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Abstract

Semi-active systems are attractive for structural control applications because they offer some of the best features of both passive
and active systems. This paper examines a passive tuned liquid column damper which is converted into a variable-damping semi-
active system. Different semi-active algorithms based on the clipped-optimal and fuzzy control strategies are studied using numerical
examples. The main objective of this paper is to study the effectiveness of different control algorithms for semi-active tuned liquid
dampers for structural control applications. 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The focus of recent research in structural control has
shifted from active systems to semi-active devices for
mitigating structural response. Semi-active control
devices do not introduce mechanical energy into the con-
trolled structural system; rather they manipulate system
properties in an optimal manner to reduce the structural
response [1]. A semi-active system originates primarily
from a passive control system with an option to modify
its physical properties according to a prescribed con-
trol law.

Semi-active control systems were first studied for civil
engineering structures by Hrovat et al. [2] In other fields,
such as automotive vibration control, considerable
research has been done on semi-active systems [3,4]. A
number of devices are currently being studied in the area
of structural control, namely variable-stiffness devices,
controllable fluid dampers, friction control devices, fluid
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viscous devices, etc. Recent papers in this area provide
a state-of-the-art review on semi-active control devices
for vibration control of structures [5–7].

Tuned liquid column dampers (TLCDs) are a special
type of tuned liquid damper (TLD) that rely on the
motion of the liquid column in a U-shaped tube to
counteract the action of external forces acting on the
structure. The inherent damping is introduced in the
oscillating liquid column through an orifice. Sakai and
Takaeda [8] proposed the passive TLCD and carried out
experiments to validate the analytical model. Subsequent
numerical studies found TLCDs to be effective for wind
and earthquake loading [9,10]. Such studies mainly dealt
with passive versions of TLCDs with no option to con-
trol the damper characteristics. Recently, semi-active and
active TLCD systems have been proposed and studied
by Kareem [11], Haroun and Pires [12], Abe et al. [32]
and Yalla et al. [13]. In particular, Yalla and Kareem
[14] discuss acontrollable passivesystem in which the
headloss coefficient is changed adaptively in response
to change in excitation in order to maintain the optimal
damping in the TLCD.

In this paper, a variable-damping tuned liquid column
damper is studied in a semi-active framework. Different
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semi-active algorithms such as the clipped-optimal con-
tinuously varyingand on–off strategies are studied and
compared. Numerical examples are presented: the first
example examines a multiple-degree-of-freedom
(MDOF) system combined with a TLCD subjected to
harmonic excitation controlled using three types of con-
trol strategy: (1) full state feedback; (2) observer-based
feedback; and (3) fuzzy control. The second example
discusses an MDOF-TLCD system subjected to random
wind excitation controlled using full state feedback.
Finally, the effect of inclusion of TLCD orifice valve
dynamics on the response of the structure is examined.

2. Semi-active TLCD system

The equations of motion of the combined TLCD–
structure can be written as
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where

Xs displacement of the primary system
Xf displacement of the liquid in the damper
M s mass of the primary system
K s stiffness of the primary system
Cs damping coefficient of the primary system
kf “stiffness” of the liquid column (=2rAg)
mf mass of liquid in the tube (=rAl)
r liquid density
A cross-sectional area of the tube
wf natural frequency of the liquid damper

(=√kf/mf=√2g/l)
a length ratio (=b/l)
l length of the liquid column
b horizontal length of the column
g gravitational constant
F(t) external force acting on the primary mass.

The constraint in Eq. (1) is imposed because the U-
shaped configuration of the liquid column must be main-
tained in order for the damper to perform effectively
(i.e., fluid must remain in the vertical portions of the U-
shaped tube at all times).

The semi-active system described in this paper
requires a controllable orifice with negligible valve
dynamics whose coefficient of headloss (or the orifice

opening) can be changed continuously by applying a
command voltage (Fig. 1). The damping force is trans-
lated into an active force which controls structural
motions. Eq. (1) can be recast in an active control frame-
work as follows
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where the control force u(t) is given by

u(t)��
rAx(t)|Ẋf|

2
Ẋf. (3)

The coefficient of headloss is an important parameter
that is controlled by varying the orifice area of the valve.
In the case of a passive system, this headloss coefficient
is unchanged. The headloss through a valve/orifice is
defined as

hl�
xV2

2g
, (4)

where V is the liquid velocity and x is the coefficient of
headloss. The coefficients of headloss for different valve
openings are well documented for different types of
valves [15]. Most valve suppliers provide the character-
istic curves for orifice opening and the valve conduc-
tance (CV). The relationship between the headloss coef-
ficient (x) and the valve conductance (CV) is derived in
Appendix A for circular cross-sections.

The damping force in a semi-active TLCD can be
written as

Fig. 1. Semi-active TLCD–structure combined system.
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Fd(t)�
rAx(�, t)

2
|Ẋf(t)|Ẋf(t), (5)

where x(�, t) is the headloss coefficient, which is a func-
tion of the applied voltage � at a given time t. Eq. (5)
can be written as

Fd(t)�C̃(�, t)|V|V, (6)

where C̃(�, t)=[rAx(�, t)]/2 and V=Ẋf(t). This damper
system can be compared with a typical variable-damping
fluid damper. Semi-active versions of fluid viscous dam-
pers have been studied by Symans and Constantinou [16]
and Patten et al. [17], amongst others. The damping
force in such a system can be written as

F(t)�C(�, t)Ṽ, (7)

where C(�) is the damping coefficient, which is a func-
tion of the command voltage �, and Ṽ is the velocity of
the piston head. The damping coefficient is bounded by
a maximum and a minimum value and may take any
value between these bounds.

Comparing Eqs. (6) and (7), one can note the basic
similarities in the fundamental operation of these dam-
pers. However, there are some primary differences
between the two physical systems. In variable-orifice
dampers the fluid is viscous, usually some silicone-based
material, which is pushed through an orifice by a piston.
In the TLCD case, the liquid is usually water under
atmospheric pressure. Moreover, the damping introduced
by an orifice in a TLCD system is quadratic, whereas
the damping imparted by a fluid damper is linear [18].

3. Control strategies

Most semi-active devices (for e.g., MR and ER dam-
pers, semi-active TLCDs, etc.) are intrinsically non-lin-
ear, which makes it challenging to develop control stra-
tegies to optimally exploit their unique features. Some
of the common examples of such algorithms are sliding
mode control and non-linear H� strategies [19]. Another
innovative algorithm involving shaping of the force–
deformation loop in the variable damper is reported by
Kurino and Kobori [20]. Other researchers have used
fuzzy control schemes to effectively implement semi-
active control (e.g., [21,22]).

The first strategy considered in this paper is based on
LQR/LQG type control based on optimal control theory.
The negative sign in Eq. (3) ensures that the control
force is always acting in a direction opposite to the liquid
velocity. In the case that the liquid velocity and the
desired control force are of the same sign, Eq. (3)
implies that x is negative. Since it is not practical to have
a negative coefficient of headloss, the control strategy
sets it to xmin. The control force is regulated by varying
the coefficient of headloss in accordance with the semi-
active control strategy given as follows:

x(t)=−2u(t)/(rA|Ẋf|Ẋf)�xmax if (u(t)Ẋf(t))�0

x(t)=xmin if (u(t)Ẋf(t))�0
(8)

In a fully active control system, one needs an actuator
to supply the desired control force. In such a case, the
control force is not constrained to be in the opposite
direction to the velocity of the damper. Therefore, the
linear control theory is readily applicable to active con-
trol systems. In case of semi-active systems, however,
the proposed control law is a clipped-optimal control law
since it emulates a fully active system only when the
desired control force is dissipative [23,24]. Moreover,
the actual supplied control force is dependent on the
physical limitations of the valve used and the maximum
coefficient of headloss it can supply, which means that
there are bounds on the supplied control force, given as

��
rAxmin|Ẋf|

2
Ẋf��u(t)���

rAxmax|Ẋf|
2

Ẋf�. (9)

A slight variation of the above continuously varying ori-
fice control is the often used on–off control. Most valve
manufactures supply valves that operate in the bi-state:
fully open or fully closed. Such valves require a two-
stage solenoid valve. On the other hand, the continuously
varying control requires a variable damper which utilizes
a servovalve. This servovalve is driven by a high
response motor and contains a spool position feedback
system, and therefore is more expensive and difficult to
control than a solenoid valve. The on–off control is sim-
ply stated as

x(t)=xmax if (u(t)Ẋf(t))�0

x(t)=xmin if (u(t)Ẋf(t))�0
(10)

xmin can be taken as zero because this corresponds to the
fully opened valve. It can be expected that a small value
of xmax will result in a lower level of response reduction.

Another common control strategy applicable to semi-
active systems is fuzzy control. The basic idea behind
fuzzy logic is that it allows a convenient way of rep-
resenting input–output mapping in terms of human
reasoning using verbose statements rather than math-
ematical equations. The whole process of fuzzy logic can
be summarized as follows [25]: first the input and output
variables are defined according to their respective uni-
verse of discourse (in a non-fuzzy crisp number system).
The fuzzy sets are defined for each variable in terms of
membership functions. These can be some mathematical
functions (e.g., Gaussian, trapezoidal, etc.) and corre-
spond to some state of the variable (e.g., small, large,
etc.). The next step is to define a fuzzy rule base in terms
of IF…THEN rules which relates the input and output
in terms of verbal statements. Then the fuzzy logic goes
through a series of processes starting with fuzzification
where the crisp numbers are converted to fuzzy numbers,
fuzzy implication where the inputs are mapped to output



1472 S.K. Yalla et al. / Engineering Structures 23 (2001) 1469–1479

membership functions, fuzzy aggregation where all out-
put sets are combined into a single fuzzy output, and
finally defuzzification where the fuzzy output is transfor-
med back to a crisp number.

In order to formulate the system in state space, Eq.
(2) can be written as

Mẍ(t)�Cẋ(t)�Kx(t)�E1W(t)�B1u(t), (11)

which can be expressed in the state-space form as fol-
lows

Ẋ�AX�Bu�EW, (12)

where

X��x

ẋ
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E��0
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E1 and B1 are the control effect and loading effect matr-
ices, respectively. The states of the system are the dis-
placements and velocities of each lumped mass of the
structure and the displacement and velocity of the liquid
in the TLCD. The measurements of building response
can be expressed as

Y�CX�Du�FW, (13)

where C=[I], D=[0] and F=[0] in the case of full state
feedback. The desired optimal control force is generated
by solving the standard LQR problem. The control force
is obtained as follows

u��KgX, (14)

where Kg is the control gain vector, given as

Kg�R−1BTP, (15)

and P is the Riccati matrix obtained by solving the
matrix Riccati equation

PA�PB(R−1BTP)�ATP�Q�0, (16)

where Q and R are the control matrices for the LQR
strategy. A schematic diagram of the control system is
depicted in Fig. 2. The control performance of each strat-
egy is evaluated under prescribed criteria. For this pur-
pose, appropriate performance indices concerning the
root-mean-square (RMS) displacements (y) and acceler-
ations (ÿ) of the structure and the effective control force
(u) are defined below

Fig. 2. Schematic of control system.

J1�
(RMSyunco−RMSyco)

RMSyunco
; (17)

J3�
(RMSÿunco−RMSÿco)

RMSÿunco

; Ju�RMSu,

where subscripts unco and co are used to distinguish
between uncontrolled and controlled cases.

In actual practice, it is more realistic to consider a few
noisy measurements that are then used to estimate the
system states. The standard stochastic LQG framework
is used for estimation [26]. In a stochastic framework,
the measurements are given as

Y�CX�Du�FW�n, (18)

where n is the measurement noise which is invariably
present in all measurements. From the measurements,
the states of the system X̂ can be estimated using an
observer

X
˙̂
�AX̂�Bu�L(Y�CX̂�Du), (19)

where L is determined using standard Kalman filter esti-
mator techniques. The optimal control is then written by

u��KgX̂, (20)

where Kg is the optimal control gain matrix obtained by
solving the standard LQR problem as discussed pre-
viously. Substituting Eq. (20) into Eq. (19), the closed-
loop form can be obtained as:

X
˙̂
�(A�BKg�LC�LDKg)X̂�LY. (21)

4. Example 1: MDOF system under harmonic
loading

The first example, taken from Soong [27], is an
MDOF-TLCD system as shown in Fig. 3. The lumped
mass on each floor is 131,338.6 tons and the damping
ratio is assumed to be 3% in each mode. The natural
frequencies are computed to be 0.23, 0.35, 0.42, 0.49
and 0.56 Hz. A vector of harmonic excitation is defined:
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Fig. 3. Schematic of 5DOF building with semi-active TLCD on
top story.

W(t)�a cos(wt)�b cos(2wt)�c cos(3wt) (22)

�d sin(4wt),

where w=1.47 rad/s (=first natural frequency of the
structure), and the values of a, b, c and d and the stiff-
ness matrix of the structure are given in Appendix B.
The excitation acts at a frequency equal to the first natu-
ral frequency of the structure. The semi-active TLCD is
placed on the top floor of the building. The TLCD is
designed such that the ratio of the TLCD liquid mass to
the first generalized mass of the building is 1%, the
length ratio a=0.9 and xmax=15. Three cases of control
strategies are considered: (1) full state feedback; (2)
acceleration feedback; and (3) fuzzy controller using
two measurements.

Fig. 4. Variation of performance indices with maximum headloss
coefficient.

4.1. Full state feedback LQR strategy

The first strategy assumes that all states are available
for feedback (total of 12 measurements). The control
gains are calculated using Eq. (14). Fig. 4 shows the
parametric variation of J1, J2 and Ju as a function of xmax.
This can be understood from Eq. (9), which implies that
the applied control force is constrained by xmax. There
are minor reductions in the response after a certain value
of xmax. This means that satisfactory control results can
be achieved by choosing a valve that may have a limited
range of headloss coefficients.

Fig. 5 shows the response of the top floor of the struc-
ture under various control strategies. One can note that
the continuously varying and on–off strategies give simi-
lar reductions in response. This can be explained by

Fig. 5. Displacement of top floor under various control strategies.
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Fig. 6. Variation of headloss coefficient with time.

examining Fig. 6. The profiles of the variation in head-
loss coefficient as a function of time are similar for the
two strategies. The continuously varying control gives
flexibility in the headloss coefficient. However, the satu-
ration bound introduces a clipping effect similar to on–
off control and therefore, in this case, the advantage of
the continuously varying control strategy is lost. Fig. 7
shows the RMS displacement of the floor displacements
and accelerations, maximum story shear and maximum

Fig. 7. Variation of RMS displacements, RMS accelerations, maximum story shear and maximum inter-story displacements.

inter-story displacements under various control stra-
tegies.

4.2. Observer-based LQG strategy

In the previous case, it was conveniently assumed that
all the states are available for feedback. However, in
practice only a limited number of measurements are
feasible. In this case, we assume that the floor acceler-
ations and the liquid level (displacement of the liquid)
are measured. This implies that there is a total of six
measurements (five accelerations and one liquid
displacement). The measurement noises are modeled as
Gaussian rectangular pulse processes with a pulse width
of 0.002 s and a spectral density amplitude of 10�9

m2/s3/Hz. A comparison of the various strategies using
observer-based LQG control is presented in Table 1. The
response reduction is similar to the results obtained using
the LQR control.

4.3. Fuzzy control strategy

In this section, a fuzzy controller is designed based
on an on–off control strategy utilizing a limited set of
measurements. The main focus is to demonstrate that a
relatively simple intuitive control law can be generated
using knowledge of the system dynamics. In this case,
the relative importance of each state in the system is
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Table 1
Comparison of various control strategies: Example 1

Control case RMS displacement RMS acceleration RMS control force, Ju Number of
(cm) and (J1, %) (cm/s2) and (J3, %) (kN) measurements

Uncontrolled 14.21 30.78 – –
Passive TLCD 4.82 (66.08) 10.72 (65.17) – –
Active case 2.92 (79.45) 6.67 (78.33) 188 [Eq. (14)] 12
Continuously varying 3.03 (78.68) 6.81 (77.88) 171.6 [Eqs. (3) and (8)] 12
On–off control 3.35 (76.43) 7.43 (75.86) 203.1 [Eqs. (3) and (10)] 12
Continuously varying — observer based 3.21 (77.41) 7.58 (75.37) 70.4 [Eqs. (3) and (8)] 6
On–off control — observer based 3.13 (77.97) 8.43 (72.61) 170.7 [Eqs. (3) and (10)] 6
Fuzzy control 3.81 (73.18) 8.68 (71.8) 256.2 [Eqs. (3) and (25)] 2

weighted. The control force is then represented as a ser-
ies of control terms which are subsequently discarded in
actual implementation based on their relative weighting.
One can rewrite the control force, in a state feedback
scheme, in the following form:

u���N
i�1

kiXi, (23)

where Kg=[k1k2…ki…kN] is the control gain vector
obtained using Eq. (14). Depending on the weighting of
the individual terms in the control force, one can write
a sub-optimal control law of the form:

u��klXl, (24)

where l is the subscript for the largest weighted state,
i.e., the state which contributes the most to the control
force in Eq. (23). Fig. 8(a) shows the plot of the relative
weighting of the control gain vector of the different
states. It is noted that the maximum contribution comes
from the displacement of the top floor of the building,
i.e., Xl=X1. The fuzzy controller implemented here is
based on a modification of the on–off control law given
in Eq. (10):

x(t)=xmax if (Xl(t)Ẋf(t))�0

x(t)=xmin if (Xl(t)Ẋf(t))�0
(25)

From the control law given in Eq. (25), the inputs to the
fuzzy controller are the displacement of the top story
and the velocity of the damper. The output of the fuzzy
controller is the coefficient of headloss. For each input
and output, five trapezoidal membership functions corre-
sponding to the NL (Negative Large), NS (Negative
Small), ZO (Zero), PS (Positive Small) and PL (Positive
Large) states are defined. The rule base of the controller
was set up so that it emulated Eq. (25). The centroid
method was chosen as the defuzzification method for
obtaining the crisp output. The fuzzy controller was
designed using MATLAB and its associated Fuzzy
Logic Toolbox [28]. One can note that this strategy uses
only two measurements as compared to the 12 measure-
ments in the full state feedback case and six measure-

Fig. 8. (a) Comparison of control gains associated with each state;
(b) control surface of fuzzy controller.
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ments in the observer-based control case. Fig. 8(b) shows
the fuzzy rule-base surface for the control law defined
in Eq. (25), clearly showing the on–off nature of the
algorithm.

5. Example 2: MDOF system under random wind
loading

In this next example, we once again consider an
MDOF-TLCD system which represents a high-rise
building subjected to alongwind aerodynamic loading.
The building dimensions are 31 m×31 m in plan and 183
m tall. The structural system is lumped at five levels and
the eigenvalues of this building are found to be 0.2,
0.583, 0.921, 1.182 and 1.348 Hz. The modal damping
ratios are 1%, 1.57%, 2.14%, 2.52% and 2.9%. The
description of the wind loading and the structural system
matrices for mass, stiffness and damping are given in Li
and Kareem [29]. The semi-active TLCD is placed on
the top floor of the building with similar parameters as
in Example 1.

Using a multivariate simulation [30], wind loads were
simulated at five levels, as shown in Fig. 9(a). Two types
of semi-active strategy, namely the continuously varying
and the on–off type controls, are examined. The LQR
method, as described in the earlier section, is used to
determine the control gains. It is assumed that all states
are available for feedback.

The results are summarized in Fig. 9(b) and (c) and
Table 2. As seen from Table 2, the semi-active strategies
provide an additional 10–15% reduction over passive
systems. Table 2 also shows how the two semi-active
strategies deviate from the optimal control force. One
can observe the sub-optimal performance of these
schemes, in that they apply sub-optimal control force to
the system, which leads to lesser response reduction than
in the active case. In the case of the semi-active system,
the applied control force is generated using a control-
lable valve which can be operated using a small energy
source such as a battery.

6. Modeling valve dynamics

In the previous examples, the valve dynamics was
excluded and an assumption of perfect tracking of the
commanded voltage was invoked. However, in reality,
the valve has its own dynamics which can affect the
behavior of the damper if not properly modeled. The
valve dynamics can be included in the overall system
by measuring the valve–system response and fitting a
model accordingly.

For example, experimental tests may yield a step
response from which a second-order transfer function

Fig. 9. (a) Wind loads acting on each lumped mass, (b) displacement
and (c) acceleration of top level under various control strategies.

can be modeled that represents the valve dynamics. The
transfer function can be written as (e.g., [31]):

H(s)�w2
v/(s2�2wvzvs�w2

v). (26)

Two cases are considered here. The first case involves
a highly oscillatory response and a slow settling time for
which the parameters of the model are taken as wv=20
rad/s and zv=0.3, and the second case represents a
damped response and a fast settling time with parameters
wv=200 rad/s and zv=0.7, respectively. The step response
for each case and the resulting response of the top story
are shown in Fig. 10(a) and (b). It is seen that the valve
with fast dynamics has no effect on the response (error
of 0.33% in RMS displacement response) while for the
case in which the valve dynamics are slow and oscillat-
ory, the effects are perceptible (error of 1.65% in RMS
displacement response). Therefore, depending on the
valve dynamics, one may or may not choose to include
it in the overall system model.
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Table 2
Comparison of various control strategies: Example 2

Control case RMS displacement (cm) and (J1, %) RMS acceleration (cm/s2) and (J3, %) RMS control force, Ju (kN)

Uncontrolled 7.05 10.61 –
Passive TLCD 5.24 (25.6) 7.63 (28.0) –
Continuously varying 4.84 (31.2) 6.84 (35.3) 79.8 [Eqs. (3) and (8)]
On–off control 4.83 (31.2) 6.84 (35.3) 79.9 [Eqs. (3) and (10)]
Active control 2.51 (64.4) 4.87 (55.0) 133.8 [Eq. (14)]

Fig. 10. (a) Step response for two different cases of valve dynamics;
(b) effect on response of top story.

7. Concluding remarks

The following conclusions can be drawn from the
study reported here.

1. The numerical simulations show that semi-active stra-
tegies provide a larger reduction in response than the
passive systems. The power requirements for semi-
active systems are negligible and the valve can be
actuated by battery power. The efficiency of the

observer-based control strategy is shown where floor
accelerations and liquid displacement are used as
feedback variables. Numerical examples show that
semi-active strategies provide better response
reduction than passive systems for both random and
harmonic excitations. In the case of harmonic loading
the improvement is about 25–30%, while for random
excitation the improvement is about 10–15%.

2. It is shown that the continuously varying semi-active
control algorithm does not provide a substantial
improvement in response reduction over the relatively
simple on–off control algorithm.

3. Saturation is reached after a certain value of the
maximum headloss coefficient. After this point, there
is minor response reduction. This means that a valve
which has a very high range of headloss coefficient
may perform similar to a valve with a limited range
of headloss coefficient.

4. Fuzzy control strategies can be implemented to obtain
non-linear, intuitive, rule-based control objectives. In
particular, the number of states to be measured can
be reduced by understanding the dynamics of the sys-
tem and taking note of the states which contribute
significantly to the control force.
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Appendix A. Relation between Cv and x

Most valve suppliers provide a different measure of
flow characteristic than the headloss coefficient (x) used
in our paper. The commonly used measure is the valve
conductance, which is defined as the mass flow of liquid
through the valve, given by

Q�CV		p
h

, (A1)

where Q is the mass flow (kg/s); CV is the valve conduc-
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tance (m2); h is the specific volume of the liquid (m3/kg);
and 	p is the pressure drop across the valve (Pa). The
valve conductance is usually supplied in British rather
than SI units. The parameter C̃V̂ in gal/min/(psi)1/2 can
be related to C̃V̂ by the equation:

CV�2.3837
10−5C̃V. (A2)

We can write the equation for the pressure loss as

	p�
ghl

h
. (A3)

Subsitituting Eq. (4) for the headloss across the valve
gives

	p�
xV2

2h
, (A4)

so Eq. (A1) can be rewritten as follows:

	p�
hQ2

C2
V

. (A5)

The flow through the pipe of diameter D is given by:

Q�
AV
h

�
pD2

4h
V. (A6)

Comparing Eqs. (A4), (A5) and (A6), we obtain:

x�
p2D4

8C2
V

. (A7)

Appendix B. Building parameters

The building stiffness matrix is given as:

K�

4.5
0.0254�

2000 −1000 0 0 0

−1000 4800 −1400 0 0

0 −1400 6000 −1600 0

0 0 −1600 6600 −1700

0 0 0 −1700 7400

� kN/m

and the excitation parameters in Eq. (22) are given as:

a�4.5�
675.45

700.45

615.15

555.25

475.05

� kN;

b�4.5�
0.3

375

284.5

175.3

15.1

� kN;

c�4.5�
735.5

655.15

564.45

690.15

18.6

� kN;

d�4.5�
180.5

35.5

425.0

280.0

650.05

� kN.
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