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ABSTRACT: The vibration and resonance behavior of steel frame structures are significantly affected by connection
flexibility and geometric nonlinearity. Conventional vibration analyses often assume fully rigid beam-column connec-
tions and neglect second-order effects, which can lead to inaccurate predictions of natural frequencies and resonance
conditions. This study proposes a finite element-based approach for the vibration analysis of planar steel frames
with linear and nonlinear semi-rigid connections, explicitly incorporating geometric nonlinearity. Beam-column
connections are modeled using nonlinear moment-rotation relationships, while elastic and geometric stiffness matrices,
together with a consistent mass matrix, are integrated into the governing dynamic equations. The time-history response
is computed using the Newmark integration scheme. The proposed formulation is validated through benchmark
examples and comparisons with published results and commercial finite element software. Numerical results reveal that
the combined effects of semi-rigid connections and geometric nonlinearity significantly alter the effective structural
stiffness, leading to noticeable variations in natural vibration frequencies. In particular, the fundamental frequency
evolves during dynamic response, resulting in resonance shifting and time-dependent resonance behavior. These
findings suggest that resonance in steel frames with semi-rigid connections should be regarded as a state-dependent
phenomenon rather than a fixed structural property, with important implications for vibration assessment and
resonance control in structural design.
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1 Introduction

Natural vibration characteristics are inherent properties of structures subjected to dynamic loading
and play a crucial role in ensuring structural safety and serviceability. Resonance phenomena, which occur
when the excitation frequency approaches the natural frequency of a structure, may significantly amplify
structural responses and lead to severe damage or even collapse. According to classical structural dynamics
theory [1], resonance has been recognized as one of the critical causes of damage in structures subjected to
dynamic actions such as earthquakes and wind excitations. In engineering practice, dynamic analyses of steel
frames are commonly performed assuming rigid or pinned connections [2,3]. However, such simplifications
may lead to inaccurate estimations of structural dynamic behavior, particularly for slender frames where
connection flexibility and geometric nonlinearity are non-negligible [4,5]. For a more realistic assessment
of dynamic response, actual structural characteristics, including semi-rigid connection behavior, geometric
nonlinearity, and second-order effects, should be explicitly considered.
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Previous studies have demonstrated that the finite element method (FEM) provides an effective and
versatile framework for vibration analysis of steel frames with semi-rigid connections [6-8]. Various beam
and frame elements have been developed to account for connection flexibility, including moment-rotation
relationships based on nonlinear spring models [9,10]. Chan and Ho [7] and Chan and Chui [8] proposed
hybrid element formulations that incorporate beam elements and rotational springs to simulate the stiffness
degradation of semi-rigid connections. Batelo et al. [9] investigated the vibration characteristics of steel
frames with nonlinear semi-rigid connections while considering the P-A effect. However, most of these
studies primarily focus on element formulation and numerical implementation, whereas the influence of
connection placement on vibration characteristics and resonance behavior has rarely been addressed in a

systematic manner.

In addition to connection flexibility, geometric nonlinearity play a significant role in the dynamic
response of slender steel frames. Several researchers have investigated vibration and dynamic instability
of semi-rigidly connected frames by incorporating geometric nonlinearity [4,5,11,12]. Gerstle [4] and Lui
and Lopes [5] highlighted that neglecting second-order effects may result in unconservative predictions
of structural response. Nevertheless, in many existing vibration analyses of steel frames with semi-rigid
connections, the P-Delta effect is either neglected or only partially considered [13,14]. Neglecting the P-Delta
effect may lead to unconservative estimations of natural frequencies and resonance amplitudes, particularly
for slender frames subjected to significant axial forces.

More recent studies have extended vibration analysis of semi-rigid steel frames by incorporating
advanced displacement functions and numerical techniques. Suarez et al. [15] and Sekulovic et al. [16]
employed higher-order displacement interpolation functions to evaluate the dynamic response of frames
with semi-rigid connections. Zlatkov [17] proposed a novel method for constructing shape functions of beam
elements with semi-rigid end connections using the principle of minimum potential energy, which was later
extended to dynamic and seismic analyses [18,19]. Studies on semi-rigid steel frames have always been a
topic of interest for authors [20-24]. Nevertheless, these studies mainly focused on connection modeling
and formulation aspects, and the combined influence of connection placement, geometric nonlinearity, and
resonance behavior remains insufficiently explored.

In addition, classical finite element and structural dynamics formulations provide the theoretical
foundation for analyzing vibration and stability of frame structures [25-29].

In recent years, several studies have further investigated vibration characteristics, dynamic stability, and
damage identification of structural systems with semi-rigid connections using analytical, numerical, and
experimental approaches [30-32].

Recent studies have devoted increasing attention to the dynamic behavior and numerical modeling
of steel frames with semi-rigid connections. Advanced computational formulations, improved connection
models, and experimental investigations have been proposed to better capture the nonlinear and dynamic
responses of such structural systems. These studies include analytical frequency-domain solutions for frames
with semi-rigid joints, component-based connection models, nonlinear dynamic behavior analysis of slender
frames, and experimental-numerical investigations of semi-rigid beam-to-column connections [33-36].

Opverall, although vibration analysis of steel frames with semi-rigid connections has attracted consider-
able research attention, existing studies mainly emphasize connection modeling, numerical formulation, or
geometric nonlinearity effects separately. A comprehensive investigation into the combined effects of semi-
rigid connection behavior, connection placement, and geometric nonlinearity on resonance phenomena is
still lacking, particularly for planar steel frames.
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To address these limitations, this paper proposes a finite element-based vibration analysis framework
for planar steel frames with semi-rigid connections, explicitly incorporating connection nonlinearity and
the P-Delta effect. The proposed formulation enables systematic investigation of the influence of semi-rigid
connection placement on vibration characteristics and resonance behavior. The accuracy and robustness of
the proposed model are verified through numerical examples and comparisons with established analytical
solutions and previously published results.

The main contributions of this study are summarized as follows:

1. A consistent and efficient finite element formulation is developed for vibration analysis of planar steel
frames with semi-rigid connections, explicitly accounting for connection nonlinearity and second-order
geometric effects.

2. The evolution of effective structural stiffness during dynamic response is investigated, revealing
the time-dependent nature of natural frequencies and resonance phenomena induced by semi-rigid
connections and geometric nonlinearity.

3. The accuracy and robustness of the proposed formulation are demonstrated through comprehensive
numerical examples and comparisons with analytical solutions, published results, and commercial finite
element software.

It should be emphasized that the novelty of this study is computational and application-oriented rather
than theoretical or algorithmic, as the proposed framework enables a unified and consistent investigation of
state-dependent resonance behavior in semi-rigid steel frames by simultaneously incorporating connection
nonlinearity, connection placement, and second-order geometric effects.

2 Structural Modeling of Steel Frames with Semi-Rigid Connections

In this study, a multi-storey planar steel frame is considered as the representative structural system,
which is commonly encountered in civil and industrial engineering applications. The planar configuration is
adopted due to its simple geometry, which facilitates numerical modeling and dynamic analysis and allows a
clear investigation of the effects of semi-rigid connections and geometric nonlinearity on structural vibration.
The frame is composed of columns and beams connected at the joints through semi-rigid connections.
Both columns and beams are modeled using hybrid beam-column elements with two end nodes, denoted
as A and B, where rotational springs are integrated at both ends, following the nonlinear moment-rotation
formulation proposed by Vu et al. [6], as illustrated in Fig. 1. The quantities M4, k4, 0.4 and Mg, kg, 0.5
denote the bending moment, instantaneous rotational stiffness, and rotation angle at the connections at
ends A and B, respectively, at a given calculation time. The initial length of the element is denoted by L.
The connections are assumed to be dimensionless and non-eccentric, the material behavior is linear elastic,
viscous damping is neglected throughout the analysis, and the mass density of all members is assumed to
be constant. Accordingly, the present formulation is restricted to planar steel frames with non-eccentric
semi-rigid connections and is intended for undamped vibration analysis. Additional symbols and modeling
assumptions are provided in [6].

The semi-rigid connection is modeled using spring connection elements. The behavior of the semi-rigid
connection is represented by an instantaneous moment-rotation relationship at the connection, denoted as
M - 0., as proposed in [8]:

M:f(ec)> (1)

where M and 6. denote the bending moment and the corresponding rotation angle at the connection,
respectively.
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Figure 1: Configuration and deformation of hybrid elements.

For linear semi-rigid connections, the rotational stiffness remains constant throughout the loading
process of the frame with respect to rotation. In contrast, for nonlinear semi-rigid connections, the moment-
rotation backbone relationship under static loading exhibits a nonlinear, monotonic response, reflecting a
progressive reduction in connection stiffness as the applied moment increases, as reported by Chan and
Chui [8]. Among the available nonlinear connection models, the Chen-Lui exponential model proposed
by Lui and Chen (1986, 1988), which provides a smooth and continuous representation of nonlinear
moment-rotation behavior, is adopted in the present study and is expressed in the following form [8,14].

0.

M = M0+ZC [l—exp( | |):|+k 10|, (2)
j=1 ]0(

the instantaneous stiffness of the connection, k., has the form:

M nC; 16,
d :Z—.fexp( '.9')+kp, 3)
clioc=lo.]  j=1 2jo 2jo

k.=

and the initial stiffness, kg, can be obtained as:

d e}
M e 2—’ @)
=1

do.

ko=

10c|=0

in which M is the initial moment, kp is the strain-hardening stiffness of the connection, « is the scaling
factor, C jis the curve-fitting coefficient, and » is the number of terms considered. Based on past experimental
results, Chan and Chui [8] determined the values of the curve-fitting parameters for the model. These
parameters were identified for four types of connections: single web angle, top and bottom seated angle, flush
end plate, and extended end plate joints, as summarized in Table 1.

The four-parameter model was originally proposed by Richard and Abbott (1975). The moment-rotation
relationship is expressed by the following equation [6,8]:

ko —k,) 6.
M = (ko = kp) 6] —+k, 0., (5)

=]
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and the corresponding tangent stiffness by:
n+l

) (ko —kp)
10=16.] [ ]
I+

In Egs. (5) and (6), kg is the initial stiffness, k, is the strain-hardening stiffness, M is the reference

L dM

M,

moment, and 7 is a parameter defining the sharpness of the curve. Under dynamic loading, the moment-
rotation behavior of the connection is modeled using the independent hardening method [8], in which the
instantaneous stiffness is updated based on the current loading state.

Table 1: Connection parameters of the Chen-Lui exponential model.

Connection Type (Kip-in)

A B C D
Single Web Angle Top and Seated Flush-End Plate Extended End Plate
(Type A) [8] Angle (Type B) [8] (Type C) [8] (Type D) [8]
M, 0 0 0 0
kp 0.47104 x 10 0.43169 x 10° 0.96415 x 10° 0.41193 x 10°
o 0.51167 x 1073 0.31425 x 1073 0.31783 x 1073 0.67083 x 1073
G —-0.43300 x 107 -0.34515 x 10° -0.25038 x 10° -0.67824 x 10°
C, 0.12139 x 10* 0.52345 x 10* 0.50736 x 10* 0.27084 x 10*
Cs -0.58583 x 10* -0.26762 x 10° -0.30396 x 10° -0.21389 x 10°
Cy 0.12971 x 10° 0.61920 x 10° 0.75338 x 10° 0.78563 x 10°
Cs -0.13374 x 10° -0.65114 x 10° -0.82873 x 10° -0.99740 x 10°
Cs 0.52224 x 10* 0.25506 x 10° 0.33927 x 10° 0.43042 x 10°
ko 0.48000 x 10° 0.95219 x 10° 0.11000 x 10° 0.30800 x 10°

3 Nonlinear Vibration Analysis Procedure

Building on the structural model introduced in Section 2, this section outlines the nonlinear vibration
analysis procedure employed to investigate the time-dependent dynamic response and natural frequencies
of steel frames with semi-rigid connections.

Fig. 2 summarizes the overall computational framework adopted in this study. The procedure consists
of two main stages: (i) second-order static analysis to establish the initial stress state and geometric stiffness,
and (ii) nonlinear dynamic time-history analysis with iterative updates of structural matrices. At each
converged time step, the instantaneous natural frequencies are evaluated by solving the corresponding
eigenvalue problem. This unified framework enables consistent investigation of state-dependent vibration
and resonance behavior in semi-rigid steel frames.

For all nonlinear dynamic analyses, the Newmark average acceleration method with parameters y = 0.5
and P = 0.25 was adopted to ensure unconditional numerical stability. The time-step size was taken as
At = 0.001 s. The convergence criterion was defined based on the displacement norm with a tolerance
of 1 x 107%, and the maximum number of iterations per time step was limited to 50. These numerical
parameters were consistently applied throughout all numerical examples to ensure reproducibility and
numerical stability.
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Figure 2: Flowchart of the proposed nonlinear vibration analysis procedure.

For steel frames with fully rigid or linear semi-rigid connections, the structural stiffness remains
constant during vibration. In contrast, when nonlinear semi-rigid connections are subjected to dynamic
loading, the combined effects of connection nonlinearity and the P-Delta phenomenon cause the connection
stiffness to evolve with time, resulting in variations in the global stiffness and mass of the frame. As reported
in the literature [8,14], vibration analysis of steel frames using the finite element method is inherently coupled
with dynamic time-history analysis. Accordingly, the response is evaluated by discretizing the time domain
into incremental steps, within which the system behavior is assumed to be linear. At a given time step ith
the incremental equilibrium equations governing the motion of a multi-degree-of-freedom system can be
expressed as [8,25]:

[M]{A0} + [KI1{Ad} = {AP}. (7)

here, in Eq. (7), { A(Sj} and {AJ; } are the incremental acceleration and displacement vectors, respectively;
[K; ] denotes the stiffness matrix, and { AP;" } denotes the incremental applied external load vector, as defined
in [6]. [M ] is the mass matrix, established from the consistent mass matrix [m;], in Eq. (8) and the lumped
mass matrix. The matrix [m;], is defined as follows:

], =m [ IN ()] [N ()] dx, ®)

in which, m denotes the mass per unit length of the structural member, and N(x) are the shape functions of
the beam-column element with semi-rigid connections [6].

The consistent mass matrix of a beam element is fundamentally derived from the mass density of the
structural member. For convenience of formulation, the mass per unit length is represented through an
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equivalent uniformly distributed mass, which may be expressed in a form analogous to a distributed load
without implying any physical loading effect.

After each transient response analysis step, the stiffness of the connections, the axial forces in the
elements and the geometrical changes of the structure are calculated, and updated in the linear elastic stiffness
matrices, geometric stiffness matrices, mass matrices, and nodal load vectors. When analyzing the vibration,
also at the calculation time step i'", these quantities continue to be used to determine the natural vibration
frequencies, through the frequency equation of the system [26,27], which has the following form:

(K] - [M]]

N N

=0. )

In Eq. (9), [K{] and [ M ] are defined as in Eq. (8), w is the vibration circular frequency, also known as
the natural vibration frequency. The smallest and non-zero value of w is the fundamental vibration frequency.
In case the steel frame is not loaded, the natural vibration frequencies are determined from Eq. (9). In case
the steel frame is only statically loaded, the second-order static analysis procedure described in [6] is used,
and then Eq. (9) is employed to determine the natural vibration frequencies.

It should be noted that although the total mass of the structure remains constant, the consistent mass
matrix is updated during the nonlinear analysis due to the evolution of the interpolation (shape) functions
associated with the semi-rigid connections. This update reflects numerical consistency of the finite element
formulation rather than any physical redistribution of mass.

4 Numerical Verification and Discussion
4.1 Example 1—Vibration of L-Shaped Steel Frame

The first example aims to validate the proposed nonlinear vibration formulation by comparing the
natural vibration results of an L-shaped steel frame with available experimental data reported by Kawashima
and Fujimoto [28], analytical results by Chan and Chui [8], and numerical results obtained using SAP2000
V14 software [29]. The frame consists of two elements with lengths 0f 150 and 100 cm, respectively, the flexural
rigidity is 42,300 kgf cm?, illustrated in F ig. 3. The two elements in the frame are connected to each other by
fully rigid or linear semi-rigid connections. The stiffness of the connection in the above studies is given by
the formula:

3ET
k=22 Y (10)
L 1-v

The parameter v varies from 0.0 for hinged connections to 1.0 for fully rigid connections.

After programming using Matlab software, the analysis results are obtained and presented in Tables 2
and 3. Since no external axial load is applied to the frame, second-order (P-Delta) effects do not develop
in this case. As shown in Tables 2 and 3, the natural vibration frequencies obtained using the proposed
formulation and those calculated using SAP2000 are in very close agreement with the experimental data
reported in [28]. For example, in the first vibration mode, the natural frequency obtained from SAP2000
is 16.27 Hz, while the present formulation yields 16.2746 Hz, corresponding to a relative difference of
approximately 0.03%, which can be considered negligible.



A

El = 42300 kgf cm’
p =0.0078 sec’/cm’

© Connection spring

150 cm

Struct Durab Health Monit. 2026;20(4):6

100 cm

Figure 3: L-shaped steel frame diagram.

Table 2: Natural frequencies of L-shaped frame with fully rigid connection.

Vibration Natural Frequency (Hz)
Mode SAP 2000 Experiment (Kawashima and Fujimoto [28]) Present Theory Error (%)
1 16.27 16.3 16.2746 0.16
2 35.827 35.9 35.8487 0.14
3 51.582 52.0 51.6454 0.68
4 94.466 96.2 94.7003 1.56
Table 3: Natural frequencies of L-shaped frame with linear connection.
e Connection Natural Frequency (Hz)
ibration .
Stiffness Experiment
Ch d P t
Mode Parameter,v (Kawashimaand an an SAP2000 resen Error (%)
’ " Chui [8] theory
Fujimoto [28])
0.47 15.5 15.22 15.733 15.7365 1.53
1 0.307 14.1 14.76 15.373 15.3762 9.05
0.25 13.9 13.76 13.895 13.8965 0.03
0.47 30.8 33.52 34.674 34.6833 12.61
2 0.307 30.2 32.59 33.888 33.8976 12.25
0.25 29.9 30.86 31.078 31.0853 3.96
0.47 45.0 46.69 48.588 48.6681 8.15
3 0.307 441 45.64 47.242 47.3151 7.29
0.25 439 4427 44,422 44,4728 1.31
0.47 95.8 92.48 93.855 94.3272 1.54
4 0.307 89.1 92.07 93.546 94.034 5.54
0.25 83.4 91.19 92.133 92.6204 11.05




Struct Durab Health Monit. 2026;20(4):6 9

The relative errors between the present results and experimental data are also reported for quantita-
tive comparison.

In Table 3, when changing the stiffness of the connection through the parameter v, it can be clearly seen
that the semi-rigid connection has a significant influence on the natural vibration frequency. For the same
vibration mode, it can be seen that when the semi-rigid connection is more flexible, the natural vibration
frequency decreases. With the same value of connection stiffness, the frequency increases rapidly with higher
order vibration modes. This shows that the semi-rigid connection reduces the overall stiffness of the frame,
resulting in lower vibration resistance.

The relative errors between the present results and experimental data are also reported for quantitative
comparison. It is also observed that the present results show very close agreement with those obtained from
SAP2000, confirming the numerical consistency of the proposed formulation.

Compared with the experimental results reported in [28] and the analytical results in [8,29], the present
formulation demonstrates very good agreement across all vibration modes. The results in Tables 2 and 3
clearly indicate that the influence of semi-rigid connections on the natural vibration characteristics of the
frame is significant and mode-dependent. A reduction in connection stiftness leads to a decrease in natural
frequencies, reflecting the reduction in the overall structural stiffness of the frame. These comparisons
confirm the accuracy and reliability of the proposed formulation in predicting the vibration behavior of steel
frames with semi-rigid connections.

4.2 Example 2— Vibration of Single-Span Two-Story Portal Frame under Static Loading

The second example analyzes and verifies the natural vibration calculation results of a single-span two-
story portal frame with the analysis results of Chan and Chui [8] and the SAP2000 V14 program [29]. The
frame is 7.32 m (288 in) high and has a span of 6.1 m (240 in), shown in Fig. 4. To activate the semi-rigid
connection, concentrated forces P and 0.5 P are applied at the mid-span of the beam and at the frame nodes,
respectively, P = 1601 kN. This loading arrangement induces bending moments at the beam ends. Combined
with geometric nonlinear effects, these moments modify the effective connection stiffness and, consequently,
the natural vibration frequencies of the frame. Six types of connections are considered, namely: the hinged
connection, the single web angle connection (A), the top and seated angle connection with double web cleats
(B), the flush end plate connection (C), extended end plate connection (D), and fully rigid connection. The
nonlinear semi-rigid connections A, B, C, and D follow the exponential model of Lui and Chen (1988), the
corresponding curve fitting data are given in Table 1.

In Table 4, all semi-rigid connection types (A-D) are modeled as linear connections using their initial
rotational stiffness values. In contrast, Table 5 presents results obtained using the full nonlinear exponential
moment-rotation model.

The second-order static analysis of steel frames with semi-rigid connections was performed according
to Vuetal. [6]. After static analysis, the frequency equation was established and solved using Matlab software
to obtain natural vibration frequencies. Table 4 presents the analysis results when the connection follows
a linear model with initial stiffness. Table 5 presents the analysis results when the frame has connections
following a nonlinear model.
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Figure 4: Geometry and loading of the two-story portal steel frame (dimensions in meters with inches in parentheses).

Table 4: Natural frequencies of two-story portal frame with linear connections.

Connection Type Natural Frequency (Hz)
Chan and Chui [8] SAP2000 Present Theory Error (%)
Hinge 4.9232 5.23
A 6.44 6.0885 6.4224 0.27
B 713 6.7647 7106 0.34
C 7.30 6.9174 7.2595 0.55
D 8.53 8.1113 8.4524 0.91
Fully rigid 10.35 9.8463 10.1695 1.74

Note: The relative errors between the present results and the reference solutions reported by Chan and Chui [8] are
also provided for quantitative comparison.
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Table 5: Natural frequencies of two-story portal frame with nonlinear connections.

Connection Type Natural Frequency (Hz)
Chan and Chui [8] Present Theory Error (%)
A 5.26 5.2316 0.54
B 5.27 5.2448 0.48
C 5.29 5.2629 0.51
D 5.29 5.2653 0.47

Note: The relative errors between the present results and the reference solutions reported by Chan and Chui [8] are
also provided for quantitative comparison.

Numerical verification shows that the analytical results of the present theory are in good agreement with
the comparative results. And in general, the flexibility of a connection affects the vibration characteristics of
a structure through the variation of the stiffness of the connection. The natural vibration frequency increases
as the stiffness of the connection increases. For the same type of connection in a nonlinear model, the natural
vibration frequency will have the highest value when calculated with the initial stiffness.

4.3 Example 3—Vibration of Two-Span Six-Story Frame under Dynamic Loading

The third example aims to verify the calculation results as well as study the influence of resonance on the
performance of a Vogel two-span six-story planar steel frame with different types of connections, including
the P-Delta effect. This example is specifically designed to study the time-dependent resonance behavior and
the evolution of natural frequencies under dynamic loading conditions. According to Chan and Chui [8],
frames with rigid connections were studied by Vogel (1985) and many other authors, frames with semi-
rigid connections were studied by Yau and Chan (1994). The Vogel frame configuration with dimensions
and profiles of steel columns and beams is shown in Fig. 5. To focus on the research content, the material is
assumed to be elastic and viscous damping is neglected. The beams are subjected to uniformly distributed
static loads of 31.7 kN/m at the top floor and 49.1 kN/m at the remaining floors. These loads are added as
additional mass together with the self-weight density of 7.8 kN s*/m* for all frame members. The horizontal
concentrated harmonic forces F; (¢) =10.23sin(wt) kN and F, (¢) = 20.44 sin(wt) kN are applied to the six
boundary frame nodes. These harmonic excitations are introduced to activate the fundamental vibration
mode and to investigate resonance and resonance shifting phenomena. Young’s modulus is 205 GPa. An
initial geometric imperfection of y = 1/450 is applied to columns. The semi-rigid connection is a flush end
plate type, following the Richard-Abbott (1975), considered for three cases: fully rigid, linear semi-rigid (with
the stiffness of the connection equal to the initial stiffness of the connection), and nonlinear semi-rigid. The
fundamental vibration frequencies for the fully rigid and the linear semi-rigid connection cases are 2.41 rad/s
and 1.66 rad/s, respectively, corresponding to the fundamental circular frequencies [8,14].

The analysis results performed using Matlab software are given in Figs. 6 and 7.

Fig. 6 illustrates the time-history dynamic displacements of the Vogel frame subjected to harmonic
loading with different excitation frequencies for various connection models. It can be clearly observed
that the dynamic response of the frame is highly sensitive to both the excitation frequency and the
connection stiffness.
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Figure 7: Fundamental vibration frequency of Vogel frame at resonance.



Struct Durab Health Monit. 2026;20(4):6 15

These observations clearly indicate that, for frames with nonlinear semi-rigid connections, resonance
should be regarded as a time-dependent phenomenon rather than a fixed condition associated with a single
natural frequency.

For the fully rigid connection case, resonance occurs when the excitation frequency approaches the ini-
tial fundamental frequency of the structure, resulting in a rapid amplification of displacement amplitude. In
contrast, for frames with linear and nonlinear semi-rigid connections, the peak dynamic responses are shifted
to lower excitation frequencies due to the reduction in global stiffness induced by connection flexibility.

Moreover, in the nonlinear semi-rigid connection case, the displacement amplitude does not grow
monotonically with time even near resonance conditions. This behavior indicates that the effective stiffness
of the structure varies during vibration as a result of connection nonlinearity and P-Delta effects, leading to
a time-dependent modification of the resonance characteristics.

Fig. 7 presents the evolution of the fundamental natural frequency of the Vogel frame during dynamic
loading under resonance conditions. The results demonstrate that the natural frequency is no longer a
constant structural property when semi-rigid connections and geometric nonlinearity are considered.

In the case of linear semi-rigid connections, the fundamental frequency remains approximately constant
and lower than that of the fully rigid frame, reflecting the reduced but stable stiffness of the system. However,
for nonlinear semi-rigid connections, the fundamental frequency exhibits noticeable variation during the
dynamic response.

This phenomenon can be attributed to the continuous degradation and recovery of connection stiffness
associated with nonlinear moment-rotation behavior, combined with the influence of P-Delta effects.
Consequently, resonance in semi-rigid frames should be regarded as a time-varying phenomenon rather than
a single fixed condition, which has important implications for resonance prediction and vibration control in
practical design.

Overall, the numerical results obtained from the Vogel frame example highlight the crucial role of
semi-rigid connections and geometric nonlinearity in the dynamic behavior of multi-storey steel frames.
The interaction between connection flexibility and P-Delta effects not only alters the natural vibration
frequencies but also leads to resonance shifting and time-dependent resonance behavior. These findings
indicate that resonance assessment based on linear assumptions or fixed modal properties may significantly
underestimate the dynamic demand of steel frames with semi-rigid connections.

Therefore, the Vogel frame example serves as a representative benchmark to demonstrate the capability
of the proposed formulation in capturing state-dependent resonance phenomena in planar steel frames.

5 Limitations and Future Work

The present study is conducted under several simplifying assumptions in order to clearly investigate
the fundamental influence of semi-rigid connections and geometric nonlinearity on the vibration and
resonance behavior of planar steel frames. The material behavior of all structural members is assumed to be
linear elastic, and viscous damping is neglected throughout the analysis, which may influence the predicted
resonance amplitudes but does not alter the observed time-dependent resonance trends. These assumptions
allow the essential mechanisms of resonance shifting and time-dependent vibration characteristics induced
by connection flexibility and P-Delta effects to be identified without additional complexity.

Furthermore, the semi-rigid connections considered in this study are modeled using commonly
adopted moment-rotation relationships and do not account for possible degradation, strength deterioration,
or damage accumulation under long-term cyclic or seismic loading. The proposed formulation is currently
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applied to two-dimensional frame systems, and the validation is mainly based on benchmark comparisons
with previously published experimental and numerical results.

Future research will focus on extending the proposed framework to include material nonlinearity,
damping effects, and degradation mechanisms of semi-rigid connections under repeated and cyclic loading
conditions. In addition, the methodology will be further developed for three-dimensional steel frame systems
and supported by comprehensive experimental validation, with the aim of enhancing its applicability to
practical structural design and vibration control problems.

6 Conclusions and Recommendations

This paper has presented a consistent finite element-based approach for the vibration analysis of planar
steel frames with semi-rigid connections, explicitly accounting for geometric nonlinearity through the P-
Delta effect. By incorporating nonlinear angular moment relationships at beam-column connections and
updating structural characteristics during dynamic response, the proposed method provides an efficient
framework for determining and evaluating time-dependent vibration characteristics and resonance behavior
in semi-rigid steel frames.

The numerical investigations demonstrate that semi-rigid connections have a pronounced influence
on the vibration characteristics of steel frames by reducing the effective global stiffness and modifying the
natural vibration frequencies. In particular, the results indicate that resonance phenomena in frames with
nonlinear semi-rigid connections are not governed by a single fixed natural frequency. Instead, the combined
effects of connection nonlinearity and geometric nonlinearity lead to resonance shifting and time-dependent
variations of the fundamental natural frequency, especially under dynamic loading conditions.

Comparisons with experimental data, established analytical solutions, and commercial finite element
software confirm the accuracy and robustness of the proposed formulation. The results further highlight that
neglecting the flexibility and nonlinear behavior of beam-column connections may result in an incomplete
or inaccurate assessment of resonance conditions and dynamic demand in steel frame structures.

Acknowledgement: Not applicable.
Funding Statement: The authors received no specific funding for this study.

Author Contributions: Dung Bao Trung Le contributed to the conceptualization and methodology. Quoc Anh Vu
contributed to the validation and literature review. Hai Quang Nguyen developed the numerical model, performed the
analysis, and wrote the manuscript. All authors reviewed and approved the final version of the manuscript.

Availability of Data and Materials: The data supporting the findings of this study are available from the corresponding
author upon reasonable request.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chopra AK. Dynamics of structures: theory and applications to earthquake engineering. 5th ed. Harlow, UK:
Pearson Education Limited; 2020.

2. Stelmack TW. Analytical and experimental response of flexibly-connected steel frames [master’s thesis]. Boulder,
CO, USA: University of Colorado; 1980.

3. Kishi N, Chen WEF. Moment-rotation relations of semirigid connections with angles. J Struct Eng.
1990;116(7):1813-34. d0i:10.1061/(asce)0733-9445(1990)116:.


https://doi.org/10.1061/(asce)0733-9445(1990)116:

Struct Durab Health Monit. 2026;20(4):6 17

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Gerstle KH. Effect of connections on frames. ] Constr Steel Res. 1988;10:241-67. do0i:10.1016/0143-974X(88)
90032-6.

Lui EM, Lopes A. Dynamic analysis and response of semirigid frames. Eng Struct. 1997;19(8):644-54. doi:10.1016/
S0141-0296(96)00143-5.

Vu QA, Le Dung BT, Nguyen HQ. Shape functions development for beam-column element with semi-rigid
connections in second-order steel frame analysis. Civ Eng J. 2025;11(1):369-92. d0i:10.28991/cej-2025-011- 01- 021.
Chan SL, Ho GWM. Nonlinear vibration analysis of steel frames with semirigid connections. J Struct Eng.
1994;120(4):1075-87. doi:10.1061/(asce)0733-9445(1994)120:.

Chan SL, Chui PPT. Non-linear static and cyclic analysis of steel frames with semi-rigid connections. Kidlington,
Oxford, UK: Elsevier Ltd.; 2000.

Batelo EAP, Silva ARD, Silveira RAM. Nonlinear transient analysis of planar steel frames with semi-rigid
connections. In: Proceedings of the XXXVI Iberian Latin American Congress on Computational Methods in
Engineering; 2015 Nov 22-25; Rio de Janeiro, Brazil. doi:10.20906/cps/cilamce2015-0758.

Aratjo FC, Ribeiro IS, Machado RM. Nonlinear analysis of semirigid steel frames having nonprismatic shear-
deformable members. Eng Struct. 2022;257(10):114047. doi:10.1016/j.engstruct.2022.114047.

Nguyen PC, Kim SE. Second-order spread-of-plasticity approach for nonlinear time-history analysis of space semi-
rigid steel frames. Finite Elem Anal Des. 2015;105:1-15. doi:10.1016/j.finel.2015.06.006.

Chan SL. Vibration and modal analysis of steel frames with semi-rigid connections. Eng Struct. 1994;16(1):25-31.
doi:10.1016/0141-0296(94)90101-5.

Pui Tak Chui P, Chan SL. Vibration and deflection characteristics of semi-rigid jointed frames. Eng Struct.
1997;19(12):1001-10. doi:10.1016/S0141-0296(97)00126-0.

Silva ARD, Batelo EAP, Silveira RAM, Neves FA, Gongalves PB. On the nonlinear transient analysis of planar steel
frames with semi-rigid connections: from fundamentals to algorithms and numerical studies. Lat Am ] Solids
Struct. 2018;15(3):e28. doi:10.1590/1679-78254087.

Suarez LE, Singh MP, Matheu EE. Seismic response of structural frameworks with flexible connections. Comput
Struct. 1996;58(1):27-41. d0i:10.1016/0045-7949(95)00108-S.

Sekulovic M, Salatic R, Nefovska M. Dynamic analysis of steel frames with flexible connections. Comput Struct.
2002;80(11):935-55. doi:10.1016/S0045-7949(02)00058-5.

Zlatkov D. Theoretical and experimental analysis of reinforced concrete frame structures with semi-rigid
connections [dissertation]. Nis, Serbia: University of Ni§; 2015. (In Serbian).

Zlatkov D, Zdravkovic S, Mladenovic B, Stojic R. Matrix formulation of dynamic design of structures with semi-
rigid connections. Facta Univ Ser Archt Civ Eng. 2011;9(1):89-104. doi:10.2298/fuacel101089z.

Zlatkov D, Zdravkovic S, Mladenovic B, Mijalkovic M. Seismic analysis of frames with semi-rigid connections in
accordance with EC8. Facta Univ Ser Archt Civ Eng. 2020;18(2):203-17. d0i:10.2298/fuace201208015z.

Galvao AS, Silva ARD, Silveira RAM, Gongalves PB. Nonlinear dynamic behavior and instability of slender frames
with semi-rigid connections. Int ] Mech Sci. 2010;52(12):1547-62. d0i:10.1016/j.ijmecsci.2010.07.002.

Ghannadi P, Khatir S, Kourehli SS, Nguyen A, Boutchicha D, Abdel Wahab M. Finite element model updating and
damage identification using semi-rigidly connected frame element and optimization procedure: an experimental
validation. Structures. 2023;50(10):1173-90. doi:10.1016/j.istruc.2023.02.008.

Viana HE, Sales MCSP, Silva RGL, Lavall ACL, Costa RS. Nonlinear elastic transient analysis of steel frames with
semi-rigid connections. In: Proceedings of the XL Iberian-Latin-American Congress on Computational Methods
in Engineering (CILAMCE 2019); 2019 Nov 11-14; Natal, Brazil.

Nguyen HQ. Influence of semi-rigid connection placement on the static stability of steel frames. ] Rehabil Civ Eng.
2026;14(3):2393. doi:10.22075/jrce.2025.2393.

Nguyen TD, Vu QA. Analysis of steel frame with semi-rigid connections and constraints using a condensed finite
element formulation. Int ] GEOMATE. 2023;25(111):4022. d0i:10.21660/2023.111.4022.

Bathe KJ. Finite element procedures. Saddle River, NJ, USA: Prentice-Hall; 1996.

Przemieniecki JS. Finite element structural analysis: new concepts. Reston, VA, USA: ATAA; 2009. doi:10.2514/4.
479991.


https://doi.org/10.1016/0143-974X(88)90032-6
https://doi.org/10.1016/0143-974X(88)90032-6
https://doi.org/10.1016/S0141-0296(96)00143-5
https://doi.org/10.1016/S0141-0296(96)00143-5
https://doi.org/10.28991/cej-2025-011-01-021
https://doi.org/10.1061/(asce)0733-9445(1994)120:
https://doi.org/10.20906/cps/cilamce2015-0758
https://doi.org/10.1016/j.engstruct.2022.114047
https://doi.org/10.1016/j.finel.2015.06.006
https://doi.org/10.1016/0141-0296(94)90101-5
https://doi.org/10.1016/S0141-0296(97)00126-0
https://doi.org/10.1590/1679-78254087
https://doi.org/10.1016/0045-7949(95)00108-S
https://doi.org/10.1016/S0045-7949(02)00058-5
https://doi.org/10.2298/fuace1101089z
https://doi.org/10.2298/fuace201208015z
https://doi.org/10.1016/j.ijmecsci.2010.07.002
https://doi.org/10.1016/j.istruc.2023.02.008
https://doi.org/10.22075/jrce.2025.2393
https://doi.org/10.21660/2023.111.4022
https://doi.org/10.2514/4.479991
https://doi.org/10.2514/4.479991

18

27.
28.

29.

30.

3L

32.

33.

34.

35.

36.

Struct Durab Health Monit. 2026;20(4):6

Clough RW, Penzien J. Dynamics of structures. 3rd ed. Berkeley, CA, USA: Computers and Structures, Inc.; 2003.
Kawashima S, Fujimoto T. Vibration analysis of frames with semi-rigid connections. Comput Struct. 1984;19
(1-2):85-92. d0i:10.1016/0045-7949(84)90206- 2.

CSI. SAP2000. Version 14 [Internet]. 2010 [cited 2026 Jan 1]. Available from: https://www.csiamerica.com/
products/sap2000.

Zhao H, Qian XY, Liu XG, Chen HB, Tao MX. Dynamic responses of multi-story structural systems with separated
gravity and lateral resisting systems under seismic action considering connection semi-rigidity effects. Eng Struct.
2024;302:117386. d0i:10.1016/j.engstruct.2023.117386.

Ballesteros Ortega JE, Posso C, Molina-Villegas JC. Analytical frequency-domain solution for Euler-Bernoulli
frames with semi-rigid connections. Forces Mech. 2024;14(4):100252. doi:10.1016/j.finmec.2023.100252.

Deng J, Ballesteros Ortega JE, Liu K, Gong Y. Theoretical and numerical investigations on dynamic stability of
viscoelastic columns with semi-rigid connections. Thin Walled Struct. 2024;198(1):111758. doi:10.1016/j.tws.2024.
111758.

Genovese E Sofi A. A novel interval matrix stiffness method for the analysis of steel frames with uncertain semi-
rigid connections. Adv Eng Softw. 2024;192(2):103629. doi:10.1016/j.advengsoft.2024.103629.

Zhao H, Liu XG, Tao MX. Component-based model of semi-rigid connections for nonlinear analysis of composite
structures. Eng Struct. 2022;266(5):114542. doi:10.1016/j.engstruct.2022.114542.

Kilig M, Sagiroglu Maali M, Maali M, Aydin AC. Experimental and numerical investigation of semi-rigid
behavior top and seat T-section connections with different triangular designed stiffener thicknesses. Eng Struct.
2023;289:116216. doi:10.1016/j.engstruct.2023.116216.

Verki AM, Preciado A. Experimental and analytical investigations of enhanced semi-rigid connections with dual
pipe dampers. Structures. 2021;33(3):3765-78. d0i:10.1016/j.istruc.2021.06.106.


https://doi.org/10.1016/0045-7949(84)90206-2
https://www.csiamerica.com/products/sap2000
https://www.csiamerica.com/products/sap2000
https://doi.org/10.1016/j.engstruct.2023.117386
https://doi.org/10.1016/j.finmec.2023.100252
https://doi.org/10.1016/j.tws.2024.111758
https://doi.org/10.1016/j.tws.2024.111758
https://doi.org/10.1016/j.advengsoft.2024.103629
https://doi.org/10.1016/j.engstruct.2022.114542
https://doi.org/10.1016/j.engstruct.2023.116216
https://doi.org/10.1016/j.istruc.2021.06.106

	Nonlinear Vibration and Resonance Behavior of Semi-Rigid Steel Frames with Second-Order Effects
	1 Introduction
	2 Structural Modeling of Steel Frames with Semi-Rigid Connections
	3 Nonlinear Vibration Analysis Procedure
	4 Numerical Verification and Discussion
	5 Limitations and Future Work
	6 Conclusions and Recommendations
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


