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Abstract. This paper focuses on the vibration control of long-span reticulated steel structures under multi-
dimensional earthquake excitation. The control system and strategy are constructed based on Magneto-
Rheological (MR) dampers. The LQR and Hrovat controlling algorithm is adopted to determine optimal MR
damping force, while the modified Bingham model (MBM) and inverse neural network (INN) is proposed to
solve the real-time controlling current. Three typical long-span reticulated structural systems are detailedly
analyzed, including the double-layer cylindrical reticulated shell, single-layer spherical reticulated shell, and
cable suspended arch-truss structure. Results show that the proposed control strategy can reduce the displacement
and acceleration effectively for three typical structural systems. The displacement control effect under the
earthquake excitation with different PGA is similar, while for the cable suspended arch-truss, the acceleration
control effect increase distinctly with the earthquake excitation intensity. Moreover, for the cable suspended
arch-truss, the strand stress variation can also be effectively reduced by the MR dampers, which is very
important for this kind of structure to ensure that the cable would not be destroyed or relaxed.

Keywords: vibration control; reticulated steel structure; MR damper; semi-active control; earthquake
excitation

1. Introduction

With the development of the economy and the construction technology, there have been great

improvements in long-span reticulated steel structures for their reasonable structural system, strong

spanning ability and spatial diversity. They are widely used in the public buildings such as gymnasiums,

museums, opera houses, waiting halls and industrial constructions like long-span workshops and

airplane hangars. At present, the reticulated steel structure has various kinds of styles, including

traditional structural systems such as cylindrical or spherical reticulated shells (Shen et al. 2004, Fan

et al. 2010, Lopez et al. 2007), and a few cable-stayed structures, such as cable suspended arch-truss

(Saitoh et al. 1999, Wu 2008, Xue et al. 2009).

The researches of the Northridge and Kobe earthquake showed that long-span steel structure could

also be destroyed severely in the high intensity earthquake (Michel 1995). How to reduce the seismic

response of them obtains more and more emphasis of scholars and engineers. Up to now, there have
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been many researches about the passive control on the long-span steel structures. Motohiko et al.

(1996) used TMD system to reduce the response of the long span spatial structure under the

earthquake. Iwata et al. (1999) put several viscoelastic dampers to the base of the reticulated shell

to absorb the earthquake energy and reduce the structural seismic response. For the limited control

range and effect of passive control method, some scholars focused on the semi-active and intelligent

control. Onoda et al. (1996) studied the semi-active control in the space truss structure with the

electro-rheological damper and results showed that this kind of control strategy is effective and

applicable. Zhang et al. (2001) developed a theory that some bottom chords are replaced with

controllable chords to conduct semi-active control strategy in reticulated shell structures. 

In recent years, the magneto-rheological (MR) damper has become one of the most successful

semi-active control methods, and has attracted much attention of many scholars and engineers.

Some experiment studies has shown that MR dampers can effectively control the structural response

under earthquake excitations, and the proposed control algorithm can be simulated effectively by the

numerical analysis (Dominguez et al. 2008, Wu et al. 2010, Yang et al. 2011). More researches

adopted numerical analysis to investigate the semi-active control effect using MR dampers for various

kinds of multi-storey or bridge structures (Huang et al. 2012, Jung et al. 2008, Ying et al. 2009,

Kim et al. 2011, Bitaraf et al. 2010, Erkus et al. 2002). However, there are few researches on the

seismic control of long-span reticulated steel structures based on MR dampers. In this paper, the

long-span reticulated structures are taken as controlled system based on MR dampers. The LQR and

Hrovat controlling algorithm is adopted to determine optimal MR damping force, while the modified

Bingham model (MBM) and inverse neural network (INN) is proposed to solve the real-time

controlling current. Three typical long-span reticulated structural systems are detailedly analyzed

under multi-dimensional earthquake excitation. 

2. Mechanical model of MR dampers

2.1. Modified bingham model

The mechanical model which is generally used for MR dampers includes the Bingham model and

Bouc-Wen hysterisis model. Bingham model can fit well the force-displacement response of MR

dampers, while not efficient for the nonlinear response of force-velocity, especially when the velocity

is very small and the displacement is in the same direction with the velocity. Bouc-Wen hysterisis

model introduces two inner variables and constructs a differential equation model including 14

parameters, which can fit well the experimental data. However, this model is very complex and

involves many parameters, and moreover the physical concept is not very clear. In this paper, based

on Bingham model and considering the three-stage constitutive relation of pre-yielding, yielding and

post-yielding, a modified Bingham model (MBM) is adopted, which can not only describe the

character of MR dampers under time-dependent current, but also possess a relatively simple formulation

and fewer parameters.

As shown in Fig. 4, MBM is constructed by contacting Bingham element (combined by coulomb

friction element and viscosity element) and a spring element. The spring element can be considered

as the equivalent axial stiffness including energy accumulator stiffness and the pre-yielding shear

modulus of the MR liquid. Then, the damping force of MBM can be expressed as
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(1)

Where Cd is the viscosity damping coefficient; Fd(E) is the controlling coulomb damping force relevant

to the current intensity; e is the displacement of Bingham element; x is the total displacement of the

damper; Kd is the equivalent axial stiffness of the damper, relevant to the initial pre-yielding shear

modulus and energy accumulator stiffness; f0 is the output damping force error caused by energy

accumulator.

Considering the influence of current intensity on model parameters, Cd, Fd and Kd are all relevant

to the current intensity, as following

, ,   (2)

(3)

Where Cds, Fds and Kds are the viscosity damping coefficient, coulomb damping force, and equivalent

axial stiffness under zero magnetic field intensity; u is an inner parameter, reflecting the relation of

model parameters and current intensity; η reflects the response time of the damper; I denotes the

current intensity. Therefore, 8 parameters (Cds, Fds, Kds, Cdd, Fdd, Kdd, f0, η) should be determined in

MBM. 

2.2 Inverse neural network for current solving

In the actual control, the current of MR dampers should be solved from the displacement, velocity,

and the optimized controlling force. This is an inverse process of the mechanical model of MR

dampers. Since the strong nonlinear character of the mechanical model, it is very difficult to establish a

mathematical model to describe the inverse dynamic relation between damping force and current.

Neural network has been proved to be effective to simulate the model with strong nonlinearity.

Therefore, the inverse neural network (INN) model is used to solve the current of dampers in this

paper. The control strategy of INN is shown in Fig. 2.

The modeling process of INN needs the displacement, velocity, current and corresponding controlling

force solved by the mechanical model of MR dampers, and then the INN is trained with the output

is current while the input is displacement, velocity, and controlling force. The essence of INN training

process is the input-output mapping described in Eq. (4)

F t( ) Cde
· Fd E( )sgn e·( ) f0–+ Kd x e–( ) f0–= =

Cd Cds Cddu+= Fd Fdss Fddu+= Kd Kdss Kddu+=

u· η u I–( )–=

Fig. 1 Construction of MBM (Modified Bingham Model)
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(4)

Where I(t) is the input current at time t; θ is the weight vector and the weight coefficient is obtained by

training. The output vector ϕ is

(5)

Where x is the displacement of the damper; F is the damping force.

In this paper, the MBM described in section 2.1 is adopted to produce the forward training data,

while the Back Propagation (BP) neural network is used to construct the INN structure. The parameters

of MBM is Cds = 100 N·s/mm, Fds = 5400 N, Kds = 9000 N/mm, Cdd = 800 N·s/mm, Fdd = 4950 N, Kdd

= 8000 N/mm, f0 = 0 N, η = 167 s-1. The input and output data is produced by MBM, the sampling

frequency is 500 Hz and the sampling time is 10 s. 5000 groups of data are selected, in which the

former 2000 groups are used to training INN and the latter 3000 groups are used as testing data. As

shown in Fig. 3, the INN is trained through 300 steps and the performance is near 2.45×10-5. Fig. 4

I t( ) g ϕ θ,( )=

ϕ t( ) x t( );x t 1–( );x t 2–( );F x( ) F x 1–( ); ;F x 2–( )[ ]=

Fig. 2 The control strategy of INN model

Fig. 3 Training process of INN
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shows the comparison of MB model values and INN predicted values. It can be seen that the proposed

INN model can predict the current accurately according to the displacement of MR dampers.

3. Semi-active control strategy based on LQR

The objective of the control strategy is to determine the real-time control force according to the

structural response under seismic excitation. There are some available control methods including

linear quadratic regulator (LQR), linear quadratic gaussian (LQG), fuzzy logic control, and sliding

model control, etc. Among these methods, LQR control method is the most widely used, because it

has been well developed and verified to have stable control effect as well as simple formulations by

a great deal of theoretical and experimental research. Therefore, the proposed semi-active control

strategy in this paper is constructed based on LQR method.

3.1 Basic equations

The motion equation of long-span reticulated structures under the earthquake can be expressed as

following

(6)

Where, M, C, K are the mass matrix, damp matrix and stiffness matrix of cable-arch structures,

respectively; X, ,  are the vector of the structural displacement, velocity and acceleration,

respectively;  is the earthquake acceleration; Bs is the controlling force location matrix; U is the

vector of the controlling force.

Eq. (6) can be rewritten with the state equation format as following

(7)

Where, A is the system matrix, B is the controlling instrument location matrix, D is the vector of the

earthquake excitation, as follows

MX
··

CX
·

KX+ + MEgx
··
g BsU+–=

X
·

X
··

x··g

Z
·

AZ BU Dx··g+ +=

Fig. 4 Prediction results of INN
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, ,    

The long-span reticulated structure is not the same as the planar high-rise building, since the

controlling force provided by MR dampers is spatial, and the three spatial components of the force

is relevant to each other, which is also relevant to the angle of MR dampers. Supposing that n dampers

are laid on the structure, the position matrix of the controlling force can be describe as following 

Where α, β, γ are the angle of MR dampers in x, y, z direction.

The quadratic form integration of system state Z and controlling input U are selected as the performance

index

(8)

Then, the problem is transformed into: solving the optimum controlling force U to minimization the

performance index. According to the Lagrange multiplier method, multiplier vector  are

introduced, and Eq. (8) are transformed into non-constraint functional extreme value problem. The

Lagrange function is as following: 

(9)

3.2 The optimal control solution

Hamilton function H (Z, U, λ) is

(10)

Substitute Eq. (10) into Eq. (9)

(11)

A
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Considering the first order micro, the variational increment relationship can be obtained as

(12)

For the randomicity of the δZ, δU and δλ, the necessary condition of minimization of function L

can be obtained by δL = 0

(13)

Substitute Eq. (13) into Eqs. (9) and Eq. (10), the following equations can be obtained

(14)

(15)

Since R is positive definite, thus

(16)

The linear transformation relation of λ(t) and Z(t) can be then established. Suppose

(17)

Substitute Eq. (17) into Eq. (16)

(18)

The optimal state feedback gain matrix can be obtained as following

(19)

(20)

According to Eq. (17)

(21)

For the randomicity of Z, the Riccati equation with P as matrix function is as following

(22)

By solving Riccati equation, matrix P can be obtained. The feedback gain matrix G can be solved

according to Eq. (19). Finally, the optimal controlling force U can be obtained according to Eq. (20).

3.3 Semi-active controlling algorithm

Since the MR damper supplies the structural damping force by changing the magnetic field intensity,

it could not supply the real-time optimal active controlling force solved by Eq. (23), and could only

δL δLz δLU δLλ+ + δZ
T ∂H
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make the real controlling force close to the theoretically optimal force under maximum available

force limit by adjusting the damper parameters. There are three common-used semi-active control

algorithms to solve this problem: Bang-Bang, optimal Bang-Bang, and limited Hrovat. Among these

three methods, Bang-Bang and optimal Bang-Bang make the control force be only two possible

values: maximum or minimum damping force. Limited Hrovat can realize the optimal control force

solved by LQR under the limit of minimum and maximum damping force. Therefore, the limited

Hrovat controlling algorithm is adopted here to determine the real controlling force provided by MR

dampers, as following

Fdi = (23)

Where, fd max and fd min are the maximum and minimum damping forces provided by the electrical

current;  is the velocity response of the structure; ui is the optimal controlling force solved by the

LQR control strategy;  is the viscosity damping force of the MR damper; Fd max is the maximum

total damping force of the MR damper. 

4. Numerical examples

4.1 Double-layer cylindrical reticulated shell

Fig. 5 shows the model of a typical double-layer cylindrical reticulated shell structure, with the

span 35 m, length 60 m, and rise 4 m. The members of the structure are all made of steel tube with

the section φ 95.0×4.0 mm and elastic modulus 2.0×105 N/mm2. The structural damping ratio is 0.02

and the additional distributed mass of the structure is 200 kg/m2. As shown in Fig. 5, totally 39 MR

dampers are laid along the bolded line of the structural model with the maximum damping force

200 kN. The location and number of the dampers are determined according to the comparison of

several common-used empirical layout schemes for dampers (same for the numerical examples in

section 4.2 and section 4.3). The EL-Centro earthquake wave with the peak value amplitude (PGA)

400 gal is input into the structure along x-direction, and the PGA of y-direction and z-direction are

reduced by 15% and 35%. The semi-active control method presented in this paper are adopted to

cdsx
·
i fd max+ sgn x· i( )  uix

·
i 0且 ui Fd max> >( )

ui sgn x· i( )                uix
·
i 0且 ui Fd max> >( )

cdsx
·
i fd min+ sgn x· i( )  uix

·
i 0≥( )⎩

⎪
⎨
⎪
⎧

x· i
cdsx

·
i

Fig. 5 Structural model of the double-layer cylindrical reticulated shell structure
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controlled the structure on the Matlab/Simulink platform. Two nodes (147 and 150) and one MR

damper (MRD5) are selected to show the analytical results.

The z-direction displacement, acceleration of the Node 150 and the controlling force, current of

MRD-5 are shown in Figs. 6 and 7. It can be seen that in the whole vibration process, the response

of the controlled structure is always less than the one of the uncontrolled structure, showing that the

semi-active control strategy can steadily controlled the double-layer cylindrical reticulated shell

structure under three-dimensional earthquake excitation. As shown in Fig. 7, the real-time feedback

from controlling force to current can be simulated by INN model, which can provide the accordance

for the controlling terminal in actual engineering. 

To evaluate the controlling effect of MR dampers, the peak value control effect parameter β1 and

root-mean-square (RSM) control effect parameter β2 are defined as

(24)

(25)

β1

yu

P
yc

P
–

yu

P
--------------- 100%×=

β2

yu

RSM
yc

RSM
–

yu

RSM
------------------------- 100× %=

Fig. 7 Controlling force and current of damper MRD-5

Fig. 6 Displacement and acceleration of node 150
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Where, yu
P and yc

P are the uncontrolled and controlled peak value;  and  are the uncontrolled

and controlled RSM value, respectively.The displacement, acceleration and control effect of Node 147

and Node 150 are shown in Table 1. It can be seen that the structural vibration can be effectively

reduced by MR dampers. The maximum and minimum displacement peak value control effect is 77.8%

and 52.2%, while the one for acceleration is 81.2% and 58.1%. The RSM control effect is greater than

the one for peak value, which is 81.9% for maximum displacement control effect and 89.87% for

maximum acceleration control effect.

4.2 Single-layer spherical reticulated shell

Fig. 8 shows the model of a Kewitte-6 type single-layer spherical reticulated shell structure, with

the span 50 m, rise 10 m and rise-span ratio is 0.2. The members of the structure are all made of

steel tube with the section φ133.0×4.0 mm and elastic modulus 2.0×105 N/mm2. The structural

damping ratio is 0.02 and the additional distributed mass of the structure is 200 kg/m2. Totally 127

welded ball nodes and 342 members are adopted. As shown in Fig. 8, MR dampers are laid along the

bolded line of the structural model. The El-Centro earthquake wave with the peak value amplitude

(PGA) 100 gal and 400 gal are respectively input into the structure along x-direction, and the PGA

of y-direction and z-direction are reduced by 15% and 35%. The displacement and acceleration of

Node 1 and Node 11 is selected to evaluate the control effect of MR dampers.

The z-direction displacement, acceleration of the Node 1 are shown in Fig. 9 and Table 2 shows

the peak value control effect of the single-layer spherical reticulated shell under El-Centro record. It

can be seen that the controlled displacement and acceleration are both less than the uncontrolled

yu

RSM
yc

RSM

Fig. 8 Structural model of single-layer spherical reticulated shell

Table 1 Control effect of the double-layer cylindrical reticulated shell

node
direction of
 freedom

displacement / mm acceleration /m·s-2

peak value RSM value peak value RSM value

yu
P yc

P β1 (%) yu
RSM yc

RSM β2 (%) yu
P yc

P β1 (%) yu
RSM yc

RSM β2 (%)

147

x 3.39 1.62 52.20 0.91 0.27 70.30 3.95 1.64 58.40 0.69 0.17 75.36

y 7.61 1.76 76.90 1.71 0.33 80.70 9.46 1.78 81.20 2.27 0.23 89.87

z 8.42 2.35 72.10 2.32 0.42 81.90 6.96 2.57 63.00 1.67 0.34 79.64

150

x 6.98 2.93 58.00 1.48 0.52 64.90 5.52 2.32 58.10 1.01 0.25 75.25

y 7.61 1.69 77.80 1.71 0.38 77.78 9.48 2.50 73.60 2.27 0.33 85.46

z 22.9 8.47 63.00 4.95 1.58 68.10 13.29 5.47 58.80 3.27 0.69 78.90
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ones. The maximum displacement and acceleration control effect are 49% and 38.5% for peak value,

50.42% and 48.3% for RSM value. The x-drection and z-direction control effect is better than the y-

direction one, since the y-direction response is distinctly less than the other two direction responses.

The LQR optimal control strategy is a linear optimal algorithm based on the global stage of the

system. The basic principle is that when the system deviates from the balance state, the controlling

force is determined based on the minimum enery target to make the system recovering to the balance

state. Therefore, the optimal controlling force is more influenced by the x-direction and z-direction

resoponses, and then the y-direction control effect is relatively small. 

Compared with the numerical example in section 4.1 and section 4.3, the control effect of single-

layer spherical reticulated shell is relatively smaller. There are two possible reasons. First, the spherical

reticulated shell has greater spatial effect for its grid layout, while the cylindrical reticulated shell

and arch-truss are more close to plane arch structure (which can be seen that the vertical displacement of

mid-span node are distinctly larger than the horizontal displacement for cylindrical shell and arch-

truss). Therefore, the spherical reticulated shell possesses more complex spatial vibration modes and

Table 2 Control effect of the single-layer spherical reticulated shell under El-Centro record

controlling 
effect 

node
direction of
 freedom

El-Centro (100 gal) El-Centro (400 gal)

yu
P yc

P β1 (%) yu
RSM yc

RSM β2 (%) yu
P yc

P β1 (%) yu
RSM yc

RSM β2 (%)

displace-
ment/mm

1

x 1.10 0.82 25.50 0.38 0.25 34.20 4.42 3.41 22.90 1.52 1.01 33.55

y 0.70 0.57 18.60 0.22 0.17 22.70 2.80 2.29 18.20 0.88 0.69 21.60

z 0.98 0.50 49.00 0.3 0.15 50.00 3.91 2.00 48.80 1.19 0.59 50.42

11

x 2.43 1.69 30.50 0.68 0.45 33.80 9.71 6.74 30.60 2.70 1.82 32.60

y 0.74 0.65 12.20 0.20 0.15 20.00 2.96 2.58 12.80 0.89 0.67 24.72

z 3.30 2.25 31.80 0.91 0.61 33.00 13.21 8.99 31.90 3.65 2.46 34.50

accelera-
tion/m·s-2

1

x 0.61 0.49 21.00 0.21 0.13 38.09 2.46 1.94 21.00 0.84 0.54 35.70

y 0.40 0.35 13.90 0.13 0.10 23.07 1.61 1.39 13.80 0.52 0.39 25.00

z 1.11 0.69 38.50 0.29 0.15 48.30 4.45 2.74 38.40 1.17 0.63 46.15

11

x 1.54 1.07 30.30 0.42 0.25 40.48 6.14 3.86 37.20 1.67 1.02 38.92

y 0.52 0.45 13.30 0.14 0.11 21.43 2.07 1.80 13.40 0.57 0.45 21.05

z 2.06 1.53 25.80 0.57 0.35 38.60 8.26 6.13 25.80 2.28 1.42 37.72

Fig. 9 Z-direction displacement and acceleration of Node 1 under 400 gal PGA El-Centro record



568 Zhen Zhou, Shao-ping Meng, Jing Wu and Yong Zhao

is more difficult to achieve greater control effect. On the other hand, the MR damper layout in this paper

is an empricial scheme. Actually, the location and number of MR dampers could have great influence on

the control effect, which need to be optimized using appropriate method in the funture study. 

As shown in Table 2, the control effect under 100 PGA and 400 PGA El-Centro recored is very

similar, shows that the semi-active control has stable control effect for the single-layer spherical

reticulated shell structure under different PGA earthquake excitation.

4.3 Cable suspended arch-truss structure

Cable suspended arch-truss structure is a new type of long-span steel structure consisting of strut,

high stress strand and the arch-truss. It could reduce the steel consumption and increase the

spanning ability by full exerting the advantages of the arch structure and prestressed cable. The cable

suspended arch-truss structure of Harbin International Exhibition Center is taken as an engineering

example in this paper. The oblique drawing of the computing model and the position of the dampers

was shown in Fig. 10. The span of the structure is 128 m. The cable consists of φ 39×7 mm prestressed

strands, and the elasticity modulus is 1.95×105 N/mm. The latticed section is adopted in the arch

truss, shown in Fig. 11. The top, bottom and web chords are made of circular seamless steel pipe, in

which totally 11 kinds of sections are adopted. The strut is also made of circular seamless steel pipe.

The section of strut is φ 328×8.0 mm, the space between struts is 9.3 m, and the elasticity modulus

of struts is 2.0×105 N/mm2. The sag of the cable is 3.7 m. The rise of the arch is 11.7 m. The height

of the arch section is 2.6 m. The double-direction (X-direction and Y-direction) Taft earthquake wave

excitation with 100 PGA and 400 PGA are applied to the structure. Considering the coordinated

influence of two directions, the PGA at Y-direction is reduced by 35%. The results are shown in

Figs. 12 and 13. The displacement, velocity and controlling effect of node 1, 18 and 110 are listed

in Table 3.

Fig. 11 Cross section of arch truss (unit: mm)

Fig. 10 The cable-arch structure model and the damper location
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Fig. 12 Displacement and acceleration time-history of node 1 (100PGA Taft record)

Fig. 13 Displacement and acceleration time-history of node 1 (400PGA Taft record)
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To evaluate the work state of the prestressed cable under the earthquake excitation, the strand stress

variation ∆σ is analyzed, which is computed as following

(26)

Where, E is the elastic modulus of the strand; ∆l is the axial deformation of the strand; xi, yi are the

x-direction and y-direction displacement respectively of ith node.

Substitute the displacement result to Eq. (25), the time-history of strand stress variation can be

obtained as shown in Fig. 5. The maximum strand stress variation is shown in Table 2.

As shown in Figs. 12 and 13 and Table 3, the semi-active control strategy can reduce the displacement

and velocity response effectively. The maximum displacement and acceleration control effect are

78.54% and 84.92% for peak value, while 80.4% and 87.18% for RSM value. For the node near the

support (Node 1), the y-direction control effect is relatively better than the x-direction control effect,

∆σ E
∆l

l
-----× E

x110 x109–( )2
y110 y109–( )2

+

l
------------------------------------------------------------------×= =

Table 3 Displacement and acceleration responses of the structure under Taft record

controlling
effect

node
direction of 
freedom

Taft (100 gal) Taft (400 gal)

yu
P yc

P β1 (%) yu
RSM yc

RSM β2 (%) yu
P yc

P β1 (%) yu
RSM yc

RSM β2 (%)

displace-
ment/mm

1
x 2.12 0.61 71.23 0.56 0.14 75.00 8.32 2.31 72.24 2.48 0.64 74.20

y 7.34 1.63 77.79 2.30 0.45 80.4 29.12 6.25 78.54 10.52 2.15 79.56

18
x 3.92 1.31 66.58 1.04 0.30 68.27 15.54 5.32 65.77 4.63 1.47 68.25

y 13.11 8.43 35.70 4.11 2.33 43.30 56.61 33.6 40.61 20.45 11.57 43.42

110
x 1.75 0.74 57.71 0.46 0.17 63.04 6.72 2.83 57.89 2.00 0.78 61.00

y 13.42 8.57 36.14 4.21 2.37 43.71 57.57 34.1 40.65 20.80 11.76 43.46

accelera-
tion/m·s-2

1
x 0.61 0.22 63.93 0.17 0.04 76.47 2.28 0.62 72.81 0.58 0.15 74.14

y 1.26 0.19 84.92 0.39 0.05 87.18 5.11 0.85 83.37 1.56 0.21 86.54

18
x 0.96 0.42 56.25 0.27 0.08 70.37 3.28 0.95 71.04 0.83 0.23 72.29

y 1.22 0.68 44.26 0.38 0.18 52.63 4.73 1.22 74.21 1.44 0.30 79.20

110
x 0.73 0.27 63.01 0.21 0.05 76.20 3.10 0.70 77.42 0.78 0.17 78.21

y 1.21 0.74 38.84 0.37 0.20 45.94 4.64 1.57 66.16 1.41 0.39 72.34

Fig. 14 Strand stress variation time-history of prestressed cable
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while the opposite is true for the node near the middle span. This is mainly because that the vertical

control force of MR dampers has more direct influence on the nodes near supports. Moreover, as

shown in Table 3, the displacement control effect under 100 gal and 400 gal Taft record is very

similar, while the acceleration control effect exists distinct error, showing that the semi-active control

has stable displacement control effect for the cable suspended arch-truss structure, while the

acceleration control effect increase with the intensity of the earthquake excitation.

From Fig. 14 and Table 4, the control strategy can reduce the strand stress variation effectively,

ensuring that the cable would not be destroyed or relaxed under the earthquake excitation. The peak

value decrease of the strand stress variation is 82% and 81% respectively under 100 gal and 400 gal Taft

wave, showing the similar strand stress control effect for earthquake excitations with different PGA.

5. Conclusions

The proposed semi-active control strategy for long-span reticulated structures can determine the

optimal spatial control force by using the LQR and Hrovat controlling algorithm, as well as the

real-time controlling current of the damper solved by the MBM (modified Bingham model) and

INN (inverse neural network). Numerical examples show that the semi-active control strategy can

control the displacement and acceleration effectively for three typical long-span reticulated structural

systems, including the double-layer cylindrical reticulated shell, single-layer spherical reticulated shell

and cable suspended arch-truss. The displacement control effect under the earthquake excitation

with different PGA is similar, while for the cable suspended arch-truss, the acceleration control effect

increase distinctly with the earthquake excitation intensity. In different vibration direction, the

displacement and acceleration control effect may exist distinct difference for the different vibration

character of different structures. For the cable suspended arch-truss, the strand stress variation can

also be effectively reduced by the MR dampers, which is very important for this kind of structure to

ensure that the cable would not be destroyed or relaxed. 

6. Future work

Although the numerical analysis in this papaer shows the effectiveness of proposed semi-active

control algorithm using MR dampers for long-span reticulated steel structures, some further

researches should be conducted and emphasized in future. First, structural control experiments need

to be carried out for some typical long-span reticulated steel structures to further verify the semi-

active control effect. Besides, since the large amount of members in long-span reticulated steel

structures, there are a huge number of damper layout schemes for long-span reticulated steel structure.

The suitable method to optimize the location and number of MR dampers need to be figured out

according to both the control effect and economical objective.

Table 4 Maximum prestressed stress increment of the strand in the cable

∆σmax (MPa)

Taft (100 gal) Taft (400 gal)

uncontrolled controlled uncontrolled controlled

114.7 21.0 440.0 82.0
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