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SUMMARY

Centralized semi-active control is a technique for controlling the whole structure using one main computer.
Centralized control systems introduce better control for relatively short to medium high structures where the
response of any story cannot be separated from the adjacent ones. In this paper, two centralized control
approaches are proposed for controlling the seismic response of post-tensioned steel frames. The first
approach, the stiffness control approach, aims to alter the stiffness of the PT frame so that it avoids large
dynamic amplifications due to earthquake excitations. The second approach, deformation regulation control
approach, aims at redistributing the demand/strength ratio in order to provide a more uniform distribution of
deformations over the height of the structure. The two control approaches were assessed through simulations
of the earthquake response of semi-actively and passively controlled six-story post-tensioned steel frames.
The results showed that the stiffness control approach is efficient in reducing the frame deformations and
internal forces. The deformation regulation control approach was found to be efficient in reducing the frame
displacements and generating a more uniform distribution of the inter-story drifts. These results indicate
that centralized semi-active control can be used to improve the seismic performance of post-tensioned steel
frames. Copyrightc© 0000 John Wiley & Sons, Ltd.

Received . . .
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1. INTRODUCTION

1.1. Background

Post-tensioned steel frames were proposed as a replacement of conventional moment resisting
frames [1, 2] in seismic applications. The up-to-date research demonstrates that post-tensioning is a
good solution for reducing residual drifts and preventing damage in the beams when compared with
other passive control systems [3]. Residual deformations can be completely eliminated by following
a specific procedure for design of PT frames [4]. Energy dissipation in the connections was provided
by yielding top and seat angles [1], yielding bars [2], and friction devices [5]. However, regardless
of the type of energy dissipater, PT connections exhibit flag-shaped hysteresis with lower energy
dissipation than that in post-Northridge pre-qualified beam-column moment resisting connections
[6, 7]. This means that PT frames can be used to eliminate residual deformations but not to reduce
the maximum inter-story drifts of equivalent moment resisting frames [8].

Semi-active control of frame structures is an approach that has been progressively developed since
the introduction of a semi-active tuned mass damper [9]. Different approaches have been proposed
in the literature, including (a) added semi-active dampers [10, 11, 12, 13] (b) stiffness control to
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2 Y.ELJAJEH AND M.PETKOVSKI

avoid resonance of the response [14, 15] and (c) energy dissipation approach to increase energy
dissipation capacity of the frame [16, 17]. These approaches can be centralized or decentralized
[18]. Centralized systems use one computer to control the whole structure, whereas in decentralized
systems the control actions are calculated independently at several control points.

The stiffness control is a centralized approach that has been proposed in previous research work
and investigated for braced frames and truss structures. The main part of any algorithm based on the
stiffness control approach is the stiffness selection algorithm. The work done by Kobori et al. [14]
was the first to use the stiffness control approach to suppress the dynamic response of a three-story
steel braced frame. In that work, some evaluative indices were used to assess the response of each
possible stiffness pattern. These indices employed coefficients which were not deterministic as their
values were based on simulations of the structural response under several earthquakes with different
characteristics.

Nemir et al. [15] used the modal energy transference theory to select the optimum stiffness
pattern. The selection of the stiffness pattern in their work was based on minimizing the modal
energy of the structure. This control however was suitable only for linear systems as their algorithm
relied on the modal decomposition of the equation of motion to find the modal energy of the
structure at any time. Iskhakov and Ribakov [19] proposed a passive system in which the stiffness
of the building is self-adapting by developing damage in the diagonals, and an upgraded optimal
semi-active control system, where semi-actively controlled friction connections are used to prevent
premature failure of the compressed diagonals. Duerr et al. [20] used a smart spring with a bang-
bang algorithm to provide energy dissipation and stiffness control to a four-story structure, which
remains elastic during the response.

It should be noted that none of the work on semi-active control using stiffness control approach
was done on post-tensioned steel frames. The semi-active techniques for controlling the seismic
response of PT frames were first incorporated by Eljajeh and Petkovski [21]. This research was
based on a decentralized control approach where the goal was to increase the energy dissipation
capacity of each PT connection. The results of the simulations showed reduced SRSS displacements
of the frame and improved self-centering, but the maximum displacements were not reduced.

1.2. Aims and scope of the research

The aim of the presented research is to investigate the effectiveness of centralized semi-active
control approaches in reducing the maximum deformations and forces in post-tensioned steel frames
under severe earthquake excitations.

Two centralized control systems are studied: (1) stiffness control approach (control of stiffness of
the building during the earthquake to avoid dynamic amplification) and (2) deformation regulation
approach (control of inter-story drifts to achieve uniform drift distribution along the hight of the
building).

Stiffness control approach has previously been used, but only on dual frames [14, 22] and truss
structures, by activating/deactivating braces or truss members [15]. The stiffness control used in
this study is not only its first application on PT frames, but is also based on a novel stiffness
selection algorithm, using frequency analysis of the input motion. The overall stiffness of the frame
is changed on the basis of a frequency analysis of the input motion. The main difference between
previous stiffness control approaches and the one proposed here is that the control decision (gain)
is independent from the structural response (open-loop control). This control approach does not
require monitoring (or prediction) of structural response (displacements or velocities), and can be
used not only for PT frames, but for frames with other structural configurations, including variable
stiffness devices installed in brace-frame connections [12, 13].

Deformation regulation is a displacement-feedback approach that has been used for optimization
of the seismic response of buildings [23], but never as a semi-active control strategy. The aim of this
control approach is however not to reduce all displacements of the structure as this reduction may
require stiffening the frame and increase the base shear during the earthquake. The deformation
regulation approach employs the idea of equalizing the inter-story drift of all stories (equalizing
strength/demand ratios) so that the base shear of the frame can be reduced [23].
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CENTRALIZED SEMI-ACTIVE CONTROL OF POST-TENSIONED STEEL FRAMES 3

2. MODEL FOR SIMULATING MOMENT-ROTATION BEHAVIOUR OF PT CONNECTIONS

Post-tensioned connections with energy dissipaters are characterized by flag-shaped hysteretic
behaviour (Figure 1, [2]). After experiencing inelastic deformations in the energy dissipater the
connection returns to its original position due to the effect of post-tensioning forces.

2�B

Figure 1. Hysteretic model for post-tensioned connection with energy dissipating bars [2]: (a) post-tensioned
strands, (b) energy dissipating bars and (c) post-tensioned connection (combined action).

The moment-rotation behaviour of post-tensioned steel connections with bi-linear energy
dissipaters can be described for different phases of loading (Figure 1). As long as the applied
moment is less than the moment provided by the post-tensioned strands(MSt), the connection
behaves as a rigid connection experiencing no relative rotations between the beam and the column.
When the applied moment exceedsMSt, a gap opens between the beam and the column and the
energy dissipating device starts contributing to the resisting moment of the connection. In this stage
(A-B) the resisting moment of the connection can be calculated from:

MA−B = MSt + (ks + kb1)θ, (1)

whereks is stiffness of the strands,kb1 is pre yielding/slipping stiffness of the energy dissipater,
andθ is the angle of rotation between the column and beam.

When the applied moment exceeds the yield/slip force of the energy dissipater (stage B-C), the
resisting moment of the connection is:

MB−C = MA−B + (ks + kb2)(θ − θB), (2)

wherekb2 is the second, post-yield stiffness of the energy dissipating device andθB is the rotation
angle at which the energy dissipating device starts yielding/slipping. If the energy dissipating device
is friction based, the second stiffness is zero.

The unloading of the connection is characterized by two stages. The first stage (C-D) takes place
whenθD ≤ θ ≤ θC , whereθD = θC − 2θB. The resisting moment of the connection in this stage is:

MC−D = MB−C + (ks + kb1)(θ − θC), (3)

The second unloading stage (D-E) starts whenθ ≤ θD and the resisting moment can be obtained
from:

MD−E = MC−D + (ks + kb1)(θ − θD), (4)

The effects of the energy dissipating device on the moment-rotation behaviour of the connection
can be described by the energy dissipation factorβ. This factor shows the contribution of the energy
dissipating device to the moment capacity of the connection:β = MEd/MSt, whereMEd is moment

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
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4 Y.ELJAJEH AND M.PETKOVSKI

provided by the energy dissipation device andMSt is moment provided by post-tensioned strands
before opening the gap.

The values ofβ lie within the range [0,1]. Whenβ = 0 the system is bi-linear elastic. The upper
limit of β is imposed by the requirement of full self-centring of the connection (Figure 2). For
higher values ofβ (or lower values of post-tensioning forces), the connection experiences residual
rotations. Chrirstopoulos et al. [6] showed that for energy dissipating devices with bi-linear elasto-
plastic behaviour, the full self-centring requirement is satisfied when:

MSt ≥ (kb1 − kb2)θB (5)

Figure 2. Illustration of the full self-centring requirement: (a) sufficient post-tensioning forces and (b)
insufficient post-tensioning forces.

3. SEMI-ACTIVE CONTROL OF PT FRAMES USING STIFFNESS CONTROL APPROACH

3.1. Basics of stiffness control approach

The purpose of the stiffness control approach is to control the natural frequency of the frame in
order to avoid exciting the structure at one of the major frequency components of the earthquake.
This concept was first proposed by Kobori et al. [14] who used active variable stiffness systems
to control the seismic response of a three-story braced frame. Here, this concept is applied to
control the dynamic response of post-tensioned frames using the characteristics of post-tensioned
connections.

Moment-rotation relationship of post-tensioned beam-column connections naturally supports the
stiffness control approach as it is composed of several phases of response with different loading
stiffness, which can be controlled by the value of the PT forces in the connections. The number of
loading stiffness values in the moment-rotation relationship of the connection depends on the energy
dissipating device installed in the connection (Figure 3). Post-tensioned connections with friction
based dissipation mechanism have two stiffness values (pre-slippage and post-slippage). Post-
tensioned connections with energy dissipating bars have three stiffness values: pre-gap opening,
between gap opening and bars yielding, and post bars yielding. Post-tensioned connections with top
and seat dissipating angles have more than three stiffness values based on the number of plastic
hinges forming in the dissipating angles (usually three plastic hinges) [1].

During earthquake excitations, the stiffness of the connection varies depending on the level of
loading. At any time, the current stiffness of all connections in the frame governs the tangent
stiffness of the frame. By varying the post-tensioning forces of each story, the gap-opening moment
can be controlled, the total stiffness of the frame can be adjusted and the natural frequencies of the
frame can be shifted to avoid exciting the frame at the frequencies of modes with high modal mass
participation factors.

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
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CENTRALIZED SEMI-ACTIVE CONTROL OF POST-TENSIONED STEEL FRAMES 5

Figure 3. Stiffness values for post-tensioned connections with different energy dissipation mechanisms: (a)
friction-based energy dissipation, (b) energy dissipating bars and (c) top and seat energy dissipating angles.

3.2. Frequency state feedback control algorithm (FSFA)

The aim of the frequency state feedback control algorithm (FSFA) is to alter the stiffness of post-
tensioned frames so that the natural frequency is shifted away from the predominant frequencies of
the earthquake. This is performed by analyzing the frequency content of the exciting earthquake at
regular time intervals. The length of these time intervals is pre-set and used as an input parameter
for the control algorithm.

The first step in the FSFA is to determine all stiffness patterns of the frame, which are the available
control options for the frame. For instance, if beam-column connections in the frame are yield-based
with energy dissipating bars, each story can take three stiffness valuesk0, k1 andk2 (Figure 3-b).
Load and deformation ranges fork1 are small compared tok0 andk2, respectively, and thereforek1
is not taken into account in the algorithm, and the number of controlled stiffness patterns is reduced
to 2 per story. Thus, a stiffness pattern is a vector withNs number of elements, where each element
can take the value ofk0 or k2. The total number of stiffness patterns in the frame isS = 2Ns , where
Ns is number of stories in the frame. The same vector of stiffness patterns can be used if the frame
is provided with friction-based connections or post-tensioned connection with top and seat angles.

Modal analysis is then performed for each stiffness pattern to determine natural frequencies (fi)
and modal mass participation ratios (Γi). In this study only the first and the second mode of vibration
were included in the algorithm. As a result, stiffness patterns matrix is assembled as illustrated
in Table I. It should be noted that these steps of the algorithm are independent from the seismic
excitation.

Story Stiffness Modal Modal Mass
Frequencies Participation Factors

Pattern 1st

Story
2nd

Story
... N th

s

Story
1st

Mode
2nd

Mode
1st

Mode
2nd

Mode
(fi,1) (fi,2) (Γi,1) (Γi,2)

1 k0 k0 k0 k0 f1,1 f1,2 Γ1,1 Γ1,2

2 k2 k0 k0 k0 f2,1 f2,2 Γ2,1 Γ2,2

... ... ... ... ... ... ... ... ...
S k2 k2 k2 k2 fS,1 fS,2 ΓS,1 ΓS,2

Table I. Assembly of the stiffness patterns matrix.

The FSFA is applied at regular time intervals with a pre-set length (Tc), which is an input
parameter in the algorithm. During the control interval, the FSFA acquires the accelerations at the
base of the structure (earthquake input). Once the control interval is completed, the recorded time-
history (att = mTc, wherem is the number of previous control intervals) is analyzed using Fourier
Transform (in this case FFT) to find the frequency content of the excitation.

The result of the FT is an amplitude spectrum of ground acceleration which is then used to
compute the correlation between the frequency content of the excitation and the response amplitudes

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
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6 Y.ELJAJEH AND M.PETKOVSKI

at the first two natural frequencies of all stiffness patterns of the structure. The correlation is
quantified by using a frequency response index (FRi) calculated as a sum of the products of the
spectral amplitudes at the frequencies of the fist two modes of each stiffness pattern and their
corresponding modal mass participation factors:

FRi = Γi,1Ψi,1 + Γi,2Ψi,2, (6)

whereFRi is the frequency response index of theith stiffness pattern,Γi,1,Γi,2 are effective
modal mass participation ratios for the first and second mode of vibration of theith stiffness pattern
andΨi,1,Ψi,2 are the spectral acceleration amplitudes of the first and second modes of vibration of
theith stiffness pattern. The calculation ofFRi is illustrated in Figure 4.

Figure 4. Computation of frequency response index for different stiffness patterns and a given amplitude
spectrum of ground acceleration.

The control algorithm adjusts the stiffness in the connections at each floor level to achieve the
stiffness pattern with the minimum value ofFR. When the story stiffness for the required pattern
is k0, post-tensioning forces in this story are increased (strands are tightened) to the pre-set upper
limit (in this case about70% of the yielding force of the strands). When the required story stiffness
is k2, the post-tensioning forces in the story are reduced (strands are released) to the lower limit,
which satisfies the requirement for self-centring of the connection given in Equation 5.

After every control time interval (Tc), the amplitude spectrum of the excitation is updated, and
the operation of the algorithm is repeated. In this procedure the excitation is represented by a
cumulative spectrum. Alternatively, Fourier spectra can be calculated segment-by-segment, or by
overlapping segments, which would give a better representation of the current frequency content
of the excitation. The main reason for using the cumulative acceleration history for the Fourier
transform was to reduce the influence of sudden changes in the frequency content of the seismic
input on the performance of the control system. This means that in this case the calculation of
the frequency content is inaccurate in the initial control intervals, but the accuracy improves in
the following steps. The process of updating the amplitude spectrum at three successive control
intervals is shown in Figure 5. It should be noted that the FSF control algorithm is not activated
until the completion of the first control interval, during which the initial stiffness pattern isk0 in all
stories (the stiffest possible case).

The selection of the control time interval(Tc) is a procedure which depends on type of the
earthquake, structural characteristics and power of the rotating motor used in the control system.
LongerTc can be used for far field earthquakes, where the high frequency components have been
eliminated [29]. Near field earthquakes, characterized by sudden changes in frequency content,
require shorterTc to achieve good control. In this studyTc = 3s was adopted to alow acquiring 128
data points (at sampling rate of 50 samples/s), required for Fourier spectrum in the range of 3.38
Hz.

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
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CENTRALIZED SEMI-ACTIVE CONTROL OF POST-TENSIONED STEEL FRAMES 7
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Figure 5. Updating of the amplitude spectrum of excitation in three successive control intervals (Tc = 3s),
Northridge 1994: (a) ground acceleration, and (b) Fourier amplitude spectrum of acceleration.

Since the input data for the Frequency State Feedback Algorithm (FSFA) are only the
accelerations of the excitation, this algorithm is an open-loop feedback control algorithm, where
the structural response is not included. Hence, the operation of the control algorithm and the control
gains depend only on the analysis of the earthquake input.

Figure 6. Operation of stiffness-based control algorithms as SIMO systems.

Structures with stiffness-based control algorithms can be considered as Single-Input-Multi-
Output systems (SIMO). The input of the control algorithm is one measurement which can be
acceleration of the earthquake or the response acceleration, whereas the outputs are control forces
acting at each story (Figure 6). Although the control gains could be different for different storeys,
they are all combined in one vector which is the output of the controller. Therefore, the output of the
controller is not a set ofn independent values but a single vector representing the selected stiffness
pattern. The next step is assembling the control gains vector comprisingn values, each calculated
as a difference between the current forces and the ones required by the selected stiffness pattern.
The flowchart of the algorithm is shown in Figure 7. The main characteristics of the FSF control are
compared to those of the two existing stiffness control algorithms in Table II.

4. SEMI-ACTIVE CONTROL OF PT FRAMES USING DEFORMATION REGULATION
APPROACH

4.1. Basics of deformation regulation approach

The deformation regulation approach is based on controlling and redistributing the structural
deformations over the height of the structure. The aim is to avoid concentrated response (large

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
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8 Y.ELJAJEH AND M.PETKOVSKI

NsFind all stiffness patterns S=2
Modal analysis of all stiffness patterns to find
frequencies and modal mass participation ratios

Set control time
interval Tc

i=1
Time step is given:
Step = Integer x Tc

Run FT
for earthquake

n=1
Interpolate spectral acceleration
amplitudes of the first and second
modes of the n stiffness pattern

th

Calculate the frequency response
index of the n stiffness pattern,

Equation (6)

th
n n= +1

esYes

No

n<S

Yes

j=1

Optimum stiffness
of the storey isj k2

th

Release strands
of storey

F = F F

j

c,j pt,low pt,i�

th

Tighten strands
of storey

F = 0.7F F

j

c,j ys pt,i�

th

F <c,j maxf

Apply at stepsm
m F=round( / )

f
f

max

c,j max

j j= +1> Nj s

Yes

No

No

No

No

Yes

= +1ii

Yes

End

F jpt,i: Current PT force applied to the storey.

Fc,j: Required control force for the j storey.

fmax: Maximum force offered by the rotating
motor at each time-step.

i
n
j
nsteps

: Counter for analysis time step.
: Counter for predefined stiffness patterns.
: Counter for frame stories.

: Number of analysis time steps.

Yes

> nstepsi
No

Figure 7. Flowchart of the excitation frequency state feedback control algorithm.

AVS MET FSF
Type of structure multi-story dual frame truss structure multi-story PT

frame
Control action activate - deactivate

braces
activate - deactivate
additional members

change PT forces

Measured parameter response acceleration
history

response displacements
and velocities

input acceleration
history

Stiffness selection cri-
teria

indices obtained in
parametric studies

minimizing total modal
energy

Fourier spectrum of
input acceleration

Control system close-loop close-loop open-loop
Table II. Comparison between Frequency State Feedback (FSF) and other stiffness control algorithms: (AVS)

Active variable stiffness [12], (MET) Modal energy transference [13].

inter-story displacements) at some stories of the structure, while other stories are less affected. This
can cause concentration of internal forces, damage in a limited number of structural elements and
eventually lead to a soft story mechanism.

In a well-designed multi-story structure, the ratios between strength and demand (over-strength
ratios) in the elements are supposed to be distributed evenly over all storeys. However, this is not
achievable for passively controlled systems as the response of a structure depends also on the
properties of the earthquake excitation. Therefore, the deformation regulation approach aims at

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
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CENTRALIZED SEMI-ACTIVE CONTROL OF POST-TENSIONED STEEL FRAMES 9

rearranging the internal forces in the elements in the structure (resistance), so that the over-strength
ratios are evenly distributed, regardless of the properties of the earthquake excitation.

4.2. Uniform Drift Distribution Algorithm (UDDA)

In this control algorithm, the post-tensioning forces are redistributed over the frame in order to
regulate the peak values of inter-story drift. The aim is to provide an even distribution of all inter-
story drifts so there is no concentration in internal forces in one story.

The first step in this control algorithm is determining the drift threshold at which the algorithm
is activated. The drift thresholdηth,i is defined for each floor, as a ratio of story height, and used as
input in the algorithm.

The operation of the UDDA is in three stages: (i) activation, (ii) control action, (iii) deactivation.
(i) Activation: The algorithm is activated whenever the following two conditions are satisfied: (a)

any of the inter-story drifts has exceeded the thresholdηth,i, and (b) at least one inter-story drift
has reached a peak value. Whenever an inter-story drift exceeds the threshold, the algorithm starts
assembling a column vector (PeakCode). The value of the PeakCode vector for each story is 0 if the
story drift has not reached a peak or 1 if it has reached a peak. The algorithm is activated when at
least one of the PeakCode values becomes 1.

(ii) Control Action: When the control algorithm is activated, the average of all inter-story drifts is
calculated in each response time step. For stories with inter-story drifts less than the average value,
the post-tensioning forces are decreased (strands are released). For stories with inter-story drifts
higher than the average value, the post-tensioning forces are increased (strands are tightened). The
amount of increase or decrease of post-tensioning force injth story is:

Fc,j =
Dj −Dav

Dav

× Fpt,j , (7)

whereFc,j is the control force that needs to be applied to reach the desired PT force,Dj is
inter-story drift,Dav is average of the inter-story drifts at all storeys, andFpt,j is post-tensioning
force applied to the story, all recorded at the moment of activation. Control forceFc,j is applied
at a rate determined by the characteristics of the rotating motor [21], which means that a period of
time is needed to complete the control action. If a new activation event occurs during this time, the
control action is interrupted and the algorithm starts a new control sequence (new control forces are
calculated).

(iii) Deactivation: If the control action is completed (desired PT forces are achieved), and all
values of the PeakCode vector are 0, the algorithm is deactivated and PT forces remain unchanged
until the algorithm is activated again.

As the input data of the control algorithm are only the inter-story drifts of the frame, and the
properties of the excitation do not affect the algorithm outputs, the UDDA can be classified as a
close-loop control algorithm. The operation of UDDA is illustrated in Figure 8.

Release

Release

Tighten

Tighten

drift
@ 1

drift
@ 2

drift
@ 3

drift
@ 4

CA.1

Time

Time

Time

Time

�th,1

�th,2

�th,3

�th,4

CA.2

Figure 8. Uniform Drift Distribution control Algorithm (UDDA): (a) possible solutions for measuring drift,
(b) illustration of the operation of UDDA (CA.1: activation of the algorithm, CA.2: new control forces

calculated before completion of CA1 sequence).
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10 Y.ELJAJEH AND M.PETKOVSKI

The UDDA can be considered a Multi-Input-Multi-Output system (MIMO) where input data
(input variables) are the inter-story drifts (a vector of multiple elements) and the output data
(control gains) of the algorithm is a vector of control forces which also comprises multiple elements
(Figure 9). Figure 10 shows the flowchart of the operation of the Uniform Drift Distribution control
algorithm.

Figure 9. Operation of the UDDA as MIMO systems.

Set drift threshold �th

Calculate the average value
of inter-storey drifts over

stories

i=1
One inter-storey
drift exceeds ?�th

One inter-storey
has reached a peak

value?

j=1

Yes

Release strands
of storeyjth

Tighten strands
of storeyjth

D Dj av�
Dav

Fpt,iFc,j=

F <c,j maxf
Apply at m steps
m F=round( / )

f
f

max

c,j max

No

j j= +1> Nj s

Yes

No

No

No

Yes

Inter-storey drift
of storey higher

than average?
j

No

F F fpt,i, and same as Figure 7.c,j max

i
j
: Counter for analysis time step.
: Counter for frame stories.

nsteps: Number of analysis time steps.

Yes

Yes

= +1ii

End
Yes

> nstepsiNo

Figure 10. Operation flowchart of the uniform drift distribution control algorithm (UDDA).

5. SIMULATION OF RESPONSE OF PT FRAMES WITH CENTRALIZED SEMI-ACTIVE
CONTROL

5.1. Frame model

The effectiveness of the two new control strategies (FSFA and UDDA) was examined on a six-
story one-bay frame (Figure 11). Each story is assumed to be equipped with a rotating motor

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
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CENTRALIZED SEMI-ACTIVE CONTROL OF POST-TENSIONED STEEL FRAMES 11

for controlling the post-tensioning forces in strands (installation details shown in Figure 12). The
specifications of the motor (Figure 12) were selected from a list of commercially available units.

d

e

Figure 11. Six-story post-tensioned steel frame: (a) frame geometry and sections, (b) idealized model of
the frame, (c) modal properties of the PT frame, (d)element and section properties and (e) specifications of

rotating motors.

1.Post-tensioned strands

3. Shear tab

4. Bolts with slotted holes

6. Rotating motor

7. Limiting angle

8. Continuity plate

9. Sensors (LVDTs)

5. Energy dissipating bars (can be
replaced by any energy dissipater).

10. Steel connector

2.Collecting plate

7
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8 2
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3
9

4

4
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5

1

1

1

Figure 12. Arrangement of external post-tensioned connection equipped with system for controlling the
strands forces.

The post tensioned frame was designed in accordance with the capacity design principles
specified in Eurocode 8 [24], for ductility classH, by assuming the following damage sequence:
(1) inelastic deformations in the connection (yielding/slip of dissipaters), (2) plastic hinges at the
base of columns, (3) plastic deformations in beams under combined axial load and moment, (4)
hinges in columns (above base) and (5) failure of connection (yielding of strands). The assumed
damage hierarchy complies with that proposed by Garlock et al. [4] using the performance-based

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
Prepared usingeqeauth.cls DOI: 10.1002/eqe



12 Y.ELJAJEH AND M.PETKOVSKI

design [25] of post-tensioned frames. In order to achieve plastic deformations under moments and
axial forces in the beams, they are assumed to be laterally restrained elements made of class 1
sections [26].

The PT connection is represented by a single rotational spring model [27]. This model is simple to
implement in a frame analysis and results in a global response of the frame similar to that obtained
by using multi-element discrete springs models [28]. Simulations of the seismic behaviour of the
passive and semi-active control of PT frames were performed using FASAC-2D (Frame Analysis
with Semi-Active Control, [29]), a new computer program developed specifically for this purpose.

The initial post-tensioning forces were taken as 300 kN (about 30% of strands yield force; referred
to aslow initial PT force), which remained constant in the passive system and were varied by the
semi-active control algorithms, when the semi-active control was applied. The modal properties of
the passive frame for the first two modes are presented in Figure 11-c. As the modal properties
of the PT frame are calculated for the linear-elastic system (no gap opening or yielding in energy
dissipating elements), they are the same for the passive frames with both low and high PT forces.

5.2. Earthquake excitations

The post-tensioned frame was analysed through simulations of non-linear response to a set of scaled
earthquakes (Table III and Figure 13, [30]).

Earthquake Year Country Record ∆t (sec) Duration
(sec)

Spectrum*;
PGA

El-Centro 1940 USA IMPVALL/I-ELC180 0.020 53.760 S1; 0.5g
Borrego 1968 USA BORREGO/A-ELC180 0.010 40.000 S2; 0.2g
Mountain
Tabas 1978 Iran TABAS/BAJ-V1 0.020 39.400 S1; 0.5g
SMART1 1983 Taiwan SMART1/25C00EW 0.010 24.000 S2; 0.2g
Mexico-
City

1985 Mexico MEXICO-SCT1-021 0.020 180.000 − ; 0.1g

Erzikan 1992 Turkey ERZIKAN/ERZ-NS 0.005 21.325 S2; 0.2g
Landers 1992 USA LANDERS/H05000 0.02 56.000 S1; 0.5g
Northridge 1994 USA NORTHR/HOS090 0.01 40.000 S1; 0.5g

Table III. Details of earthquake records (*Scaling spectra shown in Figure 13)

The selected earthquake records provide a wide range of characteristics such as: (i) frequency
content, (ii) intensity and (iii) distribution of large amplitudes over the earthquake duration (shape
of the earthquake envelope; [31]), which is one of the factors that affects the performance of the
system. Therefore, the earthquake records were not scaled as recommended by Somerville et al.
[32]. Instead, acceleration amplitudes were scaled to PGA levels (Table III) that produced nonlinear
behaviour of the structure and resulted in response similar to that under design-based earthquakes
(DBEs, [25]), determined as maximum inter-story drift of at least1.5% [33].

5.3. Results of FSFA control

5.3.1. Frame response.Top story displacements obtained by using the FSFA control with control
time interval (Tc = 3s) are presented in Figure 14, together with displacements obtained for a
passive frame with low PT forces. These results show that the FSFA reduced the maximum
displacements under all excitations, in most cases (Mexico City, El Centro, Tabas, Smart, Landers)
significantly.

The largest reduction in top story displacements is noticed for the Mexico City earthquake.
The large reduction can be explained by the difference in spectral amplitudes of the earthquake
acceleration (Figure 15-a) at the frequencies of the first mode of the passive frame (prior to gap-
opening) and the first mode of the final stiffness pattern of the FSFA-controlled frame. The change
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Figure 13. Selected earthquakes response spectra.
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Figure 14. Top story displacements for passive and FSFA-controlled PT frames.

in stiffness patterns is illustrated in Figure 15-b showing the change in the first and second mode
frequencies, as the controller changes the stiffness patterns during the earthquake action.

The diagrams of resultant PT forces of the FSFA-controlled frame at the end of the eight applied
earthquake excitations is shown in Figure 16. The distribution of PT forces along the height shows
the final stiffness pattern of the building after the earthquake action: if the final PT force at a story is
lower than the initial PT force (Low Passive ForceFpt,1), the story stiffness isk2 ; if it is higher than
Fpt,1, the stiffness isk0 (initial stiffness). In Figure 16 are shown the numbers of the final stiffness
patterns and the corresponding frequencies of their first and second modes of vibration, for each
earthquake.
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City earthquake;fp1: first mode frequency of the passive frame,fp2: second mode frequency of the passive
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Figure 16. Distribution of PT forces (final stiffness patterns) in the FSFA-controlled frame at the end of the
seismic actions.

The final PT force distributions (Figure 16) show that by using FSFA the PT forces reach the
maximum allowed values of 70% of the strands yield forceFys. Hence, the comparison between
the responses of a frame with low passive PT forces and FSFA-controlled frame is not appropriate.
The comparison between top story displacements of the FSFA-controlled frame and a passive frame
with higher PT forces (Fpt,1 = 0.7Fys, Figure 14) shows that the maximum displacements of the two
frames are similar. This means that the FSFA control maintains low displacements by employing
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PT forces that are generally lower than these in the passive frame, in some cases even below the
initial PT force of 0.3Fys. This leads to reduction in base shear and a reduction in the moment
demand on connected columns. The largest reduction in resultant PT forces was noticed for El-
Centro, SMART1 and Northridge earthquakes, during which the frame displacements were similar
to those in the passive frame with high initial PT forces (0.7Fys).

It should be noted that applying high initial PT forces does not necessarily result in reduced
displacements. When initial PT forces are too high, the stiffness of the frame remains high and the
structure behaves elastically during a large part of the action. The PT frame in this case could be
excited at the frequency of its first mode of vibration, leading to magnification of the seismic input.
Figure 17 shows an example of negative effect of high PT forces in the latter stages of response to
the Northridge earthquake.

Figure 17. Example of negative effect of high initial PT forces on response: magnification at the end of the
seismic action (Northridge excitation).

The predominant stiffness pattern of the frame during the earthquake is the one that is active
most of the time. Figure 18 shows the histogram of the selected stiffness patterns, the distribution
of PT forces for the predominant stiffness pattern and the frequency of its first mode of vibration.
Pattern number 1 is identical to the passive frame, where all PT forces are equal to the their initial
values (0.7Fys). Similarly, pattern number 64 corresponds to a frame in which all PT forces at the
minimum value (Fpt,low). The results in Figure 18 show a very different PT force distributions for
different earthquakes: from keeping the initial stiffness throughout the seismic action (pattern No.
1, Erzikan), to a system in which low PT forces are maintained for most of the response (Landers
and SMART1).

5.3.2. Centralization of the FSFA.The stiffness control using the FSFA is a centralized control
approach in which one control action changes a property of the structure as a whole (i.e. natural
frequency). In this approach, post-tensioning forces in different stories work together and form
specific patterns of loading or unloading. The example in Figure 19, shows three successive stiffness
patterns: (i) a mix ofk0 andk2, (ii) k2 in all stories (pattern 64) and (iii)k0 in all stories (pattern 1).
When the required story stiffness isk0, the PT forces are constant and kept at a level higher than the
gap-opening force (in this case0.65Fys). When the story stiffness isk2, the controller at that level
increases-decreases the PT force by a pre-set increment/decrement, which depends on the motor
capacity (in this case1000kN/s, resulting in20kN/step) to maintain the force level at a prescribed
Fpt,low.

The control force sets are synchronized as a result of one control action, such as”change stiffness
pattern from pattern i to pattern ii”. This control action contains the required PT forces for all
stories of the target stiffness pattern as well as the differences in PT forces between the current and
required stiffness pattern.

5.4. Results of UDDA

5.4.1. Frame response.The UDDA control was applied by using low initial post-tensioning force
(Fpt = Fpt,low = 0.3Fys) and varying the PT forces between this value and the upper force limit
(Fpt,high = 0.7Fys). The results of the UDDA control simulations are compared with these obtained
for two passive frames, one with low and one with high PT forces. The only other input parameter
of the UDDA is the drift threshold (η) which triggers the algorithm (if(Di/hi)max ≥ η, in this case
η was taken as 0.005). A comparison of the top story displacement between the UDDA-controlled
frame and the passive frame with low PT forces (Fpt = 0.3Fys) is presented in Figure 20. The results
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of stiffness patterns, (b) PT forces of the predominant stiffness pattern and (c) first mode frequency of the

predominant stiffness pattern.

show that for two excitations (Erzikan and Northridge) the top story displacements are similar for
the two frames, with 30-40% reduction of the passive frame displacements under Borrego, Tabas
and Landers and over 70% reduction in the case of Mexico City.

The diagram of PT forces at the end of the UDDA-control simulations (Figure 21) suggest that
the first and the top story experience less inter-story drift than other stories and hence, the UDDA
tends to reduce these PT forces in order to increase their inter-story drifts and equalize them with
the drifts of the other storeys. The resultant PT forces show similar patterns for all earthquakes for
this frame, but there are some differences in the final value of the resultant force.

Since the post-tensioning forces in the UDDA-controlled frame reach high level in some stories,
comparison of the results between the UDDA-controlled frame and the passive frame with low initial
PT forces is not appropriate as it compares two frames with different levels of post-tensioning. In
order to obtain a better comparison, the maximum post-tensioning forces reached when applying
the UDDA are applied as passive forces, constant for all storeys.

The comparison between the top story displacement of the passive frame with high forces (0.7
Fys) and the UDDA-controlled frame (Figure 20) show that the UDDA-controlled frame can
achieve behaviour similar to the behaviour of a passive frame with high post-tensioning forces.
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The reduction in the top story displacements of the UDDA-controlled frame is associated with a
reduction in the moment demand on the columns of stories with low resultant PT forces. This means
that a frame with UDDA can exhibit top story displacements similar to those in a passive PT frame
with high post-tensioning forces but with reduced internal forces in some stories.

In addition to the good performance of the UDDA in controlling the top story displacement of the
PT frame, differences in the maximum inter-story drift are also reduced when the UDDA is applied,
which is the main objective of this algorithm. The standard deviation of these drifts (Figure 22)
shows that UDDA results in a more uniform distribution of maximum inter-story drift of the frame,
compared with both passive frames (with low and high PT forces). Even when the frame with low
passive forces showed better distribution of inter-story drifts than the one with high passive forces
(as in Erzikan earthquake); the UDDA-controlled frame showed even better distribution. These
results show that the algorithm was able to achieve the control objective with PT forces lower than
those in the passive frame with high PT forces.

5.4.2. Centralization of UDDA.When the UDDA is applied to a PT frame, every change in control
forces of all stories is made by one action from the control computer. This control action is based on
the position of all inter-story drifts at a given time. This is done by finding the average inter-story
drift and modifying the post-tensioning forces in all stories accordingly. Since all control forces are
given by one action, the UDDA is classified as centralized control algorithm. Control forces in this
algorithm are synchronized for different stories (Figure 23). The control force histories (Figure 23)
show that all sets of control forces start at the same time which indicates that all control forces act
simultaneously. In the intervals where control forces are applied only to few storeys, the drifts in the
other stories are close to the average drifts and no action is required by the algorithm.

6. DISCUSSION OF RESULTS

The results obtained with the two semi-active control approaches used in this research cannot be
directly compared with all the results of previous studies. Most of the previous research on semi-
active control is limited to linear systems, where the structure can be represented by a transfer
function. These systems can be made highly effective by using Lyapunov stability [34], or quadratic
regulators (linear [35] or non-linear [36, 37]), but cannot be used for structures that may develop
non-linearity during earthquakes. Highly effective controllers based on fuzzy logic can be applied
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Figure 20. Top story displacements for UDDA-controlled and passive PT frames.
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Figure 22. Standard deviations of the normalized inter-story drifts.

Figure 23. Control forces in UDDA.

to non-linear systems [38], but due to the complexities in determining the fuzzy functions [38, 39],
this approach has only been used on simplified structures with maximum two dampers [40].

The stiffness control system (FSF algorithm) can be compared to the active variable stiffness
system (AVS, [14]). FSFA shows similar reduction of displacements and accelerations to the AVS,
when compared to the corresponding passive frames. In some cases, however, AVS resulted in large
magnification in displacements due to “inappropriate stiffness selection” [14]. The performance of
FSFA is comparable to that of controlled stiffness devices and friction dampers [13] applied on dual
frames.

Hence, the best assessment of the efficiency of the semi-active control of PT frames is by
comparison of the results with those obtained for the corresponding passive structures.

6.1. Deformations

The comparison of the maximum top-floor displacements calculated for the two passive PT frames
(with low and high PT forces), and the two semi-active controllers (UDDA and FSFA) are shown
in Figure 24-a. These results show that the use of semi-active control results in lower displacements
than the low-passive (LPT) frames for all seismic inputs except Northridge (where they are similar).
The deformations are generally slightly higher than these obtained with the high-passive frames, and
the efficiency of the two semi-active controllers is similar, but varies from earthquake to earthquake.
The 23% increase in top story displacement, recorded for UDDA control of the response to EL
Centro input is due to the fact that reduction of top story displacement is not a control objective of
the controller.

The maximum inter-story drift ratios (Figure 24-b), show that both UDDA and FSFA controllers
result in smaller drifts than those in the passive frame with low PT forces, but larger than the drifts
frames with high PT forces. The maximum UDDA drifts are close to those in frames with high PT
forces but achieved at lower levels of base shear (except for Mexico City; Figure 25).

Copyright c© 0000 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn.(0000)
Prepared usingeqeauth.cls DOI: 10.1002/eqe



20 Y.ELJAJEH AND M.PETKOVSKI

1

2

3

4

5

6

S
to

re
y

0 0

0 0

0

0 0

0.03

0.03 0.03

0.05 0 0.06

0.02

0.03

0.02

LPT HPT FSFA UDDA

Figure 24. (a) Normalized maximum top story displacements for passive and semi-active controlled frames
and (b) maximum inter-story drifts envelops (LPT: Low PT force passive, HPT: High PT force passive,
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6.2. Base shear and accelerations

A comparison of the maximum base shear recorded for the passive and semi-actively controlled
structures is presented in Figure 25-a. It can be noticed that the two control algorithms (FSFA and
UDDA) result in at least 10% (in some cases up to 20%) lower maximum base shear than that of the
passive frame with high PT forces, and similar or up to 10% higher than the forces in the passive
frame with low PT forces.

In both semi-active control approaches the changes in control forces were applied gradually, in
order to take into account the practical limitations of rotating motors used for the control. This
also resulted in avoiding sudden changes in the characteristics of the structure, which may lead
to increased accelerations. The results of the simulations show that the maximum accelerations
obtained with the semi-active systems were similar to those in the two passive frames (Figure 25-b).

0.2

Figure 25. (a) Normalized maximum base shear and (b) Normalized maximum top story accelerations (LPT:
Low PT force passive, HPT: High PT force passive, UDDA: semi-active, FSFA: semi-active).
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7. CONCLUSIONS

In this paper are presented two centralized approaches for controlling the seismic response of post-
tensioned steel frames by using a novel active control of post-tensioning forces of the strands. Two
control approaches were investigated: (i) stiffness control approach and (ii) deformation regulation
control approach.

The stiffness control approach has been proposed in previous research work and investigated for
braced frames and truss structures. The key part of algorithms based on control of the structural
stiffness is the selection algorithm. In this paper a novel stiffness selection algorithm (FSFA) is
proposed based on Fourier analysis of the earthquake input (acceleration at the base) during the
seismic action.

The second control approach is based on regulating the deformation of PT frames along the
height of the structure. This is a new approach, which has never been investigated before. The main
objective is not to reduce the inter-story drifts of all floors simultaneously, but to create a uniform
distribution of inter-story drifts and reduce the maximum frame deformations. This regulation is
achieved by changing the resistance of the PT connections, increasing in some stories and reducing
in other storeys, based on the differences in inter-story drift along the height of the building (Uniform
Drift Distribution Algorithm - UDDA). The result is a better distribution of internal forces in the
elements throughout the structure.

The results obtained in simulations using the two new control systems show that compared to
passive frames with high PT forces, the semi-active controllers reduce the forces in the structural
elements, but increase the deformations. Compared to passive frames with low PT forces, the semi
active control reduces the deformations with a small increase in base shear. In other words the
response of the actively controlled frames is between the two limit cases of passive PT frames,
regardless of the type of seismic input. This study was carried out by using a small set of control
parameters. The efficiency of the semi-active systems can be improved by further research focussed
on optimization of the control algorithms.
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