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Abstract. The moment-resistant steel frames are frequently used as a load-bearing structure of
buildings. Global response of a moment-resistant frame structure strongly depends on connections behavior,
which can significantly influence the response and load-bearing capacity of a steel frame structure. The
analysis of a steel frame with included joints behavior is the main focus of this work. In particular, we
analyze the behavior of two connection types through experimental tests, and we propose numerical beam
model capable of representing connection behavior. The six experimental tests, under monotonic and cyclic
loading, are performed for two different types of structural connections: end plate connection with an
extended plate and end plate connection. The proposed damage-plasticity model of Reissner beam is able to
capture both hardening and softening response under monotonic and cyclic loading. This model has 18
constitutive parameters, whose identification requires an elaborate procedure, which we illustrate in this
work. We also present appropriate loading program and arrangement of measuring equipment, which is
crucial for successful identification of constitutive parameters. Finally, throughout several practical
examples, we illustrate that the steel structure connections are very important for correct prediction of the
global steel frame structure response.

Keywords: steel frame structures; connection behavior; end plate connection; parameters identification

1. Introduction

The moment-resistant steel frame is frequently used as a bearing structure, especially in seismic
regions. They provide a very ductile response and a large potential to dissipate energy, which is
crucial in the case of earthquakes. These characteristics provide the economical design of the
structure and increase resistance with respect to the seismic security. Structural connections
between beams and columns play a crucial role in the response of a steel frame structure. They can
significantly change the response of the structure, sometimes up to 20%.
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The analysis of a steel structure with connection behavior can be performed with many nonlinear
FEM commercial programs, using 3D solid finite elements. The refined nonlinear model can
predict the behavior of a joint, but those computations are often too costly and not practical for the
design of the whole structure. For this reason, we propose the use of beam element as a better
choice regarding computational efficiency and reduced costs. It is well known that geometrically
nonlinear elastoplastic beam elements are able to represent the behavior of a steel structure
including material nonlinearities and buckling (Imamovic et al. 2017, Dujc et al. 2010). In this
work, we postulate that every connection in steel frame structure can be modeled with beam
element. The geometrically nonlinear beam element with bilinear hardening and the linear
softening response is used in representing connection behavior. For the modeling of steel
members, a simpler beam element with linear hardening and softening is proposed. The
constitutive parameters of the beam element are determined from the connection behavior of steel
bulk material. The constitutive model we propose is much more refined than the bilinear plasticity
model proposed in EC 3 (EC3 2005), where after reaching an ultimate bending moment, the
connection response corresponds to perfect plasticity model with a constant value that remains
permanently. The EC 3 connection does not consider the shear response and response under cyclic
loading. The main novelty of the proposed beam model for representation of the connection
behavior is to be able to capture bending and shearing inelastic response with both hardening and
softening response (under monotonic and cyclic loading) until the complete failure is reached.

The proposed Reissner beam model contains 18 constitutive parameters that need to be
identified. The parameters identification represents a challenge, which can be raised by done using
well-designed experimental tests of a structural connection. In this work, experimental testing
related to loading program and measurement equipment is designed according to (Imamovic et al.
2015). The loading program was defined as cycles of a loading/unloading for the load applied in
one direction and as the cyclic load applied in two directions. The measurements were split into
the set of local and the set of global measurements. Such experimental testing gives us sufficient
information for the identification of the eighteen constitutive parameters. Six experimental tests
were performed for two different connection types: end plate connection with the extended plate
and end plate connection. The testing structures were designed so that the joint represents the
weakest element of the structure.

The outline of the paper is as follows. In the next section, we describe the experimental testing
methodology and present main experimental results. The third section gives a brief overview of the
main ingredients of the proposed beam model and corresponding FEM implementation. The
constitutive parameters identification of the proposed beam element is shown in the fourth section.
In the fifth section, we present results of three numerical simulations of the steel frame structures
with and without included connection behavior. The last section contains the conclusions.

2. The experimental testing of structural connections

Experimental tests on two types of moment-resistant connection have been conducted with the
aim to identify constitutive parameters of the proposed beam model. The tested moment-resistant
connection types are: end plate connection with the extended plate and end plate connection. In the
experimental structures, connection represents the weakest element where plastic deformations and
failure are expected to occur. The vertical and the horizontal beams, chosen as IPE 200 and IPE
400, respectively, are deemed sufficiently strong to remain linear elastic throughout the loading
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program.

In total, six experimental tests have been performed. Every connection type has been tested for
two different bolt classes (10.9. and 8.8.), while the third test has been conducted under cyclic
loading. The experimental tests were performed at the Laboratory for materials and structures of
the University of Sarajevo.

According to EC3, the difference in bolt classes should result in different failure mechanisms.
EC3 predicts failure in the T-stub (Abidelah et al. 2014) for the higher class bolts, and the failure
in bolts for the lower class bolts (EC3 2005).

2.1 Experimental setup

Fig. 1 shows the experimental setup for testing connection between two orthogonal steel
beams. The equipment for displacements measurements is arranged so that sufficient information
for identification of constitutive parameters can be obtained. The experimental data can be
classified as the local and the global measurements. The global measurements depend mainly on
all model parameters, while the local measurements depend on only one model parameter.

Load cell — measuringforce

- FE = LVDT1

! measuring displacement Us
1
!
1,2m !
= 1
2 ; LVDT 2
E; measuring disfftacement Us;
; | strainguages 0.4m
\ ]
Ii IPE 400 A
0,75 0,75m ) N
<P >) B o

Fig. 1 Experimental setup

The Fig. 1(a) illustrates the measuring equipment, where LVDT is an abbreviation for the
“Linear variable displacement transducer”, which measures displacements. The LVDT 1 and 2

measure horizontal displacements of the vertical beam (UZ3;) and (USs; ), which can be classified

as the global measurements. All other measurements can be classified as the local. LVDT 3 and 4
are put in vertical position, so that top side is glued to the flange of the vertical beam, and the
bottom side is glued to vertical stiffener (see Fig. 2(a)). These LVTD’s measure relative vertical
displacement between the horizontal beam and the vertical beam, which we use for calculating the
rotation of the connection

exp

exp exp
_ AV - Ay

hven.beam (1)
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Fig. 2 Measuring equipment

LVDT 5 is put in horizontal position, so that left side is glued to the top of steel plate, which is
welded to vertical beam, while the right side is glued to the top of horizontal beam (see Fig. 2(b)).

This LVDT measures relative horizontal displacement (U5 =Ugh = Aug) between horizontal

and vertical beams, which corresponds to transverse (shearing) displacement of the connection.
The strain gauges are put at flanges of the vertical beam, that measure vertical deformation in
outer faces, which we use for calculating the curvature of the section near to the connection

exp
9y g y:[_h,h}zwxp L 2)

The force F is applied by using a hydraulic pump. The value of the force is measured with load
cell placed between the hydraulic pump and the loading point, at the experimental structure. The
measuring equipment is controlled with experimental device Spider 8 and monitored with software
Catman 5.

Table 1 Geometrical characteristics of experimental structures

End plate

Joint Vertical beam Horizontal beam dimension/Angles Bolts
Al, A3 IPE 200 — S275 IPE 400 — S275 #340x130x10 — S275 8M12-class 8.8.
A2 IPE 200 — S275 IPE 400 — S275 #340x130x10 — S275 8M12-class 10.9.
B1, B3 IPE 200 — S275 IPE 400 — S275 #220%130x10 — S275 4M16-class 8.8.
B2 IPE 200 — S275 IPE 400 — S275 #220x130x10 — S275 4M16-class 10.9.

2.2 Experimental testing

The experimental data have been collected during load application, with all results recorded
during the complete loading program. Fig. 3 shows loading programs, the first contains several
cycles of loading and unloading, while the second is a classical cyclic loading program. The
benefits of the first loading program are presented in (Imamovic et al. 2015), where we elaborated
that unloading points are essential for the potential existence of connection damage. Namely,
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plasticity and damage models can represent the same behavior in the loading regime, but the
unloading shows the difference between them. The first loading program has been used in four
experimental tests, with only step size adjusted to the connection behavior, while the second
loading program has been used in two tests.

aa b o d e > a&
(a) Load applied in one direction (a) Cyclic load
Fig. 3 Loading programs

2.2.1 End plate connection with extended end plate

The end plate connection type with the extended plate is constructed from the plate
(340%130x10 mm) welded to the vertical beam and eight bolts (M12) connecting the plate to the
horizontal beam. The bolts were preloaded with 50% of pre-stressing force according to EC3. Two
experimental tests have been performed for this connection type using the first loading program;
the first test is denoted as Al (bolt class 8.8.) and the second as A2 (bolt class 10.9.). The third
experimental test A3 (experimental structure same as Al) has been conducted using the second
loading program (cyclic loading).

Fig. 4 End plate connection with extended end plate

The testing results are shown in Figs. 5-7, where we can see that vertical beam remains in the
elastic response. The relative horizontal displacement between vertical and horizontal beam does

not exist (U75 =UZR). In the first two tests (see Figs. 5 and 6) measured data shows that the
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unloading lines at diagrams are parallel to first loading line, which indicates that plasticity model
can represent the behavior of the connection.

Force F — Displacement U5 Force - Rotation Force — Curvature

Force F [kN]
Force F [kN]
Force F [kN]

008 01 (] 0005 001 0015

El 0.04 0.06
Rotation [rad) Curvature

3 i s 0 002
Displacement U [em]

Fig. 5 Experimental results for connection A1

The measured responses under cyclic loading (see Fig. 7) indicate the complex behavior of the
connection, which can not be presented by plasticity. This behavior is elaborated in next section,
where we propose an appropriate constitutive model. The photographs in Fig. 8 show deformation
of connection elements during experimental testing.

Force F — Displacement U5 Force - Rotation Force — Curvature

Force F [kN]
Force F [kN]
&

0.04 008 01 012 5

006
Rotation [rad]

Fig. 6 Experimental results for connection A2

In first two experimental structures (Al and A2), failure has progressively occurred in the bolts,
where the inner row of bolts broke before the outer row of bolts. In the third test A3, displacement
limit of measuring equipment was reached before the failure.

Force - Displacement U5 Force - Rotation Force - Curvature
60, 60,
60 1

40 ,,'7]»7‘ ‘/' / I 4 | 40 ! 40
20 | _ _®

g £ £
w & p -~

g 7 8 8

S i 2
20 -20 -20
1./ 40, iy ] 4 40,

40 ' TNy
e O AL
% B! 5%
80 -60 -40 60 80 -004 -003 002 -001 0 0.01 0.02 003 004 -0.015 -0.01 0.005 0 0.005 0.01 0015

-20 0 20 40
Displacement U [mm] Rotation [rad] Curvature

Fig. 7 Experimental results for connection A3
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Fig. 8 Deformation of connection elements during experimental testing

2.2.2 End plate connection

The end plate connection (see Fig. 9) is constructed from the plate (220x130x10mm) welded to
the vertical beam and four bolts (M16), connecting the plate to the horizontal beam. A total of
three experimental tests have been conducted; two of them have done using the first loading
program (B1 and B2) and one under cyclic loading (B3). The geometric characteristics and
material quality of connection components are shown in Table 1.

Figs. 10 and 11 show testing results, where we can see that sliding displacement between
vertical and horizontal beam has been measured. The strain gauges have not measured residual
strains which indicate that vertical beam has remained in the linear elastic part of the response. The
diagrams show that plasticity model can appropriately represent connection behavior because the
subsequent loading/ unloading lines are parallel to the first loading line.

Fig. 9 End plate connection

The measured responses of the experimental structure B3 are shown in Fig. 12. By analyzing
these responses, we can note the complex behavior of structural connection under cyclic load.
Namely, after changing the direction of applied load, the less stiff response has been measured. In
the next section, we propose model capable of representing measured responses.

In first two experimental structures (B1 and B2), failure has occurred in bolts, see Fig. 13. In
the B1 test, both bolts in the tension zone broke at the same moment, while in the B2 experimental
structure bolts gradually broke. Regarding the failure mechanism in the B1 test, where the brittle
failure happened, we were not able to measure the softening response. In the third test B3,
displacement limit of measuring equipment has been reached, so that failure has not bee occurred.
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Fig. 11 Experimental results for connection B2
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Fig. 12 Experimental results for connection B3

Fig. 13 Deformation of connection elements during experimental testing

2. Finite element beam model: Geometrically exact beam with bilinear hardening and
nonlinear softening response

The experimental results show complex responses of tested structures, which are quite a
challenge to describe. In this work, we propose the geometrically exact beam model (Imamovic et
al. 2017) with hardening/softening response including modification related to the response under
cyclic load. Namely, the large deformations of the connection components under cyclic loading
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cause the less stiff response of the experimental structure. This phenomenon has a physical
explanation. During the loading of the experimental structure, large deformations of the welded
plate in the tension zone cause partial loss of the contact between the plate and horizontal beam,
see Fig. 14(a). With the change in the direction of the applied load, the compression and tension
zones will be inverted. The partially lost contact in compression zone causes the reduced stiffness
of the connection, see Fig. 14(b). The stiffness remains reduced until the full contact between the
plate and horizontal beam is reached again. After the full contact has been reached, the connection
will provide again the full stiffness.

(b)

Fig. 14 Deformation of the connection during a cyclic loading

This phenomenon can be captured with contact and solid elements in refined FEM models.
Solid elements are able to represent large deformations and the nonlinear constitutive behavior.
However, the refined FEM models are too complex for an everyday usage. For this reason, we
propose the use of the beam element capable of representing the mentioned phenomenon.

M /\| Plastic model + accumulating damage for opposite load direction |

Elastic response with
reduced stiffness

E

M v
~
i i’
Elastic  response  with
reduced stiffness

Plastic model + accumulating damage for opposite load direction |

Fig. 15 Constitutive model

The idea is to use the coupled plasticity-damage model (Imamovic et al. 2015). The plasticity
part governs the hardening and unloading phases, whereas the damage part provides the reduced
stiffness of the connection after the change in the sign of the bending moment: from positive to
negative or vice versa, see Fig. 15. The damage model governs connection response until full



564 Ismar Imamovic, Adnan Ibrahimbegovic and Esad Mesic

contact between the plate and horizontal beam is reached. After the full contact has been reached,
the plasticity model is again activated. The gap ¢ corresponds to the plastic deformation in bolts.

The constitutive model of the beam consists of bilinear hardening and linear softening
(Imamovic et al. 2017). The hardening model is defined as coupled plasticity-damage model. The
modification of the beam model requires splitting of internal variables into two groups, depending
on the sign of bending moment. This model is capable of representing a previously described
phenomenon which is commonly observed during experimental testing. A brief description of the
beam’s constitutive model is given as follows.

The Helmholtz free energy can be defined in a quadratic form, for both, a positive (‘P*”) and a
negative (P) value of the bending moment (M)

\PU)(UP( +) &.ﬂ(*) U"’H) %d(ﬂ) ZUeT(H ((+) [IE(* pE glPTH) K’l(*) ép(*)_‘_
: gel=) : I —p( ) :
+%Ezp.7'.(+) 'KI:L(H .Ezp.u) +Tﬁd.(+) ;TD( )T+ E)du Ed.u)gd.(ﬂ

L ] K 1 I 1

E-.D(A) gd(=) =d.(+)

\I/( >(Ue( ) gp( ) Urf( ) E_,d( )) 2 T"T( ) .CO) Ue( dis 52 ng( ).K(u(—)_glu(—)_F (3)

L ] I = ]
g =p(-)

g %Ezp.f.(f) 'KI:LH _E:p.(*l +TU O = %TDHT + %gd‘(f)]?d.(f)gd‘(f)

L 1L I 1 |
=p.(-) qm‘ (-) =d (-)

where: U®,U? are elastic and damage strain measure tensors; &°,&" are vectors of hardening
variables of the plastic and damage model, respectively; D is the internal damage variable; Kih, K¢
are the corresponding hardening moduli of the plastic and damage model; and T is Biot’s stress

tensor. Every symbol contains two symbols. The first corresponds to the positive (¢?), and the

second to the negative (o) bending moment. The yield criterion, defined as multi-criteria
(plasticity and damage), can be completely different for the positive and the negative bending
moment. However, in this work we have assumed that the response in the hardening regime is
symmetric

PTG <0

o (T; o ) 4

¢ (T,.q°) <0
where @ is the vector of internal hardening stress like variables. The second principle of
thermodynamics states that the plastic dissipation must remain non-negative

- = Al — = a4 — - =P P
0sD=T[aX—UeJ+T(?_‘r—U“J+TUf 0B} dy |

oT &P dat
D¢=0 P
+TU? _ 0B} dgf 0U” 0B’ ©)
Zoogr dt aD gd
7y 2°

where % is complementary energy, see (Ibrahimbegovic 2009). The principle of maximum
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plastic dissipation can be formulated (Hill 1950, Ibrahimbegovic and Frey 1993a) as the
minimization problem with the constraint, with the latter being yield function (4). This can further
be recast as a corresponding unconstrained minimization by using the Lagrange multiplier method

ming, max, | L°(T,@°,7°) ==2"(T,q") +¥! -0 (T,q") ®)

where W’ are Lagrange multipliers of the plasticity. The Kuhn-Tucker optimality conditions

provide the evolution equations for internal variables in rate form along with the loading/unloading
conditions

1 p . . _'p - . _‘p
oy =-Uf +%/ % =0=>0U; :7-"%

ar N T T

P p p p b
%=—£+?f%=oz>%:w a?i )
aq; ot ogP ot aq°

?ip >0, $ip <0, Wﬁip =0

The appropriate value of plastic multiplier?p can be determined from the plastic consistency
condition for the case of sustained plastic flow
. 9 e
o =0=7 -0 ®)
W Wy
oT  or og” g’

By replacing the last result in stress rate equation, we can obtain the elastoplastic modulus C*®
that should replace the elastic modulus C in the plastic regime

e "
e
Ciep :Ce _
yu'l yu ' yu'l yu'
0% ce 0%, 04 | (n 0%

or  oT  ag’ ' o’

9)

The principle of maximum damage dissipation states that among all the variables (T;,G") that
satisfy the damage yield criterion ¢° (Ti,qid) , we have to select those that maximize damage
dissipation. This can be written as a constrained minimization problem

min , max, [Ed (T, ¥*) =—2°(T,q°) +7° - ¢ (T,(_ld)] (10)

where the damage multiplier 7" >0 plays the role of Lagrange multiplier. By appealing to the

Kuhn-Tucker optimality conditions, from the last result, we can obtain the evolution equations for
internal variables along with the loading/unloading conditions
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o _ g +?_(,35;’ :oz>@:*f‘@ (11)
oo ot oy ot ' aq;

7020, <0, 7 =0

The appropriate value of the plastic multiplier ?p can be determined from the damage
consistency condition for the case of sustained damage flow
%Celj

$ip :O = ?ip = a—p a—apT a—p a—p (12)
3 e P 7

oT  oT &g’ ' og’

By replacing the last result in the stress rate equation, we can obtain the damage modulus C*
that should replace the elastic modulus C in the damage regime

—d —d
c’ a;r ©C aadfl'

Ciec| =C* - —d —d —d —d
o¢; o 04 g O
N
oT or  oq, oq,

(13)

The Egs. (6)-(13) should be separately written for positive and negative value of the bending
moment, but in order to save space, we have expressed them independently of the sign.

We note in passing that the elastoplastic tangent above remains the same in the discrete
problem, obtained by using the backward Euler time integration scheme.

In the softening regime, for the both the positive and the negative value of the bending moment,
the Helmholtz free energy can be written in a quadratic form in terms of softening variables

e (Es,m ) _ % ES'(+)K§+)ES’(+) L PO ()= PO () 4 e (Es,u))g)Y

Z5(+)

JO (ES’(_) ) _ % TOKOZO: WO ()= 5O () + PO EO)s,

(14)

=s:(2)

where €° is a set of internal variables representing the connection failure and K® is a set of the

softening moduli. The yield function for softening is chosen in a multi-criteria form pertaining to
bending, shearing, and axial force

S

Positive value of M: ¥99 =0= ¢ (t,3>) <0

2= = — 15
Negative value of M: ¥ =0= ¢ (t,3>) <0 (15)

where t™,tO are traction forces and G, are stress-like variables work-conjugate to
softening variables at the discontinuity for the corresponding failure mode. The principal of
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maximum dissipation (Hill 1950) among all admissible values of these variables, will pick the
ones that maximize the softening dissipation. This can be solved as an unconstrained minimization
problem. The result is the evolution equations for internal variables along with the
loading/unloading conditions

=0
¥>0, $<0, ¥$=0

The last Eq. (16) can be separately written for the positive and the negative values of the
bending moment.

The beam kinematics equations can be written by using the rotated strain measure: H=U-1,
where the only non-zero components are defined as

H,=X-CK, H, =T a7)

The explicit form of generalized strains can be written as

T=H}" =(1+ d—ujcosw +d—vsin\y—l+(d—ucosw+d—vsin\|/Jé‘>x

dx dx dx dx
z 3
ao) . dv ao . dv
=H,"=—|1+— [siny+—COSy +| ———Siny + —Cosy |3,
2 ( dx} Y Y [ ax o dx Wj X (18)
K=—Hy-d¥ d¥s
dx  dx
R K

By using the same notation for the virtual strains (denoted with superposed (3) ), we can write
the weak form of equilibrium equation, see (lbrahimbegovic and Frey 1993a)

G(a,a)=[ (EN+TV +KM )i -G (3)=0 (19)
In (19) above, N, V, and M denote stress resultants regarding the Biot stress
6=(NV,M)"; N=[ THdA V=] T*dA M =—[ ¢T*dA (20)

The yield function for the hardening is chosen in a multi-criteria form pertaining to the bending
moment, shear and axial force, respectively

o5 (M.G5)=[M[-(M, -q} ) <0
TOP=0=| V.G =V[-(V,-})<0
% (N,G9) =|N|=(N, -g¢)<0
7ol =0= ¢y (M,Ty) =|M|-(M, -7y )<0

(21)
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Table 2 Computational procedure for a characteristic iteration

Given: AK" =K®,
Find: M KP(I)(+) D(l)()

n+l? " tn+l n+l <t3n+l

IF(M, >0 and K

Elastic trial step => M5 =M, +EI(AK{, -
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n+l n+l n+1
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n+l
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Table 2 Continued

trial
ELSEIF(Mx2 _ o and K <[67|) or ELSEIF(M, >0 and ‘damage=true’)
M

n

Elastic step with reduced stiffness
M il Mn n anl,(f)l (AK(i) _ Knp,(f))

n+1 n+1

_pMtia. e p) _ wpr().ep) _ep()
|\/|n+1_|vI K _Kn ": —&n

n+l 77 Yn+l n+l

=> damage=true

where M is the bending moment; V is the shear force; N is the axial force; G, G/, q, and G are

internal hardening stress like variables( e” - plasticity; ¢ - damage model); whereas My, V, and N,
denote yield the bending moment, shear force and axial force, while M; denotes bending moment

at the beginning of the damage flow. The internal variable ¢y, provides bilinear hardening related

to the bending moment, which can be written as
p _Kl\r;l,lzl\’jl; OSEI\’;I <E|\F/)|y
WK B B < <o (22

where Ky, , and Ky, , are the hardening moduli. The Egs. (16)-(22) should be separately written

for the positive and negative value of the bending moment, but they are expressed in a form
independent on the sign.

At the end of this section, we present the computational procedure (Table 2) for a characteristic
iteration. This procedure presents the local phase for computing the value of the bending moment.
Other internal force can be computed in the same way.

4. Identification of the constitutive model parameters

In the case of a structural connection testing, the global response of a specimen can be
represented with load-displacement (F-u) diagram. Any such curve can be related to the three
phases of the connection response: elastic, hardening and softening part. The used damage-
plasticity model, which represents connection behavior, contains the bilinear hardening and the
linear softening response. For the most general case, we need to identify three parameters in the
elastic phase, nine in the hardening phase and six unknown parameters in the softening phase.

The identification in general case is performed in two steps: i) definition of an objective
function based on some experimental measurements; ii) minimization of this objective function in
order to find values of constitutive parameters used in the model.

The choice of the objective function is a crucial step to ensure the success of the minimization.
In general case, the objective function can be defined as the gap between measured and computed
response values (displacement, stress, deformation, reaction force, etc.)

3(d,) =X n(us"(d,) -us® ) 23)

where dj, are the model parameters that we seek to identify, ui™(d,) and uf®are, respectively,
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computed and experimentally measured values of displacements/stresses/strains, and n is the
weighting factor for different terms of objective function.
Minimization of the objective function can formally be written as minimization under
constraint
H com eX| 2
min J(dp)=Zn(uj (dp)—ujp) (24)

G(o;8w)=0 ]

where the weak form of equilibrium equations G(g,gp,qd ;0W) =0 is the corresponding constraint.
Namely, the weak form of equilibrium equations has to be satisfied at every time step. The constrained
minimization of the objective function can be transferred into unconstrained minimization by using the
Lagrange multiplier method (Ibrahimbegovic et al. 2004)

rgaxtxs(rcwpr}:o L(c,d,,A)=J(d,)+G(c,d,, 1) (25)
where 1 are Lagrange multipliers inserted into the weak form of equilibrium equations instead of
virtual displacements. This type of minimization of the objective function is very complex for
seventeen unknown parameters. However, if we split an unconstrained minimization of the
objective function into several phases, then we will decrease the number of unknown to maximal
of two parameters in each phase (Kucerova et al. 2009).

The general identification procedure of the connection model parameters is presented in the
flowchart in Fig. 16. The process is split into three phases, with every phase further split into few
cases. The first phase seeks to identify the three constitutive parameters related to elastic response:
S}'t‘, - initial rotational stiffness, S}: - initial shearing stiffness and S}'; - initial axial stiffness. The

second phase deals with nine unknown parameters related to hardening plasticity: V™' - yield
shear force; S} - hardening stiffness modulus with respect to shear force; N - yield axial force;

con

;1 - first yield bending moment;

S - hardening stiffness modulus with respect to axial force; M

con

v - second yield

Sp.- first hardening stiffness modulus with respect to bending moment; M
bending moment; S§ , - the second hardening stiffness modulus with respect to bending moment;
S;‘b - the hardening stiffness modulus with respect to bending moment and damage model . The last
phase deals with six softening constitutive parameters: N{™ - ultimate axial force, Sj, - the
softening modulus with respect to axial force, V™" - ultimate shear force, S;; - softening stiffness

modulus with respect to shear force, M;™ - ultimate bending moment and Sj - softening

modulus with respect to bending moment.

The stiffnesses can be obtained from the identified constitutive parameters of the proposed
beam, as follows
n _El oy _Kial o Kil on_GA ;
Sjb:T’Sjﬁl,i: L ’Sjb: |'\_A ,SJ—SZT L T1Sj[;:T (1)Where

E, G are Young’s-like modulus and shear-like modulus, respectively; I, As, A are geometric

characteristics of the cross section; Ky, ,,Ky, K, K. are hardening-like moduli; while L is the

length of the beam.

. KIA o EA. KA
;SP = ;Sh =
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For every case in the second and the third identification phase, local and global measurements

are required. The local measurements depend mainly on one material parameter, while the global
measurements depend on practically all parameters of constitutive models.

The standard algorithms for unconstrained minimization included in Matlab are sufficient to
solve the identification problems for each and every phase. The key step to facilitate this is in a
pertinent choice of the objective function for the parameters identification with the general format
that can be written as (Imamovic et al. 2015)

3
‘J(dp): 4
3

3
1
1

+ (08 057 ) + > d (A6 — A0%)

2

1

+2°0(AkE" - Ak )

o(F —Fr) + Sp(Us U3+ 30(UsR -Uza )
1 1

3
2 2
com exp
+ E e(KPi — Kp;
1

(27)
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com

where: ", FS® are forces for different load level (Pi); U™, US® are the corresponding
Pi Pi Pi Pi
displacements (Pi) ; Ugh, U are shear displacements (Pi); 6 ,65"° are rotations of the

com om

connection (Pi); ABL" =05 —05" and A6;" =65, —65" are gradients of rotation between two

com com com

different load (Pi ) ; xp &q are curvatures of the section (Pi); Axy" =k —Kgm' and

exp x|

AxpP =xpf — kG are gradients of curvature between two different load (Pi); while a, b, ¢, d, e, g

are constants.

By respecting experimental testing described in the second section of the paper, we are not able
to identify parameters related to the axial force. However, we have exploited the design principle
“strong columns - weak beams” in which the axial force behavior can be neglected. Some of the
experimental measurements show that relative shear displacement between horizontal and vertical
beams are too small. For these experimental tests, parameters related to shear force are not
identified but assumed as rigid.

4.1 Experimental tests: A1 and A2

The experimental equipment in tests A1 and A2 (Figs. 4 and 5) has not measured relative shear

exp

displacement U5 . This fact reduces identification problem to seven unknowns, where all

parameters are related to rotational response. In the first elastic phase, we have only one unknown
constitutive parameter. In the second phase, four constitutive parameters are unknown, and only
two parameters are unknown in the last third phase. The identification procedure uses the same
objective function (27) for every case. In Figs. 17 and 18 are shown the shapes of the objective
function for performed phases and cases of the identification.

(a) Elasticity: 3}2 (b)  Plasticity-  first (c) Plasticity - second (d) Softening: Mj"”,Sij
hardening: MT,S 8, hardening: M % ,S¥

yl? y,21%jb,2

Fig. 17 Objective function shapes for eight unknowns related to bending - Experimental structure Al

(b)  Plasticity-  first (c) Plasticity - second (d) Softening: M, Ss,
hardening: M7, S5 | hardening: M%), S§ ,

y1l7 y.2?

(a) Elasticity: S}

Fig. 18 Objective function shapes for eight unknowns related to bending - Experimental structure A2
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In Tables 3 and 4, the values of identified constitutive parameters are shown and compared
with the corresponding parameter values obtained by using the EC3 procedure.

Table 3 Values of the constitutive parameters for connection Al

Sip S MUY She  MyZ S, M S 0,

[KNm/rad] [kN/rad] [kNm] [kNm/rad] [KNm] [kNm/rad] [KNm] [kNm/rad] [rad]
Experiment  8235,3 ) 32,0031 3362,99 50,12 137,1 54,0937 -1699,99 0,0679
Eurocode 3 7506 - 26,25 2501,35 39,375 0 39,375 - 0,0165

Table 4 Values of the constitutive parameters for connection A2
Sjs ST Spa  MZ SE, M” Sh 0.
[kNcm/rad] [kN/rad] [kNcm] [kNcm/rad] [kNcm] [kNcm/rad] [kNem] [kNcm/rad] [rad]

Experiment 8191,65 0 31,15 3699,8 55,15 173,47 59,45  -1250,0 0,0755
Eurocode 3 7506 - 27,91 2501,35 41,87 0 41,87 - 0,01785

Results of the identification procedure are presented in Fig. 19 where we can see a good match
between the experimental and the computed results. Computed results were obtained by using
FEM model and identified constitutive parameters. Comparing the experimental response of the
connection against the response predicted by EC3, we can see a fairly good match for the elastic
response but a significant difference in load-bearing capacities of the connections. Namely, we
have measured values of load-bearing capacities that are almost 44% higher than the
corresponding values provided by EC3.

5t EC3 5{( EC3

= 30t \ =z
= =
w w \
25 25 \
g / g if \
220 S 20l \__
[ {
{
15F / 150
[
101 4 Computed | 1004 Computed
/ —— Measured N\ / Measured
;
oL

0 1 2 8 9 0 2 10 12

3 4 5 6 6 8
Displacement U [cm] Displacement U [cm]

(a) Experimental structure Al (b) Experimental structure A2
Fig. 19 Computed vs. Experimental responses of the connections: Al and A2

4.2 Experimental tests: B1 and B2

The experimental responses (Figs. 8 and 9) of end plate connections (B1 and B2) show that
shear displacement exists. Therefore, in this connection type, we have twelve unknowns, seven
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related to bending moment and five related to shear force. The number of unknowns can be
reduced to ten if we recall the assumption that failure of connection can happen due to the bending
moment, or due to the shear force. Experimental measurements show that failures in both tests (B1
and B2) have happened due to the bending moment. In Figs. 20 and 21, shapes of the objective
function (27) for the connections B1 and B2 are shown. In test B1 brittle failure happened where
both bolts in tension zone broke at the same moment of time. Here, we are not able to identify the
constitutive parameters related to the softening response since sudden drop occurs.

(a) Elasticity (bending): (b) Plasticity(bending) - %) Plasticity(bending) - (d) Plasticity: V", S?

js

in first hardening: 2cond hardening:
Sjb con op g con op 9 (shear force)
Myyl 'Sjb,l My,Z’Sjb,Z

Fig. 20 Objective function shapes for ten unknowns - Experimental structure B1

Results of the identification are presented in Fig. 22, where we can see good matching between
the experimental and the computed results. Computed results were obtained by using FEM model
and identified constitutive parameters. Comparing the experimental responses of connections B1
and B2 against the EC3 responses, we can see a significant difference. Namely, we have measured
almost 90% bigger load-bearing capacities of the connections than the corresponding capacities
according to EC3.

;;;;

(b) Plasticity(bending) - first(c) Plasticity(bending) - second

hardening: M{7T,S} | hardening: M}, S},

(a) Elasticity (bending): S

(d) Softening(bending): M, S}, (c) Plasticity(shear force): V", S ¢

Fig. 21 Objective function shapes for ten unknowns - Experimental structure B2
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Iy —— Measured
/ =z EC3

t‘ Computed | |

" ——Measured |
8 { ---EC3
0

10 15 5 10 15
Displacement U [cm] Displacement U [cm]

(a) Experimental structure B1 (b) Experimental structure B2
Fig. 22 Computed vs. Experimental responses of the connections: B1 and B2

20 25

The values of identified constitutive parameters are shown in Tables 5 and 6. These values are
compared with the corresponding parameters obtained using the EC3 procedure. The EC3
procedure gives a very good prediction of the elastic response and bending of the connection.

According to EC3, the elastic response of this joint type can be assumed for the load values
lower than the 66% of the load-bearing capacity. Experimental testing confirms this hypothesis.

Table 5 Values of the constitutive parameters for connection B1
ShoSpOMIT sk M SP, VP sE oM
[kNm/rad] [kN/rad] [kNm] [kNm/rad] [kNm] [kNm/rad] [kN] [kN/m] [kNm] [rad]

Exp 5398,05 0 16,88 3317,11 37,62 161,0 33,03 16102 54,0937 0,1161
EC3 3784 - 18,83 1260,24 28,25 0 - - 28,25 0,02384

Table 6 Values of the constitutive parameters for connection B2
Sk Sk MJT SR MJY ShL, VT SE M S 0,
[kNm/rad] [kN/rad] [KNm] [kNm/rad] [KNm] [KNm/rad] [kN] [KN/m] [KNm] [kNm/rad] [rad]

Exp 5165,25 0 16,47 2939,10 38,11 217,21 35,17 21721 54,40 -1043,67 0,1651
EC3 3784 - 19,75 1260,24 29,625 0 - - 29,625 - 0,0251

4.3 Experimental tests: A3 and B3

The structural connections A3 and B3 are completely the same as structural connections Al and
B1, which were presented in the previous sections. At the beginning of the identification process,
we match the experimentally measured cyclic responses of structural connections with the
numerically obtained responses. The numerical computations for the case of the monotonic
loading, are performed with the proposed beam model using previously identified constitutive
parameters from experimental structures Al and B1 (see Fig. 23).

From the results shown in Fig. 23, we can conclude that good matching between the computed
response and the contour of the hysteresis is obtained. That validates previously identified
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Fig. 23 Computed vs. Experimental responses of the connections: A3 and B3
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Fig. 24 The shape of the objective function
Force — Displacement U, Force — Displacement U,
60, 50,
40¢
“ 30
20! 20
z Z 10f
g O g 0
2 g -0
20! -
-30
-401 - - Measured [ - - Measured
| —Computed | =40 —— Computed
&% 0 5 % 0 5
Displacement U5 [em] Displacement U5 [em]
(a) Hysteresis (b) One cycle of the hysteresis

Fig. 25 Computed vs. Measured response of the experimental structure A3

constitutive parameters. The experimental observation has inspired assumption that the damage is
beginning at the same moment as the plasticity. This assumption reduces identification problem to
only one unknown per each connection.
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Fig. 24 shows shapes of the objective function (27) for unknown parameters related to damage
model. The shapes of the objective function are convex which thus have a minimum. By using the
presented identification procedure, we are able to determine the unknown parameters.

By using the identified parameter, we have performed the numerical simulation of the
experimental test A3. The comparison of the computed and the measured response is shown in Fig.
25. In Fig. 25(a) the computed and the measured hysteresis are shown. One extracted cycle is
shown in Fig. 25(b). Both of them indicate that proposed model is capable of representing the
connection behavior, including many phenomena characteristic for this structural connection type.

The numerical simulation of the cyclic experimental test B3 has been performed with the
proposed beam element and identified parameters. Fig. 26 shows a comparison of computed and
measured responses of the experimental structure B3, under cyclic loading. The difference
between responses is visible, but we can conclude that proposed beam model significantly
improves the response prediction in comparison with the model of the plasticity or the damage.

Force - Displacement U5 Force - Displacement U5

40 1 40

30¢ 1 30

20 20
= 10 2 10
= =
(=} (<]
L 10+ w 10

—20+ -20+

-30 - - Measured | | -30 -~ gt - - Measured

—— Computed o | ——Computed |
—40 J -40
-5 0 5 -4 -3 -2 -1 0 1 4
Displacement U5 [ecm] Displacement U5 [em]
(a) Hysteresis (b) One cycle of the hysteresis

Fig. 26 Computed vs. Measured response of the experimental structure B3

5. Numerical examples

Three numerical examples are presented in this section to illustrate the effects of connections
behavior on the global steel frame structure response. The global response of the steel frame
structure with included connection behavior is compared with the global response of the same steel
frame structure without included connection behavior. The comparison quantifies the connection
behavior influence on the global response of the structure. All numerical computations are
performed with a research version of the computer program FEAP (Taylor 2008).

5.1 The ultimate analysis of a simple steel frame structure

In this example, we analyze the influence of the connection behavior on the structure response.
We consider a simple steel frame shown in Fig. 27(a), where the span is 5,0 m and height is 3,0 m.
The mesh is composed of 48 beam elements where the length of each element is 0,25 m. The
material properties of all frame members are the same (Young’s modulus: E=2-10* kN/cm?;
hardening modulus: K=0.05-E;). The geometric properties of the beam cross-section corresponds
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to the profile IPE 200 (Moment of Inertia: 1=1940 cm*; Area of cross section: A=28.5 cm?; Yield
bending moment: My=4655 kNcm; Ultimate bending moment: Mu=5280 kNcm; Yield shear force:
Vy=252 kN; Ultimate shear force: V,=378 kN, Fracture energies: G;u=550 and Gfv=450). The
column properties are defined as profile IPE 300 (Moment of Inertia: 1=11770 cm*; Area of cross
section: A=53,8 cm?; Yield bending moment: My=13368 kNcm; Ultimate bending moment:
Mu=15080 kNcm; Yield shear force: Vy=471 kN; Ultimate shear force: V,=707 kN, Fracture
energies: Gsnm=650 and G:y=550). Three numerical simulations have been performed. In the first
simulation, elements which connect beams and columns are defined according to the behavior of
the experimentally tested connection denoted with Al. The second analysis does not include
connection behavior, while the third connection behavior is defined according to EC3 (EC3 2005).
The results of these three simulations are compared in Fig. 27(b), where we can see a significant
effect of connections on the global response of the structure under vertical load. This effect is
particularly evident at the level of ultimate forces, close to bearing capacity of the structure. On the
other side, the connection behavior according to EC3 significantly reduce load-bearing capacity
and stiffness of the structure.

&F
IPE200 A A 7
connection A1 conneclion A1

orce F (kN)

8 2| [|H=30m
E y = }
10} ‘;“
/
W 5t i'
[ / , fon.___
| L=25m L 1,22 5m . "‘/ onse with connection EC3 |
- - ) ”H -] 10 15
Displacement lwcnll)
(a) Frame structure geometry (b) Response of the frame structure

Fig. 27 The simple steel frame

5.2 Pushover analysis of symmetric steel frame

In this example, we present the results of a push-over analysis of symmetric steel frame with
and without included joints behavior. The frame geometry is given in Fig. 28(a). Material
properties for all frame members are the same (Young’s modulus: E=2-10* kN/cm?; hardening
modulus: K=0.05-E). The geometric properties of beams correspond to the profile IPE 200; the
columns are defined as a profile IPE 300. In the first case, the constitutive parameters of elements
which connect beams to columns are identified according to experimental test A1, whereas in the
second case these elements are defined as a profile IPE 200. The vertical load was applied to all
beam members. This load is kept constant throughout the pushover analysis to simulate the dead
load effect. The lateral loading is applied regarding imposed incremental displacement (uwp) at the
left upper corner (point A, see Fig. 28(a)).
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Fig. 28 The symmetric steel frame

The results of numerical simulations are shown in Fig. 29. These results show a significant
influence of the connections behavior on the global response of steel frame structure. This effect is
very evident at the level close to the ultimate load. The connections behavior reduces load bearing
capacity and changes the global response of the steel structure. Namely, at the lateral displacement
of 1 m, lateral resistance is reduced by 24% with regard to the structure without connections, while
the connection behavior according to EC3 additionally reduces the lateral load-bearing capacity of
structure up to 10%. Respecting these results, we can mark the importance of connection behavior
in the steel structure design related to seismic load.

ce F (kN)
A

Fon

10
o 10 0 S0
Displacement U (cm)

Fig. 29 Response of the symmetric frame structure

5.3 The steel frame response under cyclic loading

In this example, we illustrate the capability of representing connection behavior in the analysis
of steel frame structure under cyclic loading. The structural connection behavior under cyclic
loading is very complex and has a significant effect on the global response of steel frame structure.
Furthermore, EC3 (EC3 2005) does not propose prediction procedure for this load type.
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Fig. 30 Experimental test of the steel frame structure

In order to verify proposed beam model, we have found an experimentally measured response
of a steel frame structure with connections, which was tested under cyclic loading (Wang 2007).
The tested two-story frame structure and loading are shown in Fig. 30(a). Forces F. was kept as
constant during the test in order to simulate dead load effect of above structure, while the force Y
was applied as a cyclic load. The horizontal displacement of upper beam is denoted by X(mm) in
Fig. 30(b).

The experimental data presented in the paper are not sufficient for performing identification of
constitutive parameters. Therefore we just compare shapes of the measured and the computed
hysteresis (see Fig. 30). By comparing this two hysteresis, we can conclude that proposed beam
model has the capability of representing steel frame response if we have sufficient measured data
regarding connections behavior, which provides successful identification of model parameters.

6. Conclusions

In this paper we have presented an experimental and numerical study of the moment-resistant
connection behavior, under monotonic and cyclic load. A total of two connection types have been
analyzed and six experimental tests have been performed. The connection behavior in structural
response is included where we model every joint with beam element. The proposed beam element
has eighteen unknown constitutive parameters. The identification methodology has been presented
and unknown parameters, based on the results of the experimental tests, have been identified. We
found that the proposed beam model with identified constitutive parameters can successfully
represent connection behavior, under monotonic and cyclic load. The capability of the proposed
beam model to represent connection behavior is shown with very good match between
experimental and computed results. The set of the constitutive parameters of the proposed beam
model can be obtained by using the EC3 procedure, which provides a good prediction of elastic
response and bending, while the plastic response prediction is overly conservative, sometimes up
to 40%. The EC3 procedure doesn’t predict connection behavior under cyclic load, while the
proposed model and identification procedure are able to provide correct prediction and inclusion in
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analysis of frame structure.

The influence of the connection behavior on the steel frame response is shown in three
numerical simulations. The numerical results demonstrate the importance of the joints behavior on
the steel frame structure response, where we can see a difference in results up to 30%. The effect
of joints behavior completely changes response of steel frame structure under cyclic load, that is
shown in third numerical simulation.
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