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Abstract. The paper demonstrates the applications of the hysteresis envelope model on the
example of a double extended end plate beam-to-column bolted joint. The hysteresis envelope model
represents a new analytical trilinear model that can describe the cyclic behaviour of joints in a
moment-resisting steel frame and is suitable for nonlinear static pushover analysis. The principle of
determining the parameters of the hysteresis model is based on the monotonic curve of joint, which
can be determined by applying the Component method using commercial software for the joint
design. After trilinear idealisation of nonlinear M — ¢ curve, the parameters of the hysteresis
envelope model are then obtained by multiplying the parameters of the monotonic model with a
nonlinear exponential function. Predicting the cyclic behaviour of the joint using the hysteresis
envelope model is satisfactory for further practical application.
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1. Introduction. The effect of the real behaviour of steel joints on the seismic response
of steel moment-resisting frames has long been recognised as a crucial aspect to ensuring a safe
structural response. Common practise is to increase the hysteretic energy as much as possible through
inelastic behaviour, using the ductile properties of structures [1]. In order to achieve the best seismic
performance, in the case of moment-resisting frames, the steel structure must be designed to allow
the development of plastic deformations in specific parts of the structure, such as the ends of beams
or in the beam-to-column joints, but never in the columns, with the exception of the base of first-
storey columns [2]. Therefore, the ductility of steel frames is deeply influenced by the behaviour of
their joints. To include their effects in frame design, the M — ¢ curve of the joint must be represented
in the appropriate analytical form. For seismic design, the M — ¢ curve is cyclical and must include
degradation effect of strength and stiffens which arise as the number of cycles increases. Two
different approaches can be taken in the design of beam-to-column joints of moment resisting frames.
The first approach is based on the location of the dissipative zone at the beam ends, which means that
the joint must have sufficient strength to ensure this. The second approach relies on energy dissipation
through the plastic bending of the joint. This means that energy is dissipated through the joint
components.

Eurocode 8, Part 1 [3] provides rules for the design and detailing of joints subjected to seismic
loading. In particular, for moment-resisting frames, it is specifically allowed to use dissipative semi-
rigid and/or partial strength joints. The effect of joint deformation on the global response of a structure
can be determined using nonlinear static pushover analysis. Numerous studies [4—7] have analysed
the influence of monotonic behaviour of joints on seismic response of moment-resisting steel frames.
However, monotonic models have limitations because they do not provide sufficient information
about the hysteresis behaviour of the joints. Nonlinear static analysis of structures is mainly carried
out in a way that takes the monotonic properties of the joints, which is considered quite conservative.

Lignos and Krawinkler (2011) [8] proposed the modified Ibarra-Krawinkler (IK) deterioration
model that establishes strength bounds on the basis of a monotonic backbone curve and a set of rules
that define the characteristics of hysteretic behaviour. The backbone curve is defined by three strength
parameters and four deformation parameters. The modified IK model is applied to the beam-to-
column joint in which inelastic deformations are primarily concentrated in the flexural plastic hinge
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regions of the beam sections. The modified IK model is also applied to the specimens that have
reduced beam sections in which plastic hinges develop away from the beam-to-column joint.

In this paper, the hysteresis envelope model is presented, which was developed by Krolo and
Grandi¢ (2021) [9]. The hysteresis envelope model represents a simple way of modelling the joints
of moment-resisting steel frames for nonlinear static pushover analysis. The aim of this paper is to
demonstrate the application of the new hysteresis envelope model to the example of a double-
extended beam-to-column bolted joint. The proposed hysteresis envelope model of joint is applicable
to moment-resisting frames that are designed in such a way that during earthquakes, all plastic
deformations primarily occur in the joint instead of columns and beams. As recommended by
Eurocode 3, Part 1-8 [10], the joint resistance is equal to or less than the resistance of the connected
beam. The ratio of the resistance of the column in relation to the resistance of the beam must be at
least 30% higher to satisfy the criterion “strong column—weak beam”. The proposed hysteresis
envelope model could be further applied in the nonlinear static pushover analysis of moment-resisting
steel frames, and enables a better prediction of the structures behaviour under seismic action.

2. Steel joints under cyclic loading. Predicting the behaviour of steel joint under cyclic
loading can be quite complex and impractical in engineering practice. Numerical approaches based
on finite element methods require lengthy calculations and are very exhausting and time-consuming
in practice. Laboratory tests, on the other hand, can be time-consuming and costly. A hysteresis
envelope model is presented in this paper as a simple way of modelling the joints of moment-resisting
steel frames for nonlinear static pushover analysis. The proposed hysteresis envelope model
establishes bounds on the basis of a monotonic backbone curve by defining a correction factor to
correct the monotonic trilinear moment-rotation response of the joint.

The procedure of determining the parameters of the hysteresis envelope model is shown in
Figure 1 through three steps. In the first step it is necessary to define monotonic curve M — ¢ of joints.
Monotonic behaviour of joints can be achieved by applying the principles of the Component method,
which is accepted in Eurocode 3 for the design of joints in steel structures and is available in numerous
commercial software (Step 1). The nonlinear moment-rotation (M — ¢) curve, obtained by the
Component method, should be idealised with a trilinear curve (Step 2). The parameters of the
hysteresis model are then obtained according to Eq. 1 (Step 3).
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Figure 1. Procedure for determining hysteresis envelope model parameters

2.1 Hysteresis envelope model. The hysteresis envelope model forms the basis for
modelling the joint for nonlinear static pushover analysis (Figure 1, Step 3). The hysteresis envelope
model is defined by three strength parameters (M, g = bending moment in the elastic region, M, gy =
bending moment at full plasticization, and M, z= bending moment at fracture), and three
deformation parameters (¢, g = rotation of the joint in the elastic region, ¢, y= rotation of the joint
at full plasticization, and ¢, y= rotation of the joint at fracture).

The elastic part (0-A) does not change under monotonic and cyclic loading, which means that
the bending moment and rotation in the elastic region can be adopted from the monotonic behaviour
of the joint (M, = M, p, oc = o). The line (A-B) represents the full plasticization of the joint
with bending moment (M,, ; = M,, /), and rotation of the joint ¢, 5. The line (B-C) represents the
hardening area and degradation of strength after which fracture occurs in the joint. The position of
point C has a rotation value corresponding to the fracture of the joint ¢, 4, and the bending
moment Mg, y.

The dependency between monotonic parameters and hysteresis envelope model parameters is
defined by multiple nonlinear exponential regression as a function of the independent variables t, and
p, where p is the thickness of the end-plate, and ¢ is the vertical spacing between the bolt rows, as in
(1). The following terms define the hysteresis envelope model:

My = Moy
=4 {cpe.H = dem ¢ = den
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2.2 Application of hysteresis envelope model. The hysteresis envelope model was

applied to the case of double extended end-plate bolted beam-to-column joints. The joints consist of
a steel beam made of IPE400 profile that is welded to the end-plate, which is then bolted to a column
flange made of HEA 360 profile with 8 high-quality M20 preload bolts of steel grade 10.9 (see Figure
2). The friction coefficient of the contact surface was considered to be 0.44. The specimen was
fabricated from S355 steel. The yield strength and ultimate strength value of steel plates are 384MPa
and 552MPa, respectively, while the Young’s modulus is equal to 199000MPa. Material parameters
of high-strength bolts are selected by Wang et al. [11], and are givenin  Table 1.
Table 1 — Material properties of high-strength bolt class 10.9
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Figure 2. Dimension of beam-to-column joint [mm]

Determination of hysteresis envelope model parameters was performed through three steps
according to the procedure shown in Figure 1.

Step 1. To determine the monotonic nonlinear response of the beam-to-column joint, an IDEA
StatiCa software was used [12]. The model of the double extended beam-to-column bolted is shown
in Figure 3. Software uses an elastic-plastic material model of steel with a nominal yielding plateau
slope of tan-1(E/1000), where E is the modulus of elasticity of steel (see Figure 4). By performing
stiffness analysis, the nonlinear M — ¢ curve is obtained.
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Figure 4. Elasto-plastic material model of steel in IDEA StatiCa [12]

Step 2. The nonlinear moment-rotation (M — ¢) curve, obtained by the stiffness analysis, was
idealized with a trilinear curve in a way that defines moments and rotations at the end of each linear
segment of the curve. The first linear segment represents the elastic region of the M — ¢ curve and
it is determined by moment M, ,, and rotation ¢, ;. The second linear segment of the trilinear curve
represent the part between elastic behaviour and full plasticization of joint and it is determined by
moment M,,  and rotation ¢,, . The last segment of the trilinear curve represents the part between
full plasticization and ultimate strength of the joints which corresponds to the strength of the joint,
when the steel material has reached its tensile strength. It is determined by moment M, ,, and
rotation ¢,, . Trilinear curve parameters are given in Table 2. The parameters obtained by the /DEA
StatiCa were compared with the parameters obtained by numerical simulation in ABAQUS. To make
the parameters comparable, the calculations in IDEA SatiCa were made with a partial safety factor
Ym2 = 1 instead of yy;, = 1.25. Details on the FEM model of beam-to-column joint are available in
[9]. The differences between the parameters obtained by commercial software and numerical
simulation are obvious, and the largest difference was obtained for M, ,, and is equal to 15.76%.
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Table 2 — Parameters of trilinear model

Parameters | IDEA StatiCa | FEM A[%]
M, p; [KNm] 234 227.7 2.77
Gem [-] 0.0077 0.009 14.45
M,, y[kNm] 351.2 333.01 5.46
by m [-] 0.0263 0.023 14.35
M,y [KNm] 361 428.55 15.76
bum -] 0.085 0.083 2.4

Step 3. The parameters of the trilinear model from Table 2 were applied for the calculation of
the parameters of the hysteresis envelope model, as in Eq. (1). The obtained values are given in Table
3. For comparison, in Table 3 are given parameters for hysteresis envelope model obtained by
numerical simulation in ABAQUS using finite element method (FEM). As expected, differences
between the parameters obtained by commercial software and FEM are significant. The largest
difference was obtained for M,, ; and is equal to 14.24%.

Table 3 — Parameters of hysteresis envelope model

Parameters IDEA StatiCa | FEM A [%]
M,y [kNm] 234 227.7 2.77
Gon [-] 0.0077 0.009 14.45
M,, ;[kNm] 351.2 333.01 5.46
$yu [-] 0.017 0.016 6.25
Mg, [kKNm] 318.07 370.9 14.24
$rra [-] 0.057 0.055 3.63

The reason for the differences lies in the fact that IDEA StatiCa software uses an idealised
bilinear elastic-plastic material model. On the example of a beam-to-column joint, the influence of
the limit value of plastic strain on the moment resistance was studied and reported in [12]. By varying
the limit plastic strain from 2% to 8%, the change in moment resistance was less than 4%.

3. Conclusions. In this paper, the procedure of applying a new hysteresis envelope model
to the double extended beam-to-column bolted joint, using commercial software is presented. Based
on the conducted studies, the following conclusions can be drawn:

e The hysteresis envelope model represents the simple trilinear model which describes the
cyclical behaviour of the beam-to-column joint

¢ The application of commercial software allows easy and fast determination of the monotonic
behaviour of the joint, which is used as a basis for determining the parameters of the hysteresis
envelope model.

¢ The behaviour of the joint after the onset of plasticization cannot be precisely defined using
commercial software since the program uses a simplified elastoplastic material model.

In future research, the plan is to implement a hysteresis envelope model to describe the
behaviour of joints in moment-resisting frames and to investigate their influence on seismic response
obtained by nonlinear static pushover analysis.
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AHoTanisi. Y po0OTi mpeacTaBieHO NPAKTUYHE 3aCTOCYBAaHHS MOJENl TiCTEPE3UCHOI
OTHHAI0U0{ Ha MPUKJIai O0NITOBUX 3’ €IHAHB OANKH Ta KOJIOHU. MOJAETb ricTepe3nCHOi OTHHAI0YO] €
HOBOIO aHATITUYHOIO TPHIIIHIHHOIO MOJICIUTIO, sIKa MOKE OTHCATH IUKJIIYHY TOBEAIHKY 3’ €IHAHb Y
CTIMKId 10 MOMEHTY CTalieBii pami Ta MiIXOJUTh JJIsS HEIIHIHHOrO aHami3y CTaTHYHOI THATH.
[IpuHIKT BU3HAYECHHS TapaMeTPiB MOJIEI TiICTepe3UCy 3aCHOBaHUM Ha HEJIIHIMHIN KpHUBIH 3’ €1HAHb,
Ky MOXHAQ BU3HAYUTH KOMIIOHEHTHHUM METOJIOM 3a JOMOMOIOI0 MPOTPaMHOTO 3a0e3MeueHHs st
MPOEKTYBaHHS 3’€MHaHb. KpUBY HENIHIKHOTO KpYTIHHS MOMEHTY, OTPHMaHy MpPOTPaMHUM
3a0e3neueHHsIM, CIIiJl i1eani3yBaTi 3a JOMOMOro0 TpuiliHiiiHOT KpuBoi. [loTiM mapameTpu mozeni
TICTEPE3UCHOI OTMHAIY0l OTPUMYIOTH IUISXOM MHOXKEHHS IMapaMeTpiB HEIiHIMHOI Mojeni Ha
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HENIIHIHHY eKCHOHEeHIianbHy (yHKLi0. IIporHo3yBaHHS NMKIIYHOT TMOBEAIHKH 3 €IHAHHS 3a
JIOTIOMOT'OF0 MOJIEJIi TICTEPE3WCHOI OTMHAIYOi € 3aJOBIILHUM ISl MOAAQIBIIOTO MPAKTHUYHOTO
3aCTOCYBaHHSI.

KurouoBi cjioBa: Mojenb TiCTEpe3WCHOI OTMHAIY0i, OOJNTOBE 3'€HAHHS OaJIKa-KOJIOH,
KOMIIOHEHTHHUI MeToJ1, HeMiHiiHa kpuBa M — ¢, IDEA StatiCa.
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AnHTOTauMs. B paboTe mpencTaBiieHO MPaKTHYECKOE MPUMEHEHHE MOJEIN THCTEPE3UCHON
orubaronieid Ha mpuMepe OOJNITOBBIX COEAMHEHHH Oalkd M KOJOHHBL. Mojenb THUCTepe3uCHOU
oru0aromel SBIAETCS HOBOM aHAIMTHYECKOW TPEXJIMHEWHOW MOJIEThI0, KOTOPask MOXET OIHUCATh
LUKJIMYECKOE MOBEAECHUE COCIMHEHNUN B YCTOMYMBOM K MOMEHTY CTaJIbHOW pame U MOAXOIUT JJIA
HEJIMHENHOT 0 aHAJIN3a CTaTUYecKou TAaru. [IpuHun onpeaenenus napameTpoB MOJENIN THCTEpE3Uca
OCHOBAaH HAa HEJIMHEHHOW KPUBOM COEJUHEHUN, KOTOPYI0 MOXHO OIIPENEIUTH KOMIIOHEHTHBIM
METOJIOM C MOMOUIbI0 MPOrpaMMHOr0 oOecreueHus: A MPOeKTUpOBaHUs coenuHeHuil. Kpusyio
HEJTMHEWHOTO KPYUYCHHSI MOMEHTA, MOJIYYCHHYIO C TIOMOIIBIO MPOTPAMMHOT0 00€CTIEYeHHUS, CIeTYET
WJICAJTU3UPOBATh C MOMONIIBIO TPEXJIMHEHMHON KPUBOW. 3aTe€M MapaMeTpbl MOJAEIH THCTEPE3UCHOU
orubaroield  MoJy4yaroT IMyTeM YMHOXEHHS  [apaMeTpoB  HETUMHEWHOM  Mojaenu  Ha
SKCIIOHEHIMANIbHYIO HeNMMHEWHyo (yHkuuoo. IlporHo3upoBaHMe NHMKIMYECKOTO IOBEACHUS
COCIUHEHUS C TIOMOIIBI0 MOJIEIH THCTEPE3UCHON Oorubaromieil yaOBICTBOPUTEILHO IS
JAIbHENIIET0 IPAKTUYECKOTO TPUMEHEHUS.

KiroueBble cjioBa: MOJeNb THUCTEPE3UCHOW orubaromield, 00NTOBOE COeNMHEHHE Oaka-
KOJIOHHA, KOMIIOHCHTHBIA METO/1, HennHelHas kpuBas M — ¢, IDEA StatiCa.
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