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ABSTRACT:

Intended contribution emphasizes the statics and kinematics of semi-rigid steel frames seismically acted upon. The dynamic model of
analyzed structures consists of multi degree of freedom systems with lumped masses located at floor levels. The dynamic degrees of
freedom are the lateral seismically induced floor displacements. A cyclic behavior of semi-rigid beam — column connections
associated with the four parameters analytical bending moment M — relative rotation 6, is considered. Time history seismic analyses
are performed on multi-story steel planar frames equipped with several top and seat and web angle beam — column connections acted
upon by recorded seismic actions. The computed numerical results refer to the contrary static and effects of semi-rigidity: the
increase in lateral floor displacements accompanied by a decrease in the seismic base shear force. Relevant comments are drawn.

1. INTRODUCTION

The semi-rigidity of beam to column connections of
multi-story steel frames is a concept that —
theoretically — has been largely developed, while —
practically it is based on a huge set of laboratory
investigations.

The results of theoretical and laboratory
investigations lead to a unanimously accepted status
of semi-rigid frames: the status of a distinct category
of structures placed between the bending moment
resisting frames and hinged frames (European
Commission-EUR 18366, 1998), (EN 1993-1-1,
2004), (FEMA-350, 2000), (Mathé, 2009; Catarig et
al., 2009, 2010). What may just another set of
analytical results bring or add to the existing ones?
One answer to this question is given in this present
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contribution: the effect of semi-rigidity includes two
contradictory aspects of seismic behavior.

On one hand, the semi-rigidity allows for larger floor
level lateral displacements due to an increased flexibility
at the global (structural) level. On the other hand, the
greater lateral flexibility will induced smaller seismic
base shear forces. A reduced base shear force will lead —
in its turn - to reduced statically equivalent seismic forces
and, therefore, to smaller seismically induced lateral
displacements (Mathé & Catarig, 2015). This is where the
kinematics and statics of semi-rigid steel frames
encounter into above mentioned contradiction regarding
the seismic behavior. Indeed, too many times the seismic
effect on multi-story structures is equated to the lateral
floor level displacements (Prodan et al., 2010; Mathe &
Blaga, 2010) while other seismically induced states as
static and energy states are omitted (Ladar, 2013).
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Even the seismic mitigation is, many times,
exclusively assessed by the reduction in lateral
displacements, overlooking that the increase in
seismic base shear force (as the result of high lateral
rigidity) leads to the increase in the same lateral
displacements that have been the objective of
seismic mitigation.

Therefore, the real effect of semi-rigidity has to be
asses by considering simultaneously both — static and
kinematic - aspects of the seismically induced
mechanical state of the structure. This is, actually,
the objective of proposed contribution: a parallel and
simultaneous assessment of the effect of seismic
behavior of multi-story steel structures with
decreased lateral stiffness associated to semi-rigidity
at beam — column connection level.

The performed seismic analyses are of time-history
type using recorded scaled accelerograms. The
seismic analyses are conducted on several multi-
story steel frames equipped with semi-rigid beam to
column connection of top and seat and web angle
(TSW) connections. The analyzed structures have
been designed to fulfill the wultimate and
serviceability limit states according to the current
design provisions (P100 — 1/2013, 2013). The
dynamic model of analyzed structures is the common
multi-degree-of-freedom-model associated with the
matriceal differential equation

Mu(t)+ Ci(t) + Rii(t) = —mii  (t) (1)

where:
M is the (nxn) inertia (mass) matrix,
C is the (nxn) damping matrix,
R is the (nxn) stiffness matrix,
m is the n mass vector.

The kinematic n vectors u, u, i represent the

(lateral ~ floor) displacements, velocities and
accelerations, respectively.

The inherent damping state is considered of the
Rayleigh linear viscous type] associated to the
damping matrix C given by

C=oaM + R 2

A detailed analysis of linear viscous damping matrix
C including the orthogonality of eigen vectors with
respect C is given in (Chopra, A.K., Goel, RK.,
2001). In what has been considered in the present
contribution the orthogonality of eigen vectors ¢; is
considered in the form
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Several TSW connections are considered such that the
ultimate bending capacity of the beam — column
connection varies from 35% to 80% of the beam in its
current cross section. The several beam to column TSW
connections considered in the performed analyses make
up a set of six different states concerning the initial
stiffness. The rigidly connected structure is also
considered as the reference structure.

Analytical models of semi-rigidity is based on the Richard
— Abbott four parameters model (Richard & Abbott,
1975 Kishi & Chen, 1990) that has been updated to
required cyclic behavior specific to seismically induced
vibrations.

Selected seismic actions are Northridge 1994 and
Kobe 1995 recorded earthquakes. The analyses are
performed entirely (overall structural behavior and the
behavior of the semirigid connections) in the elastic
domain by the use of SEISMOSTRUCT computer
program (seismosoft.com/seismostruct).

Computed parameters are the floor lateral, base shear
seismic force and the periods of the fundamental natural
modes of vibrations. The results are presented in a
comparative  manner, commented and relevant
conclusions are inferred.

2. ANALYZED STRUCTURES. SEMIRIGID
CONNECTIONS. SEISMIC ACTIONS

A set of multistory steel planar semi-rigidly connected
frames (of 5, 9 and 12 stories respectively) acted upon by
three recorded seismic actions (Vrancea 77, Northridge
1994 and Kobe 1995) have been analyzed. The 5 levels 3
spans structure together the cross sections of its members
are given in figure 1.
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Figure 1. TSW semi-rigid beam to column connection
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The semi-rigid beam to column connections are
considered in six different cases from the point of
view of initial stiffness R, of the connection. The
initial stiffness of the connection is involved by the
Kishi — Chen analytical M — 6, (bending moment —
relative rotation) model (4) of the semi-rigid
connection.

4)

The values of various geometrical parameters
corresponding to the T7SW beam - column
connection are presented in table 1.

SR- | SR- | SR- | SR- | SR- | SR-
1 | 2| 3| 4] 5|6
tit, | 10 | 12 | 13 | 14 | 15 | 15
t, | 10 | 10 | 11 | 12 | 14 | 15
1:, | 170 [ 210 | 230 | 250 | 230 | 250
1, | 150 [ 200 | 260 | 230 | 230 | 250
g2 | 60 | 60 | 60 | 60 | 60 | 60
g, | 60 [ 60 | 60 | 60 | 60 | 60

Table 1. Beam-Columns connection’s parameters

The six values of the initial stiffness R; considered in
the present contribution are:

1.R=5%xR, 2.R=10xR, 3.R~=15xR,
4. R=20xR, 5.R=25xR, 6.R=30xR,
where:

R, is the relative bending stiffness (EI/l) of
the beam. The six above values of initial
stiffness R, will be referred as SR-1,...,
SR-6. It can be immediately noted that SR-1
state is the most flexible one, while SR-6 is
the most rigid state of the TSW connections.
The values of parameters involved in the
Kishi — Chen model corresponding to a hot
rolled beam profile IPE400 are given in Table
2 for each stiffness state SR.

R(kNm/rad) M, (kNm) n
SR-1 40510 142 1,201
SR-2 80690 227 1,066
SR-3 121700 304 0,994
SR-4 163800 351 0,900
SR-5 208700 390 0,827
SR-6 243500 441 0,825

Table 2. Parameters value to IPE400 beam profile

The Kishi — Chen analytical model, associated to a
monotonically behavior of the connection, is specifically
processed and transformed into a cyclical form appropriate to
seismic behavior of the structure (Kishi, N., Chen W.F., 1990).
Performed analyses are conducted in SEISMOSTRUCT
computer (seismosoft.com/ seismostruct). Elastic behavior
of the structure and of the semi-rigid connections is assumed.

3. NUMERICAL RESULTS

To emphasize the influence of semi-rigidity upon the
seismic response, two behavioral parameters have been
selected out of a larger set that have been computed: top
lateral displacements and seismic base shear force. The
variations in time of the two parameters are presented
graphically in a comparative manner (figure 3 and figure
4).

Every state of stiffness conferred by the semi-rigidity of
the connections is plotted versus the results of the
reference structure (rigidly connected).
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Figure 3. Top lateral displacements

Numerical results associated to seismic base shear
force are presented for the same structure (5 levels, 3
spans) and the same seismic action (Kobe, 1995).
Again, the results are related such that every stiffness

state faces the reference structure.
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Other important parameters associated to seismic
behavior are the eigen periods of natural vibration
modes.

In spite of being independent of the seismic action,
the periods of natural modes strongly affect the
seismic  response. Natural periods (mainly
fundamental period 77) have to be related to the
predominant period 7, of applied earthquake (table
3).

a, (mls®) T, (s)

Kobe 1995 1,962 0,16
Northridge 1994 1,961 0,26
Vrancea 77 1,950 1,16

Table 3. Earthquake characteristics

The periods of the natural modes of vibration of the
5 level structure are presented in table 4 for each
case of stiffness level.

1 2 3 4 5

SR-1 | 1,011 | 0,323 | 0,152 | 0,090 | 0,063
SR-2 | 0912 | 0,300 | 0,146 | 0,089 | 0,063
SR-3 | 0,870 | 0,290 | 0,143 | 0,088 | 0,063
SR-4 10,849 | 0,284 | 0,141 | 0,088 | 0,063
SR-5 | 0,836 | 0,280 | 0,140 | 0,088 | 0,063
SR-6 | 0,825 ] 0,278 | 0,139 | 0,087 | 0,063
Rigid | 0,779 | 0,265 | 0,135 | 0,086 | 0,062

Table 4. The periods of vibrations

4. CONCLUSIONS

Computed and presented numerical results constitute
a clear picture of the influence of semi-rigidity at the
beam — column level upon the seismic behavior of
multi-story steel structures.

The three relevant parameters associated to a
seismically induced vibratory state (top lateral
displacements, seismic base shear force and periods
of natural modes of vibration) emphasize the
dependency of seismic response on the semi-rigidity
state. While the reduction of lateral displacements
with the increase in lateral overall stiffness state is
generally expected, the variation of seismic base
shear force has to be carefully considered.

A higher lateral rigidity induces larger seismic base
shear forces, therefore, larger values of stress
resultants (mainly bending moments).
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