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ABSTRACT: This paper presents the newly proposed engagement-disengagement conditions which are spe-
cially designed to decrease the amount of switching by constraining the slope of accumulated number of 
switching over time for the active interaction control (AIC) system. The AIC system was proposed to reduce 
the primary structural responses by active controlled switching between the status of the engagement (i.e., 
primary structure and auxiliary structure are engaged) and disengagement (i.e., primary structure and auxil-
iary structure are disengaged) through the interaction device. Previously proposed algorithms regulating the 
switching at each discrete time instants were shown to be effective in reducing the structural responses, but 
have the main drawback of increasing the amount of switching excessively due to the use of densely spaced 
discrete time instants. The steep slope of accumulated number of switching over time represents the rapid in-
crease in the amount of switching. To constrain the slope of accumulated number of switching effectively, the 
regions where the switching is activated or deactivated are separated intentionally by considering the informa-
tion of the current status (i.e., engagement or disengagement) in the switching controller explicitly. The newly 
proposed algorithms are shown to be effective in restricting ineffective switching by constraining the slope of 
accumulated number of switching for a single degree of freedom (SDOF) system under free vibration. 

1 INTRODUCTION

In recent years, various kinds of structural control 
devices have been developed to protect structures 
against hazards such as earthquakes and winds. 
Generally, they can be classified into passive, active, 
semi-active and hybrid control system depending on 
their control strategies. Among them, recently pro-
posed semi-active control systems combine the best 
features of passive and active control systems and, 
thus, offer inherent stability and adaptability for dif-
ferent dynamic loading conditions (Soong & 
Spencer 2002, Spencer & Nagarajaiah 2003). Previ-
ously, active interaction control (AIC) system was 
proposed as a viable semi-active control system 
(Hayen & Iwan 1994, Iwan & Wang 1996).  

The main objective of the AIC system is to reduce 
the primary structural responses by active controlled 
switching between the status of the engagement and 
disengagement through the interaction device. The 
interaction device enables the primary structure (PS) 
to be engaged or disengaged with the auxiliary struc-
ture (AS). To regulate the switching effectively, 
various switching control algorithms consisting of 
appropriately designed engagement-disengagement 
conditions have been developed and they were 
shown to be effective in reducing the structural re-

sponses of the AIC system. The recently developed 
tuned interaction damping (TID) system was shown 
to outperform the previously developed active inter-
face damping (AID) algorithm in reducing amplified 
auxiliary structural responses with the use of an ad-
ditional damping device installed between the AS 
and ground (Zhang & Iwan 2002). However, both 
have the main drawback of increasing the amount of 
switching excessively due to the use of a small con-
trol sampling period, which is necessary to ensure 
the control performance of the system. The exces-
sive amount of switching can shorten the life cycle 
of the interaction device as well as the AS.  

The excessive amount of switching results from 
the steep slope of accumulated number of switching 
over time. Therefore, the switching control algo-
rithm designed to constrain the slope of accumulated 
number of switching at each discrete time instants 
can decrease the total amount of switching. To con-
strain the slope of accumulated number of switching 
effectively, the regions where the switching is acti-
vated or deactivated are separated intentionally by 
considering the information of the current status 
(i.e., engagement or disengagement) in the switching 
controller explicitly. Within those regions, the newly 
proposed switching control algorithms are designed 
to select the activated switching regions and deacti-
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vated switching regions exclusively. The previously 
proposed switching control algorithms have their 
difficulty in selecting the deactivated switching re-
gions since they were only designed to select the ac-
tivated switching regions but the deactivated switch-
ing regions were embedded implicitly. The 
effectiveness of the newly proposed algorithms, 
which are designed to restrict ineffective switching 
by constraining the slope of accumulated number of 
switching, is investigated for a single degree of free-
dom (SDOF) system under free vibration.  

2 AIC (ACTIVE INTERACTION CONTROL) 
SYSTEM

The AIC system consists of the PS, the AS, and 
the interaction device. Generally, the AS is designed 
to have high stiffness and low mass compared to the 
PS. The interaction device acts as an on-off locking 
device enabling the PS and AS to be engaged or dis-
engaged.

Figure 1. AIC system 

The mathematical model for the AIC system with 
pure on/off locking device can be described as fol-
lows (Zhang & Iwan 2002). Consider the PS and AS 
are subjected to earthquake ground motion g . The 
equations of motion of the PS and AS are given by 
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in which 1  and 2  are the displacements of the 
PS and AS relative to the ground, respectively, and 

1 , 1 , 1  and 2 , 2 , 2  are the mass, damping, 
and stiffness of the PS and AS, respectively. q

is the interaction force applied to the PS and AS un-
der each particular mode of operation, ON and OFF.
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 The terms ON and OFF represent the modes of 
operation engagement and disengagement, respec-
tively. During the mode ON, the interaction force 
(e.g.,

ON
) is developed between the PS and AS 

due to the rigid connection. During the mode OFF,
they are in the state of free movement, thus no inter-
action force (e.g., uOFF

) is developed between 
them. The interaction forces acting on the PS and 

AS are equal in magnitude and opposite in direction. 
The controlled switching between ON and OFF is 
regulated by the switching signal 

)(tu

)(t

OFFONtq ,)(  generated from the switching 
controller. It is assumed here that an IE can react in-
stantaneously to the switching signal.  

3 AID (ACTIVE INTERFACE DAMPING) 
ALGORITHM

The global behavior of the AIC system consists 
of four partitioned regions; ON to OFF, OFF to ON,
OFF to ON, and OFF to OFF. The engagement and 
disengagement conditions of the AID algorithm 
were originally developed to activate the switching 
from the mode OFF and ON, respectively. The 
switching is activated or deactivated at each discrete 
time instant, which is evenly spaced discrete instant 
defined by the control sampling period 

kk ttT 1 (Zhang & Iwan 2002). However, the en-
gagement and disengagement conditions implicitly 
deactivate the switching from the mode ON and 
OFF, respectively. Therefore, the engagement con-
dition makes two partitioned regions (e.g., OFF to 
ON and ON to ON) overlap and the disengagement 
condition makes two partitioned regions (e.g., OFF
to OFF and ON to OFF) overlap.  

Unlike the previously developed AID algorithm, 
considering the information of the current status 
(i.e., engagement or disengagement) in the switching 
controller enables us to select four partitioned re-
gions explicitly; the information of the current status 
can prevent each partitioned regions from overlap-
ping. The four partitioned regions are referred here 
as two activated switching regions (e.g., ON to OFF
and OFF to ON) and two deactivated switching re-
gions (e.g., ON to ON and OFF to OFF), respec-
tively.

Furthermore, how the engagement and disen-
gagement conditions of the AID algorithm select 
each mode can be fully described by using the in-
formation of the current status in the switching con-
troller. Table 1 represents each condition defining 
each region for the AID algorithm. The AID algo-
rithm uses measured system information of the PS 
and AS to decide whether they are engaged or dis-
engaged at each discrete time instant kTt .

Table 1. AID algorithm considering current status 
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The complement of the 
disengagement condition 

Engagement activated 0)()( 1

2x

PS

AS

Interaction
Device

ONtq )(

OFFtq )(

kTxkTu

Engagement deactivated 
The complement of the 
engagement condition 

Proceedings of FraMCoS-7, May 23-28, 2010

hThD ∇−= ),(J                             (1) 
 

The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



4 NSC (NONLINEAR SLOPE CONSTRAINT) 
ALGORITHM

New switching control algorithms are proposed 
here to reduce excessive amount of switching in-
duced by the AID algorithm by constraining the 
slope of accumulated number of switching effec-
tively. Additional conditions are added to the AID 
algorithm to eliminate the redundant switching trig-
gered from the previously developed AID algorithm. 
Table 2 represents each condition defining each re-
gion for the NSC algorithm. The slope of accumu-
lated number of switching kT  at time S kTt  is 
defined by the accumulated number of switching at 
time  divided by time . The parame-
ters

kTt kTt
 and  represent predetermined slope of 

accumulated number of switching and the specific 
time instant when the AIC system is forced to dwell 
on the mode OFF.

Table 2. NSC algorithm considering current status 

Switching decision Switching condition 

ONtq )(

Disengagement activated 
kTSkTxkTu 0)()( 1

Disengagement 
deactivated

The complement of the 
disengagement condition 

OFFtq )(

Engagement activated 
)(

0)()( 1

kTS

kTxkTu

kT

Engagement deactivated 
The complement of the 

engagement condition 

5 NUMERICAL SIMULATION 

To check the effectiveness of the NSC algorithm 
over the AID algorithm, numerical simulation is per-
formed for free vibration. Free vibration simulation 
offers deep insight into the AID and NSC algorithms 
since the switching decision is not disturbed by un-
desirable external disturbances such as earthquakes 
and noises. The natural period and damping ratio of 
the PS are set to  and . The mass of the 
PS is nondimensional unity; . The dynam-
ics of the AS is determined by the following parame-
ters (Zhang & Iwan 2002).  

sec1 %2
kgm 11
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The values for  and  are set to 2, 20 
and 1, respectively (Zhang & Iwan 2002). The units 
for the stiffness and the damping are mN  and 

mN sec , respectively. Initial conditions for the PS 
and the AS are set to 10 cmx 1

The AID algorithm is shown to guarantee the de-
sirable control performance of the AIC system. Fig-
ure 2 shows the displacement of the PS and corre-
sponding accumulated number of switching over 
time. It can be seen that the displacements of the PS 
converges satisfactorily to zero equilibrium point in 
a finite time 3s approximately. However, the switch-
ing between ON and OFF still occurs after the dis-
placement of the PS converges to the origin closely. 
The total amount of switching induced by the AID 
algorithm is 86 in 5s. 
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Figure 2. Displacement time history of the PS and accumu-
lated number of switching induced by the AID algorithm 

The NSC algorithm enables the AIC system to 
stay under the mode OFF permanently by selecting 
the parameter  appropriately. The parameter 
is set to 3 since the switching occurring after 3s for 
the AID algorithm is unnecessary for improving the 
control performance of the AIC system. The redun-
dant switching can be prevented and, thus, the total 
amount of switching can be reduced significantly in 
a given time frame. The parameter  defines the 
value of slope to be constrained. The value of slope 

 is set to 10 by trial-and-error. Figure 3 shows the 
displacement of the PS and corresponding accumu-
lated number of switching over time. The total 
amount of switching induced by the NSC algorithm 
is 31. The total amount of switching is reduced by 
64% over the AID algorithm due to the elimination 
of redundant switching after 3s.  

Previously, exact measured values of state vari-
ables of the PS and AS are used for the switching 
controller in deciding the switching. The robustness 
to system perturbation such as measurement error is 
considered for the switching controller. Small errors 
due to measurement noise make the switching con-
troller misjudge determining appropriate switching 
signal at each switching time. Unnecessary switch-
ing can be triggered by them and lead to the escalat-
ing number of switching, especially, for sufficiently 
small control sampling period due to its dense ob-
servation points.  

, 20  and 

2010 . A sufficiently small control sampling 
period 0.004s is used to guarantee the desirable con-
trol performance of the AIC system.  

0x
xx 0
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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Figure 3. Displacement time history of the PS and accumu-
lated number of switching induced by the NSC algorithm 

The measurement noise is generated from the 
MATLAB built-in function randn and shown in 
Figure 4. The noise level is selected not to damage 
the control performance of the AIC system much. 
The measured system information is defined as fol-
lows and used for logic-based switching rules of 
each algorithm to determine the switching signal.  

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-4

-2

0

2

4
x 10

-4

N
n
o
is

e
1

Noise Signal

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-4

-2

0

2

4
x 10

-4

Time (sec)

N
n
o

is
e
2

Figure 4. Measurement noise level 

1 1 1

1 11

ˆ
noise

noise

x x N

x N

2
x̂

x̂
      (3) 

2 2

2 22
ˆ

noise

noise

x N

x Nx

The same tuning parameters presented before are 
used for the NSC algorithm. Figure 5 shows the dis-
placement of the PS and corresponding accumulated 
number of switching over time for the AID and NSC 
algorithms, respectively. Figure 6 shows ON-OFF
switching signal for the AID and NSC algorithms, 
respectively. 

The AID algorithm is highly sensitive to meas-
urement errors as shown from Figure 5. The total 
amount of switching for the duration of 5s for the 
AID algorithm is 501, while the total amount of 
switching without measurement errors is 86. From 
Figure 5, the steep slope indicating the fast switch-
ing is observed after the displacement of the PS con-
verges to the origin closely.  

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

0

0.5

1

D
is

p
la

c
e

m
e

n
t 
(c

m
)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

100

200

300

400

500

N
u

m
b

e
r 

o
f 
S

w
it
c
h

in
g

Time (sec)

AID

NSC

Figure 5. Displacements of the PS and accumulated number 
of switching induced by the AID and NSC algorithms 
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Figure 6. ON-OFF switching signal induced by the AID 
and NSC algorithms 

For the NSC algorithm, the additional switching 
rules deciding the switching based on the informa-
tion of the slope of accumulated number of switch-
ing provide the AIC system the robustness with re-
spect to the measurement errors. The parameter 
enabling the AIC system to stay under the mode 
OFF permanently can attenuate the increasing num-
ber of switching triggered by the small deviation of 
measured information. It is clearly seen that the total 
amount of switching is reduced significantly from 
Figure 5.  

6 CONCLUSION 

The previously developed AID (Active Interface 
Damping) algorithm is shown to require excessive 
amount of switching in regulating the switching for 
the AIC (Active Interaction Control) system. The 
NSC algorithm is proposed here to restrict redundant 
switching triggered by the AID algorithm. It is 
shown to reduce the total amount of switching over 
the AID algorithm by constraining the slop of the 
accumulated number of switching. Furthermore, it is 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

 
where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



shown to be robust to measurement error and, thus, 
the number of switching occurring from the effect of 
measurement noise can be prevented effectively. In 
the presence of measurement noise, the total amount 
of switching is greatly reduced over the AID algo-
rithm. 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
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