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ABSTRACT 

Based on multi-spring model, a simulation system for existing RC frame structures under 
3-dimensional earthquake is developed, and it is one part of the REliability Assessment for 
Existing building Structures (REASES) integrated software. The program adopts proper 
hysteresis models of the steel springs and concrete springs in the beams and columns of the 
frame in an existing building structure. According to these hysteresis models, the plastic and 
elastic deformation of the beam and column elements can be considered and the stiffness 
matrixes of elements are calculated at every time step. The program not only can be modeled 
visually, but also has a visual post-processor which can show the real time damage states of 
the elements and the real time responses of whole frame structure during the earthquake. In 
order to examine the simulation effect, a comparison between the shaking table test responses 
of a 3-storey RC frame model and the simulation results of the model is carried out. It shows 
that the system could be used to assess the seismic behavior of an existing building structure. 

KEY WORDS 
simulation, RC frame, earthquake response, 3-dimension, multi-spring model, hysteresis 
model. 

INTRODUCTION 
The damage of reinforced concrete structures due to earthquakes, the environment, and other 
kinds of loadings is currently an important problem, and the evaluation of the residual 
capacity of existing RC structures subjected to earthquakes is one of the most important 
structural duties for many engineers. 

Since the computing technology is highly developed, the nonlinear response analysis and 
visualized simulation of RC frame structures under earthquake have been widely researched 
in recent years. Earthquakes contribute damage to concrete and reinforcement reducing their 
strength, stiffness, and influencing the ductility and hysteric energy of the section. All these 
factors will change the behavior of the RC structure. Many hysteretic models can be used to 
calculate the dynamic responses of RC structures(Roufaiel and Meyer 1987). 
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On the other hand, the computer simulations have been effectively used to simulate the 
seismic responses of structures, and some great progresses in this field have been 
achieved(Gu and Sun 2002, Lai et al. 1984, Li 1993). However, most researches focus on the 
plane problems, and there are few 3-dimensional analysis programs about nonlinear analysis 
for RC frame structures, which have both visualized pre-processor and post-processor. 

In this paper, we developed a simulation system for existing RC frame building structures 
under 3-dimensional earthquake, which is one part of the experiment platform for integrated 
software. The system sets up a space frame model, and in the element model, a new concept 
of MacroSpring has been introduced. By adopting proper hysteresis models of the steel 
springs and concrete springs in the elements of the frame, the system could be used to 
simulate the responses of RC frame structures. 

THE REASES INTEGRATED SOFTWARE 
As a reliability assessment software under the guideline of correlative codes for existing 
structures, REASES focuses on scientificity and practicality for engineering. REASES 
consists of two sets of platform systems. The main one is an assessment platform for existing 
structures; the other one is an experiment platform including three modules currently shown 
in Figure 1.The detail of REASES will be discussed in other paper, the system discussed in 
this paper is the Module2 in Figure 1. 

Experiment platform is an important platform of REASES. The main platform has three 
parts: pre-, pro-, and post-processor. The simulation system uses the visualized modeling and 
display processor of REASES. The results of the simulation will provide a powerful proof for 
the assessment for an existing building, especilly under earthquake. 

 

Figure 1. Reliability assessment software for existing building structures 
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DYNAMIC EQUATIONS OF THE STRUCTURE 
All of the beams and columns are simplified as bar elements and the masses of elements and 
slabs are all converged on the nearest node in the analysis model, so dynamic equations of 
the structure are written as Eq.(1). 

            [ ]{ } [ ]{ } [ ]{ } [ ]{ }gM a C v K d M aΔ + Δ + Δ = − Δ                (1) 

Where, [M], [C] and [K] are the mass, damping and stiffness matrix of the structure 
respectively, {Δa}, {Δv} and {Δd} are the increments of accleretion, velocity and 
displacement response of the structure respectively, {Δag} are the increments of 
3-dimensional ground acclerations. 
   [M] is the lumped mass matrix. [C] is Rayleigh damping matrix as Eq.(2), and α, β are 
two constants which are independent of frequences(Gu and Sun 2002). 

                        [C]=α[M]+β[K]                            (2) 
Using Newmark-β method, the dynamic responses of the structure can be calculated step 

by step. 

MULTI-SPRING MODEL FOR BAR ELEMENTS 
Multi-spring model was proposed by many researchers(Lai et al. 1984, Li 1993), which 
represents a significant advance both in simplicity and accuracy. This model separates 
inelastic and elastic deformation and assembles the inelastic deformation to the two ends of a 
bar element, which are called inelastic and elastic unit as shown in Figure 2. The region 
undergoing inelastic deformation is represented by a set of springs representing concrete and 
steel (Figure 3). Inelastic behavior is controlled by the description of the stress-strain 
properties of steel and concrete. The spring force is calculated as a product of the tributary 
area of the spring and stress of the materiel at the central of the area. An imaginary spring 
length ηh presenting plastic zone is assumed to calculate the deformation for a given strain. 

 

Figure 2.Model of bar element  Figure 3.Springs of inelastic unit and division of the section 
The model converts the stress and the strain of the material into force and displacement 

of the spring, using Eq.(3), it changes the material stress-strain relationship into 
force-displacement relationship of the spring as Figure 4. 
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(a)Concrete spring                      (b)Steel spring 

Figure 4. Force-displacement relationship of the spring 

                           sp=p σA , d hη ε= ⋅                          (3) 

Where, p is the force of the spring; σis the average stress of the spring; Asp is the area of the 
spring; d is the displacement of the spring; η is a coefficient, η=0.75 for RC element; h is the 
depth of the element section and ε is the average strain of the spring.The typical parameters 
in Figure 4 may be calculated using Eqs.4~6. 

                 0.2
ced cc cy cu( )=k k d d ; 0.2

sed sy sy su( )=k k d d                (4) 

shelly cyd d= ; shelly cyp p= ; shellu cu=d d                   (5) 

corey cy(1+10 )=d dρ" ; corey cy(1+10 )=p pρ '' ; coreu cu(2 + 600 )=d dρ ''         (6) 

Where, dshelly, dcorey are the “yielding” deformations of shell and core concrete spring 
respectively; dcy, dcu are the “yielding” and ultimate deformations of concrete spring without 
confinement; pshelly, pcorey are the “yielding” forces of shell and core concrete spring 
respectively; pcy is the “yielding” force of concrete spring without confinement; dshellu, dcoreu 
are the ultimate deformations of shell and core concrete spring respectively; ρ” is the amount 
of confinement steel, ρ”=2(b”+h”)Asv1/(b”h”s), in which b”and h” are the width and depth of the 
confined core concrete; Asv1=the cross-sectional area of one leg of a stirrup; and s=the 
spacing of stirrups. 

STIFFNESS MATRIX OF ELEMENTS 
In the nonlinear analysis, how to set up the element model is a fatal problem, of which how 
to get and modify the stiffness matrix of elements is of great importance. Based on the 
multi-spring model, two MacroSpring units have been set at the two ends of the element, and 
each MacroSpring unit is formed by a set of concrete springs and steel springs. The 
MacroSpring unit is under biaxial bending and axial force, while concrete spring and steel 
spring are under axial tension or compression. Hence, the coupling problem of biaxial 

ud

cp

md

cy0.5p

cyp Concrete

Concrete
Core

Shell

tdt2d

cy0.3d cyd

tp

sp

udmd

'
md

sy-p

syp

sy0.75p

sy-0.75p

syd

ksy ksed 

ks 

kc1 

kcc 

kced kco 
kco 

June 14-16, 2006 - Montréal, Canada
Joint International Conference on Computing and Decision Making in Civil and Building Engineering

Page 2108



 

bending and axial tension or compression has been properly solved. It is assumed that the 
torsional stiffness is a constant and the element would not suffer the damage caused by the 
shear force. 

When an element is under axial force as Figure 5, the displacements of elastic unit are uA, 
uB, the inelastic displacements of MacroSprings are uRA, uRB. Hence, the absolute axial 
displacements of element are u1= uA + uRA, u2= uB+ uRB. 

According to the physical behavior of the element, the equations between the axial force 
NA, NB and the displacement u1, u2 are 

A 1 2
1 1( ) [ ( ) 1]= − + +

A B

EA EAN u u
L L k k

                                    (7) 

B 1 2
1 1( ) [ ( ) 1]= − + + +

A B

EA EAN u u
L L k k

                                   (8) 

Where, kA, kB are axial stiffnesses of MacroSprings, A is the sectional area of the element, 
and L is the length of the element. 

When an element is under bending force as Figure 6, the elastic rotation of elastic unit 
are θA, θB, the inelastic rotation of MacroSprings are θRA, θRB. Hence, the absolute rotational 
displacements of element are θ1 =θA +θRA, θ2=θB+θRB, and the bending stiffnesses of 
MacroSprings are rA=MA /θRA, rB=MB /θRB. Where, MA and MB are bending forces in 
MacroSprings. 

 

Figure 5. MacroSpring under axial force  Figure 6. MacroSpring under bending force 
The equations between the bending forces MA, MB, the shear forces VA, VB and the 

rotational displacements θ1, θ2, vertical displacements ν1, ν2 are 

A ii 1 ij 2 ii ij 1 22( ) ( )( )EI EIM S S S S v v
L L

θ θ= + + + −                                (9) 

B ij 1 jj 2 ij jj 1 22( ) ( )( )EI EIM S S S S v v
L L

θ θ= + + + − +                              (10) 

A ii ij jj 1 2 ii ij 1 ij jj 23 2 2( 2 )( ) ( ) ( )= + + − + + + +
EI EI EIV S S S v v S S S S
L L L

θ θ                (11) 

B ii ij jj 1 2 ii ij 1 ij jj 23 2 2( 2 )( ) ( ) ( )= + + − + − + − +
EI EI EIV S S S v v S S S S
L L L

θ θ               (12) 

So the stiffness matrix of an element is 
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Where, 11
1 11 [ ( ) 1]= + +

A B

EA
L k k

ψ , 22 zii zij zjj2S S Sψ = + + , 26 zii zijS Sψ = + , 212 zjj zijS Sψ = +

33 yii yij yjj2S S Sψ = + + , 35 yii yijS Sψ = + , 311 yjj yijS Sψ = + , 55 yiiSψ = , 511 yijSψ = , 

66 ziiSψ = , 612 zijSψ = , 1111 yjjSψ = , 1212 zjjSψ = , 

zii z zB z(4 12 )= +S EI Lr r , zij z2=S r , zjj z zA z(4 12 )= +S EI Lr r , 

2
z z zA z zA z zA zB(1 4 )(1 4 ) 4( ) ( )= + + −r EI Lr EI Lr EI L r r ; 

yii y yB y(4 12 )= +S EI Lr r , yij y2=S r , yjj y yA y(4 12 )= +S EI Lr r , 

2
y y yA y yA y yA yB(1 4 )(1 4 ) 4( ) ( )= + + −r EI Lr EI Lr EI L r r . 

DEVELOPMENT OF THE SIMULATION SYSTEM 
The system is one part of the experiment platform of the integrated software REASES. 
Through visulized modeling, the simulation system could get the information of the structure 
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and the earthquake wave, and prepare for calculating. After calculating by the kernel 
programme, the resluts could be displayed by the post-processor. As an example, the 
modeling and display of the results for a 3-storey frame structure is shown in Figure 7. 

 
Figure 7. The modeling and display of the system 

According to the information provided by pre-processor, the kernel programme sets up a 
3-dimensional FEM frame model and get the elastic global stiffness matrix of structure. If the 
damage of an existing building is identified, the initial stiffness matrix of the structure needs 
to be modified using Eq. (14)(Gu and Sun 2002). 

                           2 2
i1 01 0[ ] ( )[ ]=iK f f K                                 (14) 

[K0], [Ki] are stiffness matrixes before and after damage, and f01, fi1 are the basic frequences 
of the structure before and after damage. The kernel programme is organized as Figure 8. 

COMPARISON BETWEEN COMPUTING AND TEST RESULTS 
The shaking table test of a 3-storey frame is done in the State Key Laboratory of Tongji 
University, the information of the test model is shown in Figure 9. The earthquake wave is 
shown as Table 1. 
   The comparison of calculating and testing responses for the model is shown in Figure 10, 
11 and 12, which shows that the simulation system is appalicable. However, big error of 
displacement responses in X direction can be seen, which urges us to modify the simulation 
system in the future. 

Through the computer simulation, it is found that all plastic hinges appear in the base 
floor of the model in case 2(Figure 7). This is the same with what has been observed in the 
test. Unfortunately, in case 3, the system could not calculate the whole responses of the RC  
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Figure 8. The flowchart of the kernel programme 

 
(a)Test model on the shaking table                     (b)Details of the model 

Figure 9. The information of the test model 

Table 1: Earthquake wave used in the test 

Peak value of acceleration(g) Case Earthquake wave 
In X In Y In Z 

1 3D EL-Centro wave 0.10 0.08 0.06 
2 3D EL-Centro wave 0.36 0.32 0.28 
3 3D EL-Centro wave 0.84 0.55 0.54 
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frame, after hundreds of timesteps, the calculation could not be continued. In the shaking  

 
(a)Displacement in X-direction     (b)Displacement in Y-direction 

 
(c)Acceleration in X-direction      (d)Acceleration in Y-direction 

Figure 10. The comparison of computing and test responses on the top of the model in Case 1 

 
(a)Displacement in X-direction         (b)Displacement in Y-direction 

 
(c)Acceleration in X-direction         (d)Acceleration in Y-direction 

Figure 11. The comparison of computing and test responses on the top of the model in Case 2 
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table test, the frame model collspsed in case 3. It is difficult to simulate the collapse 
responses based on  FEM and it is very important to develop a special system which can be 
used to simulate the collapse responses of the structure. 

 
(a)In X-direction                     (b)In Y-direction 

Figure 12.Comparison of maxium displacement responses of the model structure 

CONCLUSIONS 
As a part of the integrated software, REASES, the computer simulation system developed by 
the authors based on the multi-spring model can simulate the elasto-plastic responses of RC 
frame structures under 3-dimensional earthquake. And it can be used as an assisstant tool for 
the assessment of existing buildings. Due to the shortcomings of FEM, the FEM based 
system in this paper can not be used to simulate the collapse reponses of RC structures. 
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