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Abstract. For all steel structural construction that involv@ne or more floors, the use of
beam-column or even column-base connections igenheDue to their importance, these
connections are, in steel structures, economicailg structurally significant. Also in some
situations, these steel buildings are subjectedatalynamic load level that can cause
permanent deformation and localized damage in theture, and this may lead to its partial
or total collapse. To obtain a more realistic pretihn of the behavior of steel structures, the
flexibility of the connection between the membamukl be considered in the analysis. This
work aims to evaluate the nonlinear behavior oékteames structures under dynamic loads,
showing the influence of the semi-rigid connectionsesponse of the structure, and also
exploring the structural hysteretic damping. Thedeling strategy used is based on the Finite
Element Method application, and the transient nozdir solver adopted combines the
methods of Newmark and Newton-Raphson. At the fethe evork is carried out a numerical
study of a four-bay five-story planar steel framghvweam-column semi-rigid joints. From
the analysis, it will be possible note that theifde connections flexibility has significant
influence on variation of the natural frequencigarticularly on the lower frequencies and on
the frame nonlinear behavior.

Keywords: Steel frames, Geometric nonlinearity, Semi-rigidreection, Hysteretic damping

CILAMCE 2015
Proceedings of the XXXVI Iberian Latin-American @uass on Computational Methods in Engineering
Ney Augusto Dumont (Editor), ABMEC, Rio de JaneiRd, Brazil, November 22-25, 2015



Nonlinear Transient Analysis of Steel Frames Stmgs with Semi-Rigid Connections

1 INTRODUCTION

Multi-story steel buildings gained increasing spacéhe civil construction sector, since
they are economical and safe solutions for the waséd types of projects. The steel frames
in general are slim, efficient and quick to assemBl careful structural analysis of such slim
structures is of fundamental importance becausestlts in a safe and efficient building
along the entire its service life.

In steel structural construction, the use of beainron or even column-base connections
Is inherent. Due to their importance, these conoestare, in steel structures, economically
and structurally significant. Analysis and projecthancement for structures with semi-rigid
connections is cost effective, carrying significamplications for manufacturers and
assemblers of these steel structures. It is impprthen, that the engineer has a good project
understanding of connection behavior. For thisopadiverse studies are under development
and modern standards (NBR 8800, 2008; AISC, 201@pdobde, 2005) already include
procedures that define stiffness as well as stherigt semi-rigid connections for
computational analysis programs and steel strugixgjects.

The random motion of the structure base, as odoucase of structures subjected to
earthquakes, is characterized by a dynamic acfldverefore, the structural response of
buildings to earthquakes is a transient phenomeAtihough there is a low seismicity in
Brazil, this action cannot always be ignored, ef@nsmall buildings (Lima and Santos,
2008).

In steel structural construction, the nonlinear év@r of beam-column connections
significantly affects the dynamic response undethgaakes since connection regions are one
of the primary sources of hysteretic damping.

Researchers who have numerically investigated #tea\oor of steel structures with
semi-rigid connections submitted to dynamic situadi include the following: Valipour and
Bradford (2012); Chan and Ho (1994); Lui and Lofg&897); Xu and Zhang (2001);
Sophianopoulos (2003); Galvaaet al (2010); Vimonsatitet al (2012); Nguyen (2010);
Nguyen and Kim (2011); Attarnejad and Pirmoz (20 jstizabal-Ochoa (2015).

The cyclic responses of semi-rigid connections hese been experimentally evaluated.
In such studies as Bernuzzi al (1996), Calado (2003), and St al (2007), tests were
performed with specific types of connections andhmaatical models were proposed to
represent the resulting behavior.

This study considers the geometric nonlinear effeartd the semi-rigid connections
between the structural elements. The computatisystem for advanced structural analysis
CS-ASA (Silva, 2009) was used in this work. The mapplication of this tool is the
nonlinear static and dynamic analysis of planaelsstructures. Small interventions were
performed in CS-ASA system in order to enable tbsearch for include real ground motions.

2 SEMI-RIGID CONNECTIONS

Figure 1 illustrates the typical behavior of thtgees of semi-rigid connections: the flush
end plate, top and seat angle, and single web anhg&efigure demonstrates the variation of
the rotation @, which corresponds to the relative rotation betwebe interconnected
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elements, with an applied moment. Notice that threnections, when submitted to bending,
develop a nonlinear behavior.

The connection stiffness, denoted hereSgsis determined by experimental tests; it
describes the performance of the connection duhegloading process. Mathematically, it
represents the inclination of the tangent to thenerat-rotation curve (Fig. 1).
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Figure 1. Moment-rotation curves of three types o€onnections under monotonic loading (Silva, 2009)

The stiffness intensity does not determine whetheonnection will behave in a rigid or
flexible manner. This behavior can only be verifieg using a parameter that relates the
connection’s stiffness to the bending stiffneBs$) (Of the element to which it is connected.
Cunningham (1990) proposed adopting a fixed faévorrigidity, y= (1 + EI/(SL))?, in
which L represents the element’s length. Cunningham peapakis to provide a better
understanding of the rotational behavior of thensmtion. The extreme values that the fixed

factor assumes are 0 and 1. For a perfectly hirmgeshection, the rigidity is nully(= 0).
However, for an ideally rigid connection, the fixiedtor has a value of 1, since its stiffness is

extremely high& — ).
The connection stiffness can be calculated usiagetjuation:

St =— (1)

whereM is the bending moment acting on the connectiongmlits rotational deformation.

Incorporation of moment-rotation curves in struatuanalysis provides more precise
results than those obtained through conventionalyars. In conventional analysis, the
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connections are considered either rigid or hing&aech curves can generally be written by
using one of the following expressions:

M =f(q)
@ =9(M)

which relate the moment to the rotation with thethmenatical expressiorfsand g, which
usually depend on the geometry and dispositiomefcbnnecting components and the curve
adjustment parameters.

(@)

The mathematical models should provide a smooth embimotation curve with the first
derivative positive and representing various typégonnections. For a linear connection
model only one parameter defining the joint stiffmés necessary. In this case, the moment-
rotation relationship can be written as:

M = Sini® 3)

in which S, represents the initial stiffness, which is detemdirby the initial stage of
loading. This is the simplest model and has gresat in the initial development stages of
analysis methods for semi-rigid connections. Faogdadisplacements, however, it is not
abundantly precise. Its utilization is more apprater for small displacements, such as the
linear analyses of vibrations and (Chan and CHa002.

This work uses the four-parameter potential modebpsed by Richard and Abbott
(1975) for simulate the nonlinear behavior of cartiseis The model describe the connection
behavior according to the relationship:

(Sini — R) |
14/(Sin - Bl MJ[" |

whereM is the moment in the connectidR, is the strain-hardening stiffness whantends
towards infinity; n is a parameter that defines the sharpness of uhee,candM, is the
reference moment.

A study made by Kishet al (2004) demonstrated that this model is effecanel
necessary to pre-establish the behavior of an éaté ponnection. It is worth mentioning,
however, that this type of function can be appleény type of connection. To do this, it is
sufficient to either experimentally or numericalyaluate the four parameters necessary to
represent it. With this model, three others caolitained: linearR, = Sini), bilinear @ - ),
and ignoring the effect of the strain-hardenindfre#ss, which produces a three-parameter
potential model, as presented by Kishi and Chengl9Bherefore, it must be emphasized
that the stiffness of the connection is calculdtedsing Eq. (1), wittM described by Eqg. (4).

M = —+ Ry | 4)

2.1 Behavior of semi-rigid connection under cyclic loanhg

When submitted to repetitive and alternate actisesji-rigid connections also develop
an inelastic behavior. The typical aspects of sehavior are illustrated in Fig. 2. Some
phases along the trajectory can be clarified inoatance with this figure. Th@A part
describes the connection’s behavior during theainibading process of the structure. When
an inversion occurs in the direction solicited, th®cess of unloading is characterized.
Therefore, the intensity is diminished of the begdmoment that acts on the connections.

CILAMCE 2015
Proceedings of the XXXVI Iberian Latin-American @ass on Computational Methods in Engineering
Ney Augusto Dumont (Editor), ABMEC, Rio de Jand®d, Brazil, November 22-25, 2015



Everton A. P. Batelo, Andréa R. D. Silva, Ricardd/A Silveira

The arrows establish the direction of the pathsgljcating moment variation during the
analysis. ThéB andCD paths in the figure exhibit such a situation.

7

C
Figure 2. Connection behavior under cyclic loadingSilva, 2009)

The inelastic behavior of the semi-rigid connecsigvhen submitted to cyclical loads has
been simulated by the independent hardening teshnifhe model is used to evaluate the
connection stiffness in the loading and unloadilages.

The following steps describe the procedure usedetelop an algorithm that simulates
the hysteretic behavior illustrated in Fig. 2. Unlbading conditions, the trajectory (indicated
by the continuous lines in Fig. 3a) begins at anpalong the abscissas axis whose
coordinates correspond @, the last permanent residual rotation.0% the initial loading
phase@ = 0. As mentioned above, this rotation is deteadiafter the complete unloading
phase. The bending momevitat any position of this trajectory that begin®atan generally
be calculated as follows:

M =f(@-op) (5)

where the expression f is defined in accordanck wimathematical model that describes the
nonlinear moment-rotation behavior of the connectdien submitted to a monotonic load.
While the connection stiffness is given by:

dM
S: = (6)
A%~ -0,)

Note that the loading phase is characterized byenease in the bending momea,
between the instants of time:(prior) andt + At (actual). Besides this, the sign &M is
always equal to the involved bending momewit, Therefore, the loading condition can be
verified if theM-AM > 0 relationship is satisfied.

What is considered in the unloading process is\@ali moment-rotation curve with an
inclination equal to the initial stiffness of thermection. Figure 3b exhibits the regions where
the unloading occurs. A solid line is used to iatkcthis. To obtain the moment-rotation
equations at this phase, consider the #tBpof the hysteresis cycle represented in Fig. 3. As
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the straight line passes through the pdif@.; M;) and has a known inclination &y, its
equation is defined as:

M =Mz — Sy ((pca_(pc) (7)

whereM, is the moment at which unloading occurs. Thisalag, referred to as the reverse
moment, is encountered using Eg. (5)@eE @a.

It is easy to see that, during the unloading prect®M-AM < 0 relationship is obeyed.
However, in some case additional clarifications meeessary. Consider again Fig. 2. If the
connection is being unloaded fro&to F and begins the loading process before the unigadin
has been completed, the moment-rotation behaviothisf element will follow theFA
trajectory until it reaches the last reverse momamtountered. At this point in time, the
loading process follows the original moment-rotaticurve obtained considering the last
permanent rotatiom, encountered.

M A
E
— 7 A (%2 M)
l /’ _
o /s ®
AM =Mp —My
(a) Loading (b)Unloading

Figure 3. Connection behavior under cyclic loadingSilva, 2009)

In computing the independent hardening model, gheotation should be stored after
each complete unloading situation. This is true &s the reverse momeM,, every time an
alteration is detected in the sign of the momertamentAM. In addition, the intervals
between the two successive time instants shouldnb&l so that these variables can be
defined with adequate precision.

3 THE SEMI-RIGID FINITE ELEMENT

The most common approximation method for modelingoanection in structural
analysis programs uses springs positioned at threreities of the finite element. Figure 4
shows the planar beam-column element, with nodetpioandj, that was used in this work to
model the structural systems. The two springs assipally fixed at the extremities of the
beam-column element, respecting the equilibrium emdpatibility conditions. They permit
the connections’ degree of freedom to be incorgoranto the relationship of the tangent
stiffness of the beam-column element. Only the ectian’s rotational deformation due to
bending is considered.
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The presence of springs introduces relative ratatia the nodes at the extremities of the
element. These rotations modify the equations destcribe the nonlinear behavior of the
ideally rigid structural system. This section preg® a procedure to modify the matrix
equations so as to introduce the effects, on tlenbsolumn element, of the connection’s
flexibility.

TQj. Y
@'. ";\ P1 uj
Scj J M. 6

Figure 4. Beam-column element with semi-rigid conr&ions

Figure 5 shows a deformed configuration of thetdéirelement. Also exhibited here are
the internal forces and deformations in the spriogthe connectionS; and §; denote the
stiffness of the spring elements. The connecti@msihave distinct behaviors; that is, they can
be characterized by different moment-rotation csir¢Eq. 6). The connection’s relative
rotation, @, is defined as the difference between the rotatiamgles of the side connected
with the global node of the elemef{, and those connected to the beam-column elerignt,
Considering this, it is possible, using Eq. (6) astablishing the moment equilibrium of the
spring elements, to come up with the following tielaships:

MM | [ S —Si|[A8y
{AM bi} ) X S0 {Aebi} ®)

AM Cj _ i S:J - %l 1 AGCJ (9)
AMbJ __S:J %J ] AGbJ
whereM; andMy, are, respectively, the bending moments actinghenspring elements and

those acting on the beam-column element; the sipbsdr and | refer to the element’s
extremities.

When spring connections are added to the elementiemities, the effect induced by
connection flexibility should be accounted for bydhifying the element stiffness matrix.
How the matrix is modified depends on the finiteneént formulation adopted. Herein, the
spring elements simulating the connection’s fldiiphave null lengths and for the element’s
internal sections.

Assuming that the loads are only applied at théalmodes of the element (see Fig. 5),
the internalMp; and Mp; moments are equal to zero, and the following mdmetation
equilibrium relationship can be achieved (Silva200

AMgi| | | 0| 1]% O Stk Kig a 0| |[A6 10
{A'V'ci}_ {0 Sq} B{O %} Koy itk {0 §J {A%} (o)

(63
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in whichB:(Sci+ lgm)(%j’f %,6))‘ TRTE

Figures 4 and 5 show thit, = M andM; = M;. As such, the relationship between the
shearing forces and the bending moments, obtaigethd equilibrium force and moment
(2Fy = 0 and, for example,M; = 0), can be written in an incremental matrixfa®ws:

AQ 1/L 1/L

AMi | | 1 0 |[[AMg 1)
AQ; -1/ L =1/ L ||AM
AM 0 1

]

with AM; andAM; being the incremental nodal momenk§) andAQ; being the incremental
shearing forces; arldbeing the element length in the configurationhaf équilibriumt.

Figure 5. Deformed configuration and spring elementlegree of freedom (Silva, 2009)

Observing Fig. 6, it is possible to establish #latronship:

Av,

A8, ] [YL 1 -yL 0O]|48

{Aecj}_[m_ 0 -YL 1} Av; 12)
A8,

J

The semi-rigid element stiffness matrix may thenobg&ined in which its components
collectively consider the connection flexibilityfet and the geometric nonlinear effects. This
is done by substituting (10) into (11), using (1&)d performing all the necessary operations.
Using these new terms in the complete matrix (6@ of the conventional beam-column
element, this element’s stiffness matrix is finalghieved in the local system of coordinates.
In this formulation, the relationship between tixéabforcesP; andP;, and the displacement
nodes suffer no alterations when considering thenection flexibility effects. The
transformation of the internal force vector and #¢tiffness matrix for the global system of
coordinates is carried out following the usual gahare.
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Figure 6. Nodal displacements of the semi-rigid bea-column element (Silva, 2009)

3.1 Semi-rigid element mass matrix

The consistent mass matrix for the conventionalnbealumn element is defined as
(Kishi and Chen, 1986):

M= [HTHdV (13)
ty

whereH is the interpolation functions matrix, whife as already defined, is the volumetric
mass of the element.

The function that describes the transversal digptent field v for the beam element can
be written, in an incremental form, using the falilng matrix relationship:

AB,; Av,
()= g o[-z ()| s

whereAv; andAy; are the incremental vertical displacements opeesvely, the nodesand
J, andABy,; andABy; are the rotations of these same nodes, as shoWwig.ir6. In addition,
H1=1 — x/LandH2 = x/L.

To introduce the connection’s flexibility effecttinthe previous function and thereby
obtain the desired mass matrix, the beam-columalmothtions are related to the rotations at
the ends of the element with semi-rigid connectiofise equation that describes such a
relationship is:

481 2B1

80| | T T | s 0][a8y 5
A8, 2Bl o 4EL| | 0 S ][A6;
L ) L

whereEl is the flexural rigidity and L is the length ofktlelement.

Substituting Eqg. (13) into Eqg. (15) and using (1#he function is encountered that
describes the transversal displacement field toeam with semi-rigid connections, i.e.:
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av(x)=H {av 28 Ay 28} (16)
in which,
SC+4EI 21
it o0y 1 -7L 0
HO=[H2H,L ~H2H,L] Lt 0 Lo,
2Bl g A 0 SjlyL o-1L 1 (17)
L L

[(3-2H,)H, 0 (3- H,)H, 0]

Is the matrix that contains the semi-rigid conr@ts interpolation functions.

The mass matrix components that are influenced Hgy donnection’s stiffness are
encountered using this neM* matrix, instead of thed in Eq. (13). The other terms are
identical to the mass matrix developed for the emtional beam-column element whose
connections are supposedly ideally rigid (SilvaQ20

4 SOLUTION FOR THE TRANSIENT PROBLEM

The equilibrium equation that governs the nonlindgnamic response of a structural
system can be obtained using the Virtual Displacgniinciple (VDP), considering that,
besides the stresses induced by structural defmmmahe system is also submitted to inertial
and damping forces.

To determine the equilibrium configuration of thieusture in statd+At, the updated
Lagrangian referential is used. In this case, tbefiguration in instant is used as the
reference for the analysis, and structural systentimear dynamic response can be given by:

MU +CU +F; (U) =A(t)F, (18)

whereM and C are the mass and damping matrices, respecti¥lys the internal force
vector; U, and U, represent the displacement, velocity and acdéberaectors, respectively,
of the structural systent; is the vector that defines the direction of théemxal excitation;
andAestablishes the intensity of the load in a deteechinstant.

According to Chopra (1995), the actions generatathd an earthquake are not properly
applied forces directly in the structure but irdrfiorces resulting from the structure itself
moves. Thus, the acceleration throttle base orrgt@ppears on the right side of the equation
that governs the structural dynamic response &sifsl

MU +CU +F; :Ug (t)m (19)

whereUg(t) is the acceleration of the ground, given by aasdala given time.

In general, the structures behave non-linearly heefeaching their limits of resistance.
So the quest for a better representation of theststral behavior requires that the sources of
nonlinearity are considered. As this paper are idensd non-linear geometric effects and
semi-rigid connections, rewrite Eq (19) as.:

MU +CU +F(U P,S.)=A(t) R (20)
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where F, is the vector obtained incrementally through folations that consider the second

order effects (represented here by the internateiP) and the semi-rigid connections
(represented by parametgy).

In this nonlinear structural study, the stiffnesatmx is constantly updated to capture
second order effects and the inelasticity of theaen. An incremental-iterative solver is
used which combines the methods of Newmark and dlewaphson (Silva, 2009; Batelo,
2014).

5 NUMERICAL APPLICATION

The semi-rigid connections can significantly altke behavior of structures, so it is
interesting to investigate their importance in secsresponse to ensure that buildings have
adequate strength and that the connections caermrés collapse.

A four-bay five-story steel frame located in ShaagiChina, is investigated here, and its
geometric configuration is similar to the structsh®wn in Fig. 6.

25 kN/m 25 kN/m 25 kN/m 25 kN/m u
L i T T T
w@ UB - 1 @;@ UB - | ?@ UB - 63@ UB - | \@;)‘“C E"'
ol 40kN/m 8 40 kN/m 8 40 kN/m 8 40kNm_ S o
 REEER S RERER S RERER S REREE N
v@ UB-2 63:@ UB -2 ?@ UB -2 ?:J@ UB -2 @’: ¥
1 1 1 1 1 E
o _40kNm of 40KNm ol _40KNm of _40KNm of o
IR REEER S RENEE S RN~
OB o® Bz oI B2 o[ B2 \2>'\B il
‘r it i ] ; £
o _40kNm ) 40kNm ] dokNm o doknm Ol o
 REEER SN RERER SN REREE N REREE N
52 @:@ UB -2 @:@ UB -2 @:@ UB-2 O i
on . ) . ('I’ g
ol 40kN/m o 4oMNm of 40kNm of _40KNm of g
D_@V l l l v@"@v l l l V@©v l l l v@__@v l l l ﬁé)\ m_"_
UB -2 UB -2 UB -2 UB-2 "™ |
on — — — on g
O O O O of 3
> =) =) =] I

" 100m 100m 100m 100m
E =205 x 10° kN/m’ UB-1:610x229UB 101kg/m  UC-2:356 x 406 UC 235 kg/m
Steel Density = 7.8 T/t UB-2:685x254 UB 140kg/m  UC-3:305 x 305 UC 158 kg/m

*© Flush end plate connection UC-1:356x406 UC 287 kg/m UC-4:305x305UC 97 kg/m

Figure 6. Geometric and material properties of fourbay five-story planar steel frame
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The flush end plate beam-column connections arptadand its behavior is represented
by Richard Abbott model with the paramete&;, = 12336,86 kNm/rad R, = 112,97
kNm/rad, Mg= 96,03 kNmand n = 1,6 (Nguyen, 2010). Initially, only one element per
member (beams and columns) are employed in thectgteu numerical modeling and
gravitational loads are also included as addititumalped masses at the beams’ nodes.

The frame is assumed to be subjected to the &rsséconds of the 1940 El Centro N-S
earthquake component motion. This earthquake cadurr California, USA, on May 18,
1940. The first ten second records are shown in Fignd the peak ground acceleration

observed was 0.31g.

0.4+

Acceleration (g)
o
| |

-0.4—

0.0 2.0 4.0 6.0 8.0 10.0
Time ()

Figure 7. First ten seconds (N-S) El Centro groundhotion acceleration (Thai and Kim, 2011)

The structure free vibration analysis considerimg lbeam-column rigid connections was
performed and the results are presented in Tatx. thé first two periods of vibration. See the
reasonable approximation, even considering only fanige element per member, with the
values found in the literature. In sequence, thst fand second order elastic transient
responses of the building with rigid connectionsjer this earthquake, were obtained and are
presented in Fig. 8. Based on the lateral displaceérat the top of the right-most column
transient response, note the great influence omgédc nonlinearity in the response of the
structure, which contribute significantly to theplacement amplification.

Table 1. First two natural periods of vibration (s)for the frame with rigid connections

Modes Nguyen (2010) Present Work
1 1.2282 1.1818
2 0.4345 0.4196

Table 2 presents the results for the structurdlesysree vibration analysis when semi-
rigid connection are adopted. Again, see the g@picximation with the values found in the
literature for the first two periods of vibratioRigure 9 shows the transient responses for the
steel frame with these flexible connections, butsidering only their linear behavior, where
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was assumeg = S, = 12336,86kNm/rad Once again, the influence of geometric nonlinear
effects on the structure response is easily obderve

]

u(cm)

—&— Nguyen (2010) - Second order response
— Present work - Second order response
-40— — — — Present work - First order response

1 T 1 1 1 T 1T T 1T T T T T T T T T |1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Time (s)

Figure 8. Horizontal displacement response at thersicture roof level for rigid connections

Table 2. First two natural periods of vibration (s)for the frame with flexible connections

Modes Nguyen (2010) Present Work
1 2.700 2.623
2 0.777 0.773
10(7 _I/tﬂ

u (cm)

-60— —&— Nguyen (2010) - Second order respgnse
Present work - Second order response

— — — Present work - First order response
A7 71T 1 T T T T T T T T T T T T 1T 1

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Time (s)

Figure 9. Horizontal displacement response at thersicture roof level for semi-rigid connections with
linear behavior
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Nonlinear Transient Analysis of Steel Frames Stmgs with Semi-Rigid Connections

The variation of the planar steel frame naturalgdencies with the beam-column
connections flexibility is illustrated in Fig. 1(Bee that the connection flexibility has a
significant influence on variation of the naturabduencies, particularly on the lower
frequencies. This fact can be very important f@amnfe structures seismic analysis, as the
lower modes may have strong influence on buildsgsmic response.

Now, Figure 11 shows the transient second ordgorese of the steel frame with flexible
connections, but considering its nonlinear behaffichard Abbott model). Again, attention
is given to horizontal displacement variation a¢ #structure roof. A small difference in
nonlinear response observed with the respect tditdrature results after six seconds have
reduced when considering a better mesh refinement.
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Figure 10. The influence of the beam-column conneon flexibility on the natural frequencies
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Figure 11. Horizontal displacement response at thetructure roof level for semi-rigid connections wih
nonlinear behavior
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The hysteretic moment-rotation loops at the segidrjoints A and C, as indicated in
Fig. 6, are traced in Fig. 12a and 12b, respegtivi@hally, the lateral displacement envelope
of the planar steel frame is plotted in Fig. 13e 8wt the maximum deflection for the flush
end plate joint case is approximately two timeg tbathe rigid joint case. Also note that the
backward deflection is much larger than the forwdedlection due to permanent rotations
formed at the connections of the flexibly connedtade.
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Nonlinear Transient Analysis of Steel Frames Stmgs with Semi-Rigid Connections

6 FINAL REMARKS

From the study of the planar steel frame presentéuk last section, it was found that the
geometric nonlinear effect has significant influeran the displacements of the structure,
especially after 6 seconds of excitation (Fig.A)d it was also observed that the connection
flexibility has significant influence on variatiasf the natural frequencies, particularly on the
lower frequencies (Fig.10) and on the frame belravio

In general, the results obtained here, mainly wemrsidering the structure with flexible
connections (linear and nonlinear behaviors), slbomeasonable agreement with those from
literature, even for the poor finite element mestoped on the modeling. This can
demonstrate the applicability and precision of tinemerical strategy proposed, whose
transient nonlinear solver was based on an incrah#arative strategy, which combines the
methods of Newmark and Newton-Raphson.

It is worth informing that future authors’ researsihould address the influence of the
combined effects of geometric nonlinearity, stewlasticity and semi-rigid connections on
the nonlinear dynamic behavior of steel structures.
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