges, the CEN
[2] model underestimates the panel zone strength by 20%, contrary to AISC [14], because
the column flange contribution is neglected when continuity plates are not present. This is
a common design condition when shallow (i.e., h, < 600 mm) and stocky cross sections
(i.e., t;f =40mm ) are used as columns. However, the expected column flange
contribution is substantial in this case. For sections with flange thicknesses less than 30
mm, the panel zone strength is overestimated by up to 60%, since Eq. 1d does not
accurately depict the mechanics of shear stresses in the column flanges. Consequently, the
panel zone strength is underestimated, especially when two doubler plates are present.

Within such a context, this paper proposes a new mechanics-based panel zone model for
the seismic design of steel MRFs. The model is informed by continuum finite element
(CFE) analyses to comprehend the mechanics of panel zones experiencing high inelastic
shear strains. The proposed model is validated to available test data in the literature.
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Fig. 2 Comparison of experimental panel zone response variables with panel zone model predictions as per
CEN [2]: (a) panel zone stiffness, and (b) panel zone strength V,,



3. PARAMETRIC FINITE ELEMENT ANALYSES

The CFE models are developed through the commercial finite element analysis software
ABAQUS (version 6.14-1) [15]. The CFE modelling assumptions of the developed models
are first validated to full-scale experiments. As illustrated in Fig. 3a, the interior beam-to-
column connection test by Shin [8] is employed for this purpose. In brief, the material
model employs a combined multiaxial isotropic/kinematic hardening law [16] with input
model parameters identified as per the optimization approach proposed by de Castro e
Sousa et al. [17]. Local imperfections and residual stresses in the steel beams are
considered as discussed in Elkady and Lignos [18] and Young [19]. Twenty-node quadratic
brick elements with reduced integration (C3D20R) are employed. A finer mesh is
employed at the critical panel zone and beam end regions based on a mesh sensitivity
study. The model boundary conditions represent those of the experiment (see Fig. 3a). To
expedite the computations, a reduced-order panel zone model is considered with the
boundary conditions shown in Fig. 3a. Fig. 3b shows the panel zone test response
compared with the detailed and the reduced-order CFE analysis. The comparison
demonstrates the validity of the employed assumptions for both the detailed and the
reduced-order CFE models in terms of strength and stiffness.
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Fig. 3 (a) Detailed and reduced-order CFE models, and (b) panel zone response comparison between test
and CFE models

The development of the panel zone model relies on eight panel zone geometries. The
variables of the parametric analysis are the panel zone aspect ratio, hy,/h., the column
flange width, b.f, and the column flange thickness, t.r. The reduced-order models are
subjected to monotonic loading up to 6y, and the deduced parameters are; (a) K, (in
terms of shear resistance-to-distortion, V,, — y, relation); (b) V},, based on the onset of
yielding at the panel zone; and (c) the panel zone shear strength at 4y,, and 6y,,.

Fig. 4 shows normalised stress distributions at the mid-height of the panel zones with
slender and stocky geometries, characterised with h;,/h, = 1.5 and t.; = 25 mm, and
hy/h. = 1.0 and t.r = 50 mm, respectively. The distributions correspond to shear
distortions of 4y,,, while planes of average shear stresses in the web and the flanges are
superimposed. It is demonstrated that, although the web shear stress distributions are
similar after the onset of panel zone yielding and equal 1.17,,, shear stresses at the flanges
vary significantly. For instance, in the former case, shear stresses at the flanges are
infinitesimal (nearly 1% - t,)), while in the latter case, shear stresses at the flanges exceed
10% - t,,. Considering that the area of flanges with respect to the total area of stocky
sections is considerable, the flange contribution in this case should be estimated accurately.
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Fig. 4 Shear stresses in panel zones of variable geometries.: (a) slender (hy,/h, = 1.5 and t.; = 25 mm), and
(b) stocky (hy/he = 1.0 and t.; = 50 mm)

4. PROPOSED PANEL ZONE MODEL
4.1 Elastic stiffness

The elastic stiffness of the proposed panel zone model, K,, considers both shear and
bending deformation modes in series (see Figs. 1b and 1c¢), as per Eq. 2. The effective area
withstanding the shear stresses in the web equals h. — t.f, according to Charney et al. [20].
The computation of the bending stiffness considers the panel zone in contraflexure along
its strong axis. In case doubler plates are attached to the column web, t,, equals the
thickness of the column web and the total thickness of the doubler plates. Moreover, the
second moment of area of the doubler plates should be accounted for in second moment of
area, I, with respect to the strong axis of the column, where E is the Young’s modulus.
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4.2 Shear strength

The foregoing highlighted the contribution of the flanges in the panel zone shear resistance
after the onset of yielding at the web, especially for stocky geometries with K¢ /K, > 0.06
(Ks defined in Eq. 3). The proposed panel zone shear strength should rely on a parameter
that predicts shear forces in the panel zone flanges. Therefore, the stiffness of the flanges,
Ky, is defined as per Eq. 3, which considers both shear and bending modes within the panel
zone flanges. The shear forces sustained by the flanges equal (K¢ /K,) * V,,,.
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Fig. 5 shows the predicted-to-measured panel zone elastic stiffness and strength at 4y,, with
respect to K¢ /K. For slender panel zones with K¢ /K, < 0.03, geometries that disregard the

bending deformation mode overpredict the panel zone elastic stiffness by up to 60%. On
the other hand, the proposed panel zone elastic stiffness shows remarkable accuracy.



Moreover, the Krawinkler model overpredicts the panel zone shear strength at 4y,, by more
than 20% for stocky panel zone geometries, contrary to the later proposed model that is
accurate regardless of K¢ /K.
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Fig. 5 Predicted-to-measured panel zone elastic stiffness and strength with respect to K /K,

The proposed panel zone shear strength model is based on integration of the realistic shear
stress distributions at the panel zone mid-height plane. The adopted double integration is
given in Eq. 4, where A is the column cross-sectional area, Ay is the area of each column

flange, and A,, is the column web area. To simplify the proposed model, average web and
flange shear stresses are introduced in Eq. 5 by computing the normalized average shear
stresses in the web, a,, ¢, and the flange, af.rr. Statistical analysis to examine the
relationship between K¢/K, and a,, .ff Or af.rr at shear distortions of interest (i.e.,
[1,4,6] - y,) showed a strong dependence, with the coefficient of determination being
higher than 0.95. This demonstrated the efficiency and sufficiency of K¢ /K, in describing

the shear stress evolution within a panel zone. Although these results are not shown due to
brevity, more details are found in Skiadopoulos et al. [14].
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Table 1 summarises the proposed simplified equations according to Skiadopoulos et al.
[14] that could be directly used in prospective seismic design provisions of steel MRFs. It
is observed that the column flanges do not contribute to the panel zone shear strength at
yield. For slender panel zone geometries, with K¢ /K, < 0.02, the shear stress distribution
in the web is parabolic, contrary to stocky panel zone geometries with K¢ /K, > 0.06 that
are uniform. This is explained by the coefficients a,, . which equal 0.9 and 1.0,
respectively. For higher panel zone distortion angles, a,, .ff is constant regardless of the
K;/K,, as demonstrated in Fig. 4. However, af s depends on the panel zone geometry
itself. For stocky panel zone geometries, dy o5 is equal to 0.1, while for slender panel zone
geometries, dys .¢r €quals 0.02-0.03 (see Fig. 4).



Web (ay,¢ff) Flange (ay.sr)
Geometry
yJ’ (Vy) 4},3’ (VP) 6Yy (V6yy) yJ’ (Vy) 4}’y (Vp) 6Yy (V6yy)
Slender 0.9 11 L15 0.0 0.02 0.03
Stocky 1.0 0.0 0.1

Table 1 Panel zone shear strength model coefficients

4.3 Model validation

The proposed model is validated to available experimental data in literature of variable
panel zone geometries. Herein, representative comparisons are shown for a slender panel
zone geometry with K¢ /K, = 0.01 [3] and a stocky geometry with K¢ /K, = 0.05 [8]. The
former comprises W10x15 (~ IPE 240) beams and a W8x24 (~ HEB 200) column without
doubler plates, while the latter features W36x150 (~ HEB 900) beams and a W14x398 (~
HHD 400x463) column with two doubler plates of 13 mm thickness each. In the former
case, the CEN model [2] overestimates the panel zone shear strength due to the assumption
of uniform shear strength distribution at V,, and the overestimation of the panel zone shear
area. On the other hand, for stocky panel zone geometries, the CEN model [2]
underestimates the panel zone shear strength by 60%. This is due to the fact that only the
contribution of one doubler plate is considered in the CEN model [2]. This assumption is
not justifiable as shown herein. The accuracy of the proposed panel zone model in both
cases is noteworthy.
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Fig. 5 Predicted-to-measured panel zone elastic stiffness and strength with respect to K /K,

S. SUMMARY AND CONCLUSIONS

A pane zone model for the seismic design of steel MRFs is proposed in this study based on
thoroughly validated continuum finite element simulations. The proposed model is based
on realistic shear stress distributions in the web and the flanges. The model comprises an
elastic panel zone stiffness that considers all deformations within the panel zone and three
branches that are benchmarked at shear distortions of interest to the engineering profession.
The primary conclusions are as follows:



The CEN model that disregards the bending deformation mode of the panel zone
overestimates the panel zone elastic stiffness by more than 20%, especially for slender
panel zone geometries with beam-to-column depth ratios, h, /h. = 1.5. For panel zones
featuring doubler plates, the CEN model underpredicts the panel zone elastic stiffness,
especially in cases where two doubler plates are present. The proposed elastic stiffness
expression is accurate, since it considers both shear and bending panel zone deformation
modes and both doubler plates, if present.

Analysis results demonstrated that the uniform web shear stress assumption assumed by
CEN is realistic only for stocky panel zones. For slender panel zone geometries, this
assumption leads to overestimation of the actual shear strength by more than 10%.

While the current CEN model overpredicts 1, by more than 30% in slender panel zone
geometries (t.; < 30mm), due to the non-justifiable shear area, the proposed equation for
predicting V}, provides a remarkable accuracy as demonstrated by direct comparisons with
available physical data.
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1. NIIEPIAHYH

O wavoTiKOG OYEOOOHOG UETOAMKOV KOUTTIKOV TAGiov emPBAAiel Tov €AdoTIKO
oxed1aGHo TV KOUPmV dokov-vmootnAmpatog. Ilelpapatikny Kot aptOuntikn épevva £xet
dei&et 0TL ot KOUPol SOKOV-VTOGTNADUATOS TPOSPEPOVY EVOTUON KUKAO VOTEPNONG OTOV
vrofdAlovtal oe celopikn 0éyepon. ['a va aglomomBei avtn n evoTadNg GLUTEPLPOPE, 1|
OmopEn €VOG TPOCOUOIDOUATOS GUUTEPLPOPAS TV KOUPwV eivar amapaitntn. H cvykpion
SBECIUOV TPOGOUOIOUATOV GUUTEPLPOPES SOKOV-VTOCTNADUATOG oTNV PipAoypaeio pe
ndveo ond 100 mepapatikd Jed0UEVO, TOL GLAAEWYOLE GLOTNUOTIKG Ogiyvouv OTL TO
TPOCOUOIBONE. TOV Eupokddika vrepektind v owbéotun dotuntiky avioyn koppov
katd 60%. Ilépov g avtoyng, m Ovokapyio Tov KOUBOL GOKOV-VTOGTNAMUOTOC
vrepekTipdTon Kotd 20%, Kabdg 1 KOUTTIKY Topapopeoon dev Aapupdvetal vroyn. Xto
napodv apBpo, mpoteivovpe €vo VEO TPOCOUOIMUO CLUUTEPLPOPAS OKOV-VTOGTLAMIOTOC
Yl TOV OVTIGEICUIKO GYEOICUO KAUTTIK®V TAGimV, To onoio Poaciletal 68 peaMoTIKES
STUNTIKEG TACEIS €vTOG TOL KOUPov, pe PAon TopapeTpikés ovoAOCELS HE GLUVEXN
nemepocpéva otoryeio. H mpotevdpevn oyéon yuo Tov mpocsdlopiopd e dvokapyiog Ko
™G SWITUNTIKY OVTOYNS TOL KOUPOL OOKOV-VTOGTNADUATOS £XOVV GOAANN AyOTEPO Omd
10% kot petopévn dtaomopd 6e GOYKPION UE TIS VIAPYOVGES GYEoelg Tov Evpokddika 3.
SOUTANPOUATIKES AVOADGELS LLE YPNON TEMEPUCUEVOV GTOLYEIDMV VTOINADVOLVY OTL, OTAV 1|
YPNON CLYKOAANTAOV EAAGUATOV GTNV TEPLOYN TOL KOUPOV S0KOV-VTOGTLADUATOS Eivar
avaykaio, TOTE 1 douTuNTIKY avToyn tov Ba mpémetl va vroroyileton pe Pdon 10 GLVOAKS
TéY0C TOV KOPHOD TOL VITOGTVAMUOTOG KOHMG Kt AVTO TOV EAAGUATOV.



