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ABSTRACT 

Reinforced concrete shear walls are the structural elements that considerably increase the seismic performance of 

buildings. Fiber elements and fiber-spring elements are used for the modeling of the inelastic behavior of these 

elements. The Fiber Element Method provides a certain amount of accuracy for the modeling of reinforced 

concrete shear walls. However, the studies related to this method are still in progress. 

In this study, the efficiency of the force-based Fiber Element Method is investigated for different damping ratios 

and different damping types that used in the structural damping for reinforced concrete shear wall structures. 

Two shear wall structures that subjected to seismic loads are used for the comparison of numerical analysis and 

experimental results. The comparisons are achieved according to the absolute maximum values of the 

overturning moment, the base shear force, and the roof displacement. Rayleigh damping and stiffness-

proportional damping types for the damping ratios that vary between 2-3% provide better results than mass-

proportional damping. Additionally, the optimum number of fiber element for Rayleigh and stiffness-

proportional damping types is determined for the optimum damping ratio that provides minimum differences 

between numerical analysis and experimental results. For these damping types, when the length of a fiber is 

smaller than 3% of the longitudinal length of the shear wall at the optimum damping ratios, the roof 

displacement differences between numerical analysis and experimental results are less than 2.5%.  
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1. Introduction 

Shear walls are the structural elements that considerably enhance the lateral load capacity of the reinforced 

concrete (RC) structures subjected to the earthquake. There are many experimental studies to investigate the 

seismic behavior of these elements in the literature (Peterman et al., 2016; Shen et al., 2017; Huang et al., 2018; 

Wang et al., 2018; Rong et al., 2020). On the other hand, the numerical simulation of these elements is an 

essential researching subject for assessing the nonlinear behavior of the structures. RC shear walls are simulated 

by using several modeling approaches (Dashti et al., 2017; Nikolić et al., 2017; Feng et al., 2018; Zhang et al., 

2020). In the most accepted numerical modeling approach, beam-column elements are utilized with nonlinear 

axial and rotational springs. The springs were positioned in the vertical direction of the wall center. In spite of 

the modification of beam-column elements conducted by using multiple springs, the model is inadequate for the 

modeling of shear wall behavior. The inadequacies are resulted from ignoring the interaction between the shear 

wall with frame elements and the neutral axis variation in wall cross-section. Three-Vertical-Line-Element 

Model (TVLEM) and Multiple-Vertical-Line-Element Model (MVLEM) were developed depending on the 

beam-column element model. In these models, the vertical line elements that containing nonlinear springs to be 

at the top and bottom of the wall are attached to the rigid beams (Orakcal et al. 2004). Based on the MVLEM, a 

macroscopic fiber model was developed to simulate the nonlinear behavior of the reinforced concrete shear wall 

using a series of uniaxial elements by Orakcal et al. (2004). In this model, the axial stiffness of the exterior 

columns is represented with at least two boundary elements. The flexural and axial stiffness of the interior panel 

are simulated with a minimum of two central elements. The number of uniaxial elements (macro fibers) can be 

enhanced for a more refined definition of the section. 

The distributed plastic hinge model adopted in most design codes is commonly used to model the 

nonlinear behavior of RC structural elements. In this model, steel reinforcement and concrete portions in the 

cross-section of each structural element are simulated by fiber elements. The nonlinear response of the structural 

element is calculated by weighted integration of the behavior of the cross-sections by considering the material 

nonlinearity. The element deformations and the element forces are determined by convenient interpolation 

functions in the global element displacement and forces. The strains are assumed to be linearly distributed 

through the cross-section of the element. Therefore, plane sections are considered to be remain plane during the 

bending (Taucer et al., 1991). In the model known as Fiber Element Method, the constitutive relation of the 

cross-sections (integration points) is obtained by using the integration of the behavior of fiber elements. The 

method that depends on both displacement-based and force-based formulations is used to simulate the nonlinear 

behavior of RC beam, column, and shear wall elements (Martinelli et al., 2013; Li et al., 2016; Vásquez et al., 

2016; Feng and Xu, 2018; Li et al., 2018). However, there are still uncertainties related to the damping ratio and 

the damping type for the RC structures, the number of integration points used in an element and the fiber 

element number used in the section. 

In this study, nonlinear time-history analyses of the RC shear wall structures are conducted by using the 

force-based fiber element (FBFE) method. Two different RC structure that consist of shear walls are simulated 

under the 1994 Northridge and the 1957 San Francisco earthquake loadings. The optimum damping ratio for the 

stiffness-proportional damping (SPD), mass-proportional damping (MPD), and Rayleigh damping (RD) are 

investigated. Besides, the optimum fiber element number is determined for the damping types and optimum 

damping ratio. The numerical analysis results are compared with experimental results in terms of absolute 
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maximum values of the base overturning moment, the base shear force, and the top displacement. Time-history 

graphs of top displacement responses for the shear wall structures are also used in the comparisons. The 

nonlinear seismic analyses are performed by using SeismoStruct (Seismosoft, 2016). The reasonable range of the 

damping ratio for RC structures with shear walls is determined. 

 

2. Fiber Element Method 

The Fiber Element Method represented by both displacement-based and force-based formulations depends on the 

model of the beam-column element. The uniaxial stress-strain response of the longitudinal fibers that constitutive 

the relation of force-deformation of the section is used in force-based formulations. The method considers the 

assumption of linear geometry for the plane sections during the deformation. In the method, the nonlinear 

response of an element is provided by the nonlinearity of fibers stress-strain relation.  

 In the Fiber Element Method, the structural element is sectioned depending on the integration points 

(Fig. 1). The number of integration points in an element and the number of fibers (discretization) in a cross-

section affect the response of the element, and thereby the response of the structure. Using more fiber elements 

increases the accuracy of the element behavior as well as increasing the time and effort needed for the 

computation (Taucer et al., 1991). 

y

z

Integration Points

x

Steel fibersConcrete fibers

Cover concrete (unconfined)

Core concrete (confined)

Fig. 1 The fiber beam-column element and discretization of the cross-section (Seismosoft, 2016)  

 

 

 The Fiber Element Formulation of Beam-Column Element 

Force-based fiber element formulation of an element depends on the equilibrium and the force-deformation 

relation of the sections. Therefore, beam-column fiber elements are developed by using deformation 

interpolation function, )(xa  and force interpolation function, )(xb . Element flexibility matrix, 1iF  and a 

matrix only depending on the interpolation function matrices, T  can be defined in a simpler form as, 
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The element deformation field is represented by the flexibility dependent shape functions by using following 

equations; 
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where, f  is flexibility matrix of a section. i  denotes iteration number of Newton-Raphson iteration loop at the 

structural level (Taucer et al. 1991). Thus, 
1if  denotes that flexibility matrix of a section at 

th1)-(i  Newton-

Raphson iteration. Using the interpolation functions, the relation between the section deformations and the 

element deformations can be drawn as follows; 

  iiii
qxbxxd 

 111 )()()( Ff  (4) 

where, d  and q  are the incremental section deformation and the incremental element deformation, 

respectively. T  matrix become a 3x3 identify matrix I  by using the special selection of the deformation shape 

functions. This expression can be proved by the following equation; 
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 The deformation interpolation function changes during the iterative solution procedure. Therefore, the 

method proposed in this study is called as FBFE method. The force field is expressed by using section force 

vector where two bending moments ( )(xM z  and )(xM y ) are linear and axial force ( )(xN ) is constant (Taucer 

et al., 1991). Thus, force interpolation function is obtained by result of this expression in a matrix form as; 
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The force interpolation function, )(xb  provides the relation between force distributions along the element with 

element force vector by using following equation. 

ii
)x(b)x( QD    (7) 

where, )x(D  and Q  are incremental section force vector and incremental element force vector, respectively. 

The increments of the fiber strain )x(
je  are 

)x()x(I)x(
jj de    (8) 

where, subscript j  is the iteration number at the element level, )x(
jd is the given deformation increments and 

)(xI is the section compatibility matrix that can be defined as;  
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In this equation, x denotes the location of the integration section along the element longitudinal axis, ifiby  and 

ifibz  denote the location of the fiber in the section. Considering the fiber strain increments, the new tangent 
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modulus 
j

ifibE   and stress 
j

ifib  of all fibers are calculated by using the suitable stress-strain relation of fiber. The 

new tangent stiffness matrix of the section )(x
jk  is determined as follows, 

)()()()( tan xxx
jTj IEIk  A  (10) 

where, 
j
tanE  is the tangent modulus that consists of fiber stresses in diagonal matrix form and A is the diagonal 

matrix form of the fiber areas ifibA .  The new tangent stiffness matrix of the section is can be also stated as, 
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The new tangent flexibility matrix of the section )(x
jf  is obtained by the inverted form of the new tangent 

stiffness matrix for the section (Taucer et al., 1991; Martinelli, 2007; Karaton, 2014). In the similar manner, the 

section resisting forces )(x
j
RD  is determined by the following matrix equation:  
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The numerical results are affected by the material models defined for the nonlinear behavior of the steel 

and concrete fibers in the sections. In this study, the simulation of the nonlinear response of the reinforcement is 

achieved by the modified Menegotto and Pinto steel model (Menegotto and Pinto, 1973). Mander-Priestley-Park 

model (Menegotto and Pinto, 1973) is selected for the material model of the concrete (Fig. 2). 

 

 
a)                                                                                b) 

Fig. 2 a) Mander-Priestley-Park concrete model (Mander et al., 1988) and b) Modified Menegotto and Pinto steel 

model (Kolozvari et al., 2015).  
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3. Numerical Investigation 

The numerical simulations of CAMUS I and NEES-UCSD RC shear wall structures were investigated with the 

FBFE method. The experimental results obtained by previous shaking table tests of these shear wall structures 

were compared with nonlinear seismic analysis results. For the seismic input, the 1957 San Francisco and the 

1994 Northridge earthquake loadings, same as the experimental study are used for the CAMUS I structure and 

NEEDS-UCSD structure, respectively (Kazaz et al., 2006; Martinelli, 2007; Martinelli and Filippou, 2009).  

Seismostruct software was utilized in the nonlinear time-history analyses of the RC shear wall structures by 

including geometric nonlinearity. In the software, the computation of the nonlinear response of element cross-

sections is achieved by the FBFE method while the global solutions of the structural element are carried out by 

the Finite Element Method.  

 

3.1 The structural damping 

In this study, the equations of motion for the building are solved by using the Hilber-Hughes-Taylor-α (HHT-α) 

integration method. Compact form of the equation of motion for the building is given according to HHT-α 

method as, 

                  
ngF

ngFiFiFiviCiviCiaM   1
)1(11)1(11)1(1

 (13) 

where  u ,  v , and  a  denote the relative displacement, velocity, and acceleration for the structure, 

respectively. Subscript i shows nonlinear solution step and n shows the external load step;  F  indicates the 

internal load vector;  gF  indicates the external load that formed because of ground acceleration vectors. 𝛼 is a 

constant to control the numerical dissipation.  C  and  M  show damping matrix and mass matrix of the 

structure. Damping matrix represents structural damping in numerical analysis. The matrix is obtained by 

stiffness matrix (  K ) and the mass matrix as, 

     iKcMciC    (14) 

where, 𝛽𝑐 and 𝛼𝑐 are coefficients for the stiffness matrix and the mass matrix, respectively (Calayir and Karaton, 

2005).  

 The damping ratio varies between 1% and 10% in a typical RC structure except for the special cases 

(Celep and Kumbasar, 2004). The damping ratio is generally assumed as 5% in numerical analyses of the 

structures. In most of the building codes, seismic design spectra are defined with respect to 5% damping ratio. 

However, based on the findings of Fritz et al. (2009), it was also recommended that the damping ratio can be 

selected as 3% in the numerical analysis of the RC shear walls subjected to earthquake loading in all vibration 

modes (Gilles and McClure, 2012). The dynamic properties of 27 different RC shear wall structures were 

obtained in accordance with the ambient vibration test results. The mean of the damping ratios that vary between 

1% and 4% was computed as 2%. It was also concluded that the critical range of the damping ratio was 3%-4% 

(Gilles and McClure, 2012).   

 In this study, properly using the damping ratio and the damping type in the numerical analyses of the 

RC shear wall structures are investigated for the FBFE method. The SPD, MPD, and RD types for structural 

damping are selected and the damping ratio is changed between 2% and 5%. 
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3.2 Numerical Analysis of the CAMUS I Shear Wall  

The shaking table test of the CAMUS I shear wall structure was conducted at Azalée (France). The structure 

scaled by 1/3 includes two parallel shear walls (0.06x1.7 m dimensions in cross-section) that connected with 

rigid diaphragms (1.7x1.7 m dimensions in cross-section). CAMUS I consists of 5 floors with a height of 0.9 m 

and a footing with a height of 0.6 m. Steel reinforcement and mass details for one shear wall of the structure are 

shown in Fig.3. 5 mm steel reinforcements with 170 mm spacing were selected for stirrups in the numerical 

simulation. The tensile strength of steel reinforcement was taken as 500 MPa. The elasticity modulus and the 

compressive strength of the concrete were obtained from the experimental results as 35 MPa and 28000 MPa, 

respectively. (Martinelli, 2007). The tensile strength of the concrete tf  was computed as 3.291 MPa by applying 

the following equation,  

ck
ftf 5563.0  (15) 

where, ckf  denotes the uniaxial compressive strength of the concrete (ACI 318-02, 1999). The units are MPa in 

Eq. (15).  

 

 
Fig. 3 Steel reinforcement and mass details for one wall of the CAMUS I structure (Martinelli, 2007) 

 

 The CAMUS I structure was subjected to third earthquake loading of 1957 San Francisco earthquake in 

the experimental study. The Peak Ground Acceleration (PGA) value of the inputted ground motion was 1.11g. 

Since the structure was scaled, the acceleration time-history graph applied to the structure was also scaled by a 

factor of 2 for the acceleration axis and 1/√3  for the time axis as seen in Fig. 4 (Kazaz et al., 2006). The 

absolute maximum base overturning moment, base shear force, and top displacement were obtained as 324 

kN·m, 112 kN, and 13.20 mm, respectively.  

The finite element model that consists of 14 nodes and 12 elements of the CAMUS I structure is seen in 

Fig. 5.  In the numerical solutions obtained with the FBFE method, 4 constant integration points were considered 

in one element. Additionally, the number of fiber elements used in a cross-section was variated to observe the 

effect of the method. The maximum number of iteration was selected as 50 for the global solution as 300 for the 

element solutions. 
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Fig. 4 The scaled 1957 San Francisco earthquake loading (Kazaz et al., 2006) 

 

 
Fig. 5 3D view of the CAMUS I structure model and meshing of the shear wall 

 

Results of experimental and numerical analysis were compared according to maximum absolute 

overturning moment, base shear force, and top displacement values. The time-history graphs of the top 

displacement responses are also examined for comparisons. The fiber element number, the damping type, and 

damping ratio were considered as variable parameters. The number of fiber elements was 250 for the first 

solution phase. This value was changed in order to observe the efficiency of the FBFE method on the seismic 

behavior of RC shear wall structures. The sectional properties of the shear wall and meshing of the fiber 

elements are illustrated in Fig. 5. The mean length of fiber elements and the longitudinal length of the shear wall 

are symbolized by lf  and Lw (Fig. 5), respectively.  

 

 



9 
 

Table 1 Eigenvalue analysis results of the CAMUS I 

Mode Period Ux (%) Uy (%) Uz (%) Rx (%) Ry (%) Rz (%) 

1 0.824014 0.00 64.01 0.00 34.21 0.00 0.00 

2 0.136323 0.00 19.72 0.00 14.93 0.00 0.00 

3 0.121107 70.45 0.00 0.00 0.00 1088.45 0.00 

4 0.119675 0.00 0.00 0.00 0.00 0.00 1028.37 

5 0.090578 0.00 0.10 0.00 0.18 0.00 0.00 

6 0.049915 0.00 6.49 0.00 8.16 0.00 0.00 

7 0.026083 0.00 3.34 0.00 5.12 0.00 0.00 

8 0.022528 0.00 3.11 1.63 5.06 0.00 0.00 

9 0.019420 19.88 0.00 0.00 0.00 254.70 0.00 

10 0.019389 0.00 0.00 0.00 0.00 0.00 288.92 

11 0.006804 5.08 0.00 0.00 0.00 114.07 0.00 

12 0.005995 0.00 0.05 84.08 0.09 0.00 0.00 

13 0.003387 1.58 0.00 0.00 0.00 43.54 0.00 

14 0.003310 0.00 5.01 0.05 8.90 0.00 0.40 

15 0.002081 0.42 0.00 0.00 0.00 12.92 0.00 

16 0.000969 2.59 0.00 0.00 0.00 89.81 0.00 
The bold values show the maximum mass participation ratio and the related periods. 

Eigenvalue analysis was achieved in order to determine the natural frequency of the shear wall. 

Effective modal mass percentages are shown in Table 1. In this table, Ux, Uy and Uz represent the displacements 

in the x, y and z directions, respectively. Rx, Ry and Rz are the rotations around x, y and z axes, respectively. As 

seen in Table 1, mode 3 has the highest mass participation ratio. Natural frequency of mode 3 was selected for 

the SPD and MPD computations. However, the natural frequency of mode 1 that has the second highest value, 

was also used for the RD computation.  

 

 
a) SPD      b) MPD 

 
         c) RD 

Fig. 6 Top displacement responses of the CAMUS I for the damping ratio of 2% 

 

Roof displacement time-history graphs obtained from numerical analysis results of the CAMUS I 

structure were acquired at the 2%, 3%, and 5% damping ratios using the San Francisco earthquake loading. 

Comparisons of experimental and numerical results were given in Figs. 6-8. Numerical solutions for SPD, MPD 

and RD with 2% damping ratio was converged until t=5.38 sec., t=2.81 sec. and t=5.41 sec., respectively. 

Although solution for MPD cannot be obtained after t=4.33 sec., solutions for SPD and RD were completed for 
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3% damping ratio. Solutions for SPD and MPD at 5% damping ratio was not converged at t=4.84 sec., t=2.72 

sec., respectively. In this damping ratio, only numerical solution with RD was completed for all earthquake-

loading steps. 

 

  
a) SPD      b) MPD 

 
c) RD 

Fig. 7 Top displacement responses of the CAMUS I for the damping ratio of 3% 

 

 

 
a) SPD      b) MPD 

 
c) RD 

Fig. 8 Top displacement responses of the CAMUS I for the damping ratio of 5% 

 

Experimental and numerical results are compared in Table 2 for damping ratios changing between 2-

5%, and for three damping types. In this table, the least differences of the absolute maximum top displacement 

values between numerical and experimental analysis for SPD, MPD, and RD types were defined as 0.21% at 

2.5% damping ratio, 0.85% at 4.5% damping ratio, and 3.16% at 2.5% damping ratio, respectively. The 

minimum differences of the absolute maximum base shear force values between numerical and experimental 



11 
 

analysis for SPD, MPD, and RD types were obtained as 0.27% at 2% damping ratio, 2.86% at 5.0% damping 

ratio, and 0.84% at 4.5% damping ratio, respectively. Additionally, the minimum differences of the absolute 

maximum base overturning moment values between numerical and experimental analysis results for SPD, MPD, 

and RD types were obtained as 7.28%, 1.93% and 7.68% at 2.5% damping ratio, respectively.  

 

Table 2 The absolute maximum values obtained by numerical analyses and the comparison with experimental 

results of the CAMUS I structure for the damping ratios that vary between 2% and 5% 

Damping Top Displacement Base Shear Force Overturning Moment 

Damping 

Type 

Damping 

Ratio 

(%) 

Absolute 

maximum  

 (mm) 

Difference 

between 

Exp. and 

Num. 

Analysis  

 (%) 

Absolute 

maximum  

(kN) 

Difference 

between 

Exp. and 

Num. 

Analysis  

(%) 

Absolute 

maximum  

(kN.m) 

Difference 

between 

Exp. and 

Num. 

Analysis  

(%) 

SPD 

2.0 13.78 4.42 111.69 0.27 299.61 7.53 

2.5 13.17 0.21 107.60 3.93 300.41 7.28 

3.0 11.76 10.89 107.25 4.24 297.67 8.13 

3.5 10.42 21.05 106.93 4.53 296.66 8.44 

4.0 9.40 28.75 106.59 4.83 296.42 8.51 

4.5 9.08 31.22 111.33 0.60 295.90 8.67 

5.0 8.79 33.36 115.14 2.80 299.82 7.46 

MPD 

2.0 10.84 17.82 151.44 35.22 291.86 9.92 

2.5 16.35 23.93 132.89 18.65 330.25 1.93 

3.0 15.12 14.62 156.85 40.04 331.14 2.20 

3.5 10.46 20.72 131.80 17.68 289.52 10.64 

4.0 13.80 4.56 201.07 79.53 298.53 7.86 

4.5 13.08 0.85 127.64 13.97 297.01 8.33 

5.0 9.59 27.32 108.80 2.86 293.27 9.49 

RD 

2.0 14.03 6.32 115.32 2.96 298.37 7.91 

2.5 12.78 3.16 106.29 5.10 299.12 7.68 

3.0 12.04 8.78 107.24 4.25 296.71 8.42 

3.5 10.76 18.44 106.04 5.32 292.33 9.77 

4.0 9.73 26.24 106.41 4.99 294.11 9.23 

4.5 9.16 30.58 111.06 0.84 291.08 10.16 

5.0 8.84 33.03 116.92 4.39 295.16 8.90 
The bold values show the minimum differences. 

 

The damping ratio and the damping type were changed for the calibration of the model. Several values 

between 2% and 5% damping ratios were considered for three damping types. Numerical results show that the 

difference was 0.05% at 2.49% damping ratio for the type of SPD. This numerical result was converged until 

5.73 sec. A difference of 0.03% was calculated for the type of MPD at 4.52% damping ratio (Fig. 9). 

In the calculation of RD coefficients, combinations of 2.49% and 4.52% damping ratios, and natural 

frequencies of modes 1 and 3 were considered. Mode 3 for the first natural frequency at 2.49% damping ratio, 

mode 1 for the second natural frequency at 4.52% damping ratio were used in the first combination. Difference 

between numerical and experimental analysis results was observed as 2.11% for this combination. In the second 

combination, mode 3 for the first natural frequency at 4.52% damping ratio, mode 1 for the second natural 

frequency at 2.49% damping ratio were used. Difference between numerical and experimental results was 

calculated as 30.99% for the second combination. Numerical solutions for the first and the second combinations 
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converged until 4.81 and 4.52 sec., respectively (Fig. 10). The first approximation has given better results than 

the second. 

 

 
a) SPD at 2.49% damping ratio   b) MPD at 4.52% damping ratio 

Fig. 9 Top displacement responses of the CAMUS I for SPD and MPD types at the optimum damping ratios 

 

 
a) 2.49 – 4.52% damping ratios   b) 4.52-2.49% damping ratios 

Fig. 10 Top displacement responses of the CAMUS I for RD at the optimum damping ratios of the first two 

effective modes 

 

Comparisons between damping types were implemented with respect to differences between numerical 

and experimental results regarding base shear force, absolute maximum roof displacement and overturning 

moment. For the roof displacement, provided that the damping ratio is between 2.5% and 3%, the differences are 

less than 10.9% (except for MPD). The differences are less than 5.1% (except for MPD) for the base shear forces 

and less than 8.5% for the overturning moments (Fig.11).  

Nonlinear seismic analysis results exhibited good fit with the experimental results between 2.5 and 3.1 

seconds. Amplitude and frequency divergences were seen after 3.1 seconds. Therefore, the time interval of 2.5 

and 3.1 seconds was considered for the comparison of the top displacement time history graphs. Differences of 

roof displacement between numerical and experimental analysis are determined less than 3% at 2.49%, 4.52% 

and 2.49-4.52% damping ratios for SPD, MPD and RD types, respectively. These three cases, which exhibit the 

best approximation within all analysis, were used during the investigation of the optimum 𝑙𝑓/𝐿𝑤 ratio (optimum 

fiber element number). Fiber element number was modified to 100, 500, 750 and 1000 instead of 250. Numerical 

results with respect to the 𝑙𝑓/𝐿𝑤  ratios are given in Table 3. 

The optimum ratios of 𝑙𝑓/𝐿𝑤 were determined as 2.78% (250 fiber elements) for SPD and MPD types, 

as 11.20% (100 fiber elements) for RD type. Minimum differences between the absolute maximum roof 

displacement values of the CAMUS I structure obtained from the numerical and experimental analysis for SPD, 

MPD and RD solutions were computed as 0.05% at 2.49% damping ratio, 0.03% at 4.52% damping ratio and 

0.41% at 2.49-4.52% damping ratios, respectively. On the other hand, when the 𝑙𝑓/𝐿𝑤 ratio is selected less than 

2.78% for the CAMUS I shear wall, differences of the roof displacement are less than 1% for SPD type in the 

FBFE method. 
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a) top displacement    b) base shear force 

 
c) overturning moment 

Fig. 11 Comparisons of absolute maximum values obtained by numerical analysis with experimental results of 

the CAMUS I structure for various damping types  

 

Table 3 Comparison of absolute maximum top displacement values of CAMUS I structure for various number 

of fiber elements 

  

Absolute Maximum  

Top Displacement  

(mm) 

Difference between Numerical 

Analysis and Experimental Results 

 (%) 

Fiber 

Element 

Number 

lf/Lw    

Ratio 

(%) 

SPD 

2.49% 

MPD 

4.52% 

RD 

2.49-4.52% 

SPD 

2.49% 

MPD 

4.52% 

RD 

2.49-4.52% 

100 11.20 12.83 13.51 13.25 2.785 2.350 0.405 

250 2.78 13.19 13.20 12.92 0.053 0.030 2.114 

500 1.14 13.17 12.56 12.87 0.154 4.792 2.465 

750 0.76 13.10 13.09 12.87 0.683 0.774 2.460 

1000 0.62 13.12 12.99 12.87 0.601 1.560 2.483 
The bold values show the minimum differences. 

 

3.3 Numerical Analysis of the NEES-UCSD Shear Wall 

A reinforced concrete shear wall structure constructed as seven-story by NEES (Network for Earthquake 

Engineering Simulation).  It was seismically loaded on a shaking table at University of California at San Diego 

(UCSD) (Martinelli, 2007). This structure is composed of two types of shear walls located on the central axis 

and pier columns located on the corners of the structure. One of the shear walls is called as the web wall, while 

the other one is called as the flange wall. The walls were built as perpendicular to each other. The slab is 

connected to the flange wall and two shear walls are joined by slotted connections. The heights of basement and 

each floor are 0.76 m and 2.74 m, respectively. Total height of the structure is 19.96 m. The structure is fastened 

to the ground and its mass is 226 tons. Cross-sections of the flange wall and the web wall are different from each 

other. The width of the flange wall is 4.88 m and the thicknesses of the flange wall are 203 mm and 152 mm for 

the last floor and other floors, respectively. The width of the web wall is 3.65 m and the thickness of the web 
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wall is 203 mm for the first and the last floor, while thickness of the web wall is 152 mm for other floors. The 

columns and shear walls supported 3.65×8.13 m slabs at each floor. Post tensioned precast piers were joined to 

web wall and slabs via bracing.  Details of the full-scale RC shear wall structure are shown in Fig. 12.  

 

 
Fig. 12 NEES-UCSD structure (Martinelli, 2007) 

 

 

Fig. 13 The acceleration record of the 1994 Northridge earthquake (Seismosoft, 2016) 

 

12.7 and 15.9 mm diameter steel ribbed bars were utilized for the longitudinal reinforcement of the web 

wall; 12.7 mm diameter steel ribbed bars were used for the longitudinal reinforcement of the flange wall. 

Diameter and spacing at the ends of both the shear walls of stirrups were 9.5 mm 101.6 mm, respectively. The 

yield strength of the steel ribbed bars was 458.63 MPa calculated by the mean of 11 specimens. The elasticity 

modulus and compressive strength of the concrete were 29.24 GPa and, 41.39 MPa respectively (Martinelli, 

2007). The tensile strength of the concrete was calculated as 3.580 MPa using Eq. (15). The 1994 Northridge 

earthquake acceleration record, which was obtained from the Sylmar Olive View Medical Centre, was used as 

the seismic input. The acceleration record of the earthquake is shown in Fig. 13. Magnitude of the earthquake 
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was 6.7 according to the measured energy release. It can be observed from Fig. 13 that high acceleration values 

located on limited time intervals of the earthquake and its PGA value is 0.83g (Martinelli, 2007). According to 

experimental study, absolute maximum values of overturning moment and the shear force were determined at the 

base level as 11839.4 kN·m and 1184.7 kN, respectively. The absolute maximum values of displacement were 

measured as 395 mm at the top of the structure. 

 In the seismic analysis of the NEES-UCSD structure using the FBFE method, 14 elements and 56 

nodes were used for the model. The finite element model of the structure is illustrated in Fig. 14. Each element 

had four integration points. The maximum iteration numbers for the element solution and the global solution 

were 300 and 50, respectively. 

Experimental results were compared with the numerical analysis results regarding the absolute 

maximum base overturning moment, base shear force, and roof displacement values, and time-history graphs of 

roof displacement of the structure. 250 fiber element numbers were chosen in the first solution stage. Thereafter, 

the number of fiber elements was modified in order to determine the ratio of optimum fiber element length. 

 

 

Fig. 14 3D view of the NEES-UCSD structure model  

The natural frequencies for the structure were calculated according to percentages of effective modal 

mass and modal analysis results are shown in Table 4. As seen the table, the mass participation ratio of mode 3 

was calculated as the highest value within all modes. Therefore, mode 3 was taken into consideration in the SPD 

and MPD calculations. In the RD computation, the natural frequencies of mode 3 and 4 were considered, since 

mass participation ratio of mode 4 has the second highest value within other modes. 

Tangent stiffness matrix of the structure was used in order to calculate its damping matrix. Comparisons 

of numerical analysis and experimental results were conducted in terms of top displacement time-history graphs. 

The graphs were given in Figs. 15-17 for three damping ratios with SPD, MPD and RD types. The numerical 

convergence is observed for all steps of the nonlinear time-history analyses of the NEES-UCSD shear wall 

structure. 
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Table 4 Eigenvalue analysis results of the NEES-UCSD  

Mode Period Ux (%) Uy (%) Uz (%) Rx (%) Ry (%) Rz (%) 

1 1.005847 0.00 0.01 0.06 0.13 0.00 0.06 

2 0.514932 23.68 0.00 0.00 0.00 9.85 42.09 

3 0.473033 0.00 64.37 0.00 30.76 0.00 0.00 

4 0.248135 41.24 0.00 0.00 0.00 18.14 23.11 

5 0.237939 0.00 0.14 0.01 0.24 0.04 0.68 

6 0.085337 6.96 0.00 0.00 0.00 8.55 13.18 

7 0.084365 0.00 0.00 48.48 0.01 0.00 0.00 

8 0.077571 0.00 20.62 0.00 24.22 0.00 0.00 

9 0.040835 13.60 0.00 0.00 0.00 14.75 6.96 

10 0.030640 2.22 0.00 0.00 0.00 4.23 4.74 

11 0.028455 0.00 0.00 5.08 0.00 0.00 0.00 

12 0.028036 0.00 7.24 0.00 13.77 0.00 0.00 

13 0.023701 0.00 0.87 0.02 6.07 0.00 0.00 

14 0.022999 0.00 0.94 6.21 0.30 0.00 0.00 

15 0.022942 0.00 0.37 10.29 5.10 0.00 0.00 

16 0.020645 0.00 0.00 24.26 1.83 0.00 0.00 

17 0.017759 0.00 0.01 1.64 0.12 0.00 0.00 

18 0.015711 1.72 0.00 0.00 0.00 3.65 1.84 

19 0.014860 0.00 0.09 0.62 0.85 0.00 0.00 

20 0.014813 4.27 0.00 0.00 0.00 7.39 2.99 

21 0.011901 0.00 0.04 0.72 0.23 0.00 0.00 

22 0.009637 0.78 0.00 0.00 0.01 1.84 1.22 

23 0.007607 2.54 0.03 0.01 0.05 5.43 0.93 

24 0.007199 0.01 0.01 5.17 0.01 0.03 0.00 

25 0.005184 1.40 0.30 0.01 0.64 3.40 0.06 

26 0.001695 0.46 0.83 0.01 1.77 1.04 2.34 
The bold values show the maximum mass participation ratio and the related periods. 

 

The differences between numerical analysis obtained for the SPD, MPD, and RD types and 

experimental results are given in Table 5 for the damping ratios that vary between 2% and 5%. The least 

differences of the absolute maximum roof displacement values between numerical and experimental results for 

SPD, MPD, and RD types were obtained as 1.56% at 3.5% damping ratio, 0.58% at 3.0% damping ratio and 

0.25% at 3.0% damping ratio, respectively. The minimum differences of the absolute maximum base shear force 

values between numerical and experimental results for SPD, MPD, and RD types were obtained as 13.46% at 

5.0% damping ratio, 23.08% at 5.0% damping ratio and 21.33% at 4.5% damping ratio, respectively. 

Additionally, the minimum differences of the absolute maximum base overturning moment values between 

numerical and experimental results for SPD, MPD, and RD types were obtained as 26.92% at 5.0% damping 

ratio, 34.84% at 2.0% damping ratio and 34.58% at 2.0% damping ratio, respectively. 

The damping ratio and the damping type were changed to obtain the best approximation to experimental 

results. The differences were 0.29% and 0.58% between numerical and experimental results for SPD with 

damping ratio of 3.25% and for MPD with damping ratio of 3%, respectively (Fig. 18). The RD coefficients 

were calculated by combinations of 3.25% and 3.00% damping ratios for natural frequencies of modes 3 and 4. 

Solutions were obtained for 3.25% and 3.00% damping ratios with the natural frequencies of modes 3 and 4, in 

the first combination, respectively. In the second combination, damping ratios of 3% and 3.25% were used for 

the natural frequencies of modes 3 and 4, respectively. Time-history graphs for the first and the second 

combinations are shown in Fig. 19. Differences of 2.48% and 0.08% were observed between numerical analysis 

and experimental results in the first and the second combinations, respectively. 
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Table 5 The absolute maximum values obtained by numerical analyses and the comparison with experimental 

results of the CAMUS I structure for the damping ratios that vary between 2% and 5% 

Damping Top Displacement Base Shear Force Overturning Moment 

Damping 

Type 

Damping 

Ratio 

(%) 

Absolute 

maximum  

 (mm) 

Difference 

between 

Exp. and 

Num. 

Analysis  

 (%) 

Absolute 

maximum  

(kN) 

Difference 

between 

Exp. and 

Num. 

Analysis  

(%) 

Absolute 

maximum  

(kN.m) 

Difference 

between 

Exp. and 

Num. 

Analysis  

(%) 

SPD 

2.0 434.85 10.09 942.75 20.42 8171.53 30.98 

2.5 418.04 5.83 979.25 17.34 8205.66 30.69 

3.0 401.69 1.69 999.35 15.65 8310.17 29.81 

3.5 388.83 1.56 980.59 17.23 8474.23 28.42 

4.0 374.83 5.11 992.87 16.19 8389.46 29.14 

4.5 359.01 9.11 979.15 17.35 8401.22 29.04 

5.0 345.90 12.43 1025.18 13.46 8652.01 26.92 

MPD 

2.0 427.26 8.17 751.57 36.56 7714.63 34.84 

2.5 408.92 3.52 768.55 35.13 7617.18 35.66 

3.0 392.71 0.58 777.33 34.39 7513.34 36.54 

3.5 375.82 4.86 789.08 33.39 7420.86 37.32 

4.0 355.81 9.92 887.28 25.11 7372.18 37.73 

4.5 344.82 12.70 871.59 26.43 7391.74 37.57 

5.0 331.37 16.11 911.29 23.08 7356.02 37.87 

RD  

2.0 428.05 8.37 817.91 30.96 7745.92 34.58 

2.5 410.01 3.80 854.18 27.90 7678.84 35.14 

3.0 394.00 0.25 862.50 27.20 7629.64 35.56 

3.5 378.89 4.08 901.33 23.92 7591.59 35.88 

4.0 363.86 7.88 924.58 21.96 7505.11 36.61 

4.5 351.16 11.10 931.99 21.33 7460.55 36.99 

5.0 338.93 14.19 930.80 21.43 7445.20 37.12 
The bold values show the minimum differences. 

 

 
a) SPD      b) MPD 

 
c) RD 

Fig. 15 Top displacement responses of the CAMUS I for the damping ratio of 2% 
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a) SPD      b) MPD 

 
c) RD 

Fig. 16 Top displacement responses of the CAMUS I for the damping ratio of 3% 

 

 
a) SPD      b) MPD 

 
c) RD 

Fig. 17 Top displacement responses of the CAMUS I for the damping ratio of 5% 

 

The damping types were compared with respect to differences between numerical and experimental 

results considering absolute maximum base overturning moment, base shear force, and roof displacement. For 

the roof displacements, provided that the damping ratio is between 2.5% and 3.5%, the differences are defined 

less than 5.9%. The differences for the base shear forces and the overturning moments were defined less than 

35.2% and 37.4%, respectively (Fig. 20).  

Nonlinear seismic analysis results exhibited good fit with the experimental results between 4 and 10 

seconds. Amplitude and frequency discrepancies were seen after 10 seconds. Therefore, the time interval of 4 

and 10 seconds was considered for the comparison of the top displacement graph. Non-significance differences 

were observed between solutions for the last four conditions; SPD at 3.25% damping ratio, MPD at 3.00% 

damping ratio, RD at 3.00-3.25% damping ratios and RD at 3.25-3.00% damping ratios. Differences of top 

displacement values are less than 1% in first three conditions. Optimum fiber element number was specified by 
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taking into account results of these three conditions. 70, 80, 90, 100, 250, 500, 750 and 1000 fiber elements were 

used and obtained numerical results were given with the 𝑙𝑓/𝐿𝑤 ratio in Table 6. 

 

 
a) SPD at 3.25% damping ratio   b) MPD at 3.00% damping ratio 

Fig. 18 Top displacement responses of the NEES-UCSD for SPD and MPD types at optimum damping ratios 

 

 
a) 3.25-3.00% damping ratios    b) 3.00-3.25% damping ratios 

Fig. 19 Top displacement responses of the NEES-UCSD for RD type at the optimum damping ratios of the first 

two effective modes 

 

  
a) top displacement     b) base shear force  

 
     c) overturning moment 

Fig. 20 Comparisons of absolute maximum values obtained by numerical analysis with experimental results of 

the NEES-UCSD structure for various damping types  

  

The optimum ratios of 𝑙𝑓/𝐿𝑤 for SPD, MPD, and RD types were determined as 15.20% (90 fiber 

elements), 10.87% (100 fiber elements), and 2.81% (250 fiber elements), respectively. The least differences of 

the roof displacement values between numerical and experimental results by using these optimum 𝑙𝑓/𝐿𝑤 ratios 



20 
 

are calculated as 0.034%, 0.041%, and 0.079% for SPD, MPD, and RD types, respectively. Differences 

regarding the roof displacement are less than 0.7% for all the damping types in the FBFE method, provided that 

fiber element length is selected less than 10.87% of longitudinal length of shear wall (100 or more number of 

fiber element).  

 
Table 6 Comparison of absolute maximum top displacement values of NEES-UCSD structure for various 

number of fiber elements 

  

Absolute Maximum 

Top Displacement 

 (mm) 

Difference between Numerical 

Analysis and Experimental Results  

(%) 

Fiber 

Element 

Number 

lf/Lw     

Ratio 

(%) 

SPD 

3.25% 

MPD 

3.00% 

RD 

3.0-3.25% 

SPD 

3.25% 

MPD 

3.00% 

RD 

3.0-3.25% 

70 43.50 400.85 391.18 401.28 1.481 0.968 1.591 

80 21.75 396.47 390.17 396.87 0.373 1.224 0.474 

90 15.20 395.13 390.36 397.63 0.034 1.175 0.666 

100 10.87 393.87 395.16 396.07 0.286 0.041 0.270 

250 2.81 393.87 392.71 394.69 0.286 0.581 0.079 

500 1.36 393.80 392.49 394.22 0.303 0.636 0.198 

750 0.98 396.10 392.41 394.05 0.280 0.656 0.241 

1000 0.71 395.82 392.78 394.13 0.209 0.563 0.221 
The bold values show the minimum differences. 

 

3.4 Comparison of CAMUS I and NEES-UCSD shear wall structures 

Comparison of NEES-UCSD and CAMUS I shear wall structures were achieved to investigate the efficiency of 

FBFE method. In the comparisons, the absolute maximum values of the overturning moment, the base shear 

force and the roof displacement were used for all damping types and the damping ratios that selected between 

2% and 5%. 

 

  
a) top displacement    b) base shear force 

 
c) overturning moment 

Fig. 21 Comparisons of absolute maximum values obtained by numerical analysis with experimental results of 

the both shear wall structures for SPD  
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a) top displacement     b) base shear force 

 

 
c) overturning moment 

Fig. 22 Comparisons of absolute maximum values obtained by numerical analysis with experimental results of 

the both shear wall structures for RD   

 

  
a) top displacement    b) base shear force 

 
   c) overturning moment 

Fig. 23 Comparisons of absolute maximum values obtained by numerical analysis with experimental results of 

the both shear wall structures for MPD  

 

The differences of the roof displacement, the base shear force and the overturning moment results for 

SPD with the damping ratios that vary between 2.0% and 3.0% are less than 10.9%, 20.4% and 31.0%, 

respectively (Fig. 21). The differences of the roof displacement, the base shear force and the overturning moment 

results for RD with the damping ratios that vary between 2.0% and 3.0% are less than 8.8%, 31.0% and 35.6%, 

respectively (Fig. 22). However, regarding MPD, the differences of the roof displacement, the base shear force 
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and the overturning moment results for the damping ratios that vary between 2.0% and 3.5% are less than 24.0%, 

40.0% and 37.4%, respectively (Fig.23). 

 

4. Conclusions 

In this research, numerical simulation of two RC shear wall structures are conducted to investigate the efficiency 

of the force-based Fiber Element Method on nonlinear seismic response of the walls. The numerical analysis 

results are compared with experimental shaking table test results of NEES-UCSD and CAMUS I shear wall 

structures. Comparisons are carried out regarding the absolute maximum values of the overturning moment, the 

base shear force, and the roof displacement, and time-history graphs of roof displacements. Dynamic properties 

of the structures are determined with eigenvalue analysis. Stiffness-proportional damping, mass-proportional 

damping, and Rayleigh damping types are used for the damping ratios that vary between 2% and 5% in the 

numerical analyses. Optimum damping ratios are specified for each damping type by using a constant fiber 

element number (250). To observe the effectiveness of fiber element number on the solutions, the different 

number of fiber element (70, 80, 90, 100, 500, 750, and 1000) are selected in each cross-section of the structural 

element. The optimum number of fiber element is defined by considering the (𝑙𝑓/𝐿𝑤) ratio. According to 

comparisons of experimental and numerical analysis results, the following outcomes for the FBFE method can 

be expressed as; 

 Differences of the roof displacement, the base shear force, and the overturning moment results for 

stiffness-proportional damping at the damping ratios between 2.0% and 3.0% are less than 10.9%, 

20.5%, and 31.0%, respectively.  

 In Rayleigh damping type, differences of the roof displacement, the base shear force, and the 

overturning moment results at the damping ratios between 2.0% and 3.0% are less than 8.8%, 31.0%, 

and 35.6% respectively.  

 Differences of the roof displacement, the base shear force, and the overturning moment results at the 

damping ratios between 2.0% and 3.5% are less than 24.0%, 40.0%, and 37.4%, respectively for mass-

proportional damping.  

 The minimum differences of the roof displacement values between numerical and experimental results 

for the NEES-UCSD and CAMUS I structures are calculated at 3.25% and at 2.49% damping ratios, 

respectively for the stiffness-proportional damping. For the mass-proportional damping, the least 

differences for the NEES-UCSD and CAMUS I structures are computed for 3.00% and for 4.52% 

damping ratios, respectively.   

 Provided that the 𝑙𝑓/𝐿𝑤 ratio is smaller than 3% at the optimum damping ratios, the differences between 

numerical and experimental results in both shear wall structures are computed less than 2.5% for 

stiffness-proportional and Rayleigh damping types. An inconsistent result is obtained for mass-

proportional damping at the optimum damping ratio. 

 Stiffness-proportional and Rayleigh damping types give better results than mass-proportional damping. 

Therefore, these two damping types for the damping ratios that vary between 2-3% are usable in 

nonlinear seismic analysis of RC shear wall structures with the force-based Fiber Element Method. 
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Figures

Figure 1

The �ber beam-column element and discretization of the cross-section (Seismosoft, 2016)

Figure 2

a) Mander-Priestley-Park concrete model (Mander et al., 1988) and b) Modi�ed Menegotto and Pinto steel
model (Kolozvari et al., 2015).



Figure 3

Steel reinforcement and mass details for one wall of the CAMUS I structure (Martinelli, 2007)



Figure 4

The scaled 1957 San Francisco earthquake loading (Kazaz et al., 2006)



Figure 5

3D view of the CAMUS I structure model and meshing of the shear wall



Figure 6

Top displacement responses of the CAMUS I for the damping ratio of 2%

Figure 7

Top displacement responses of the CAMUS I for the damping ratio of 3%



Figure 8

Top displacement responses of the CAMUS I for the damping ratio of 5%

Figure 9

Top displacement responses of the CAMUS I for SPD and MPD types at the optimum damping ratios



Figure 10

Top displacement responses of the CAMUS I for RD at the optimum damping ratios of the �rst two
effective modes

Figure 11

Comparisons of absolute maximum values obtained by numerical analysis with experimental results of
the CAMUS I structure for various damping types



Figure 12

NEES-UCSD structure (Martinelli, 2007)



Figure 13

The acceleration record of the 1994 Northridge earthquake (Seismosoft, 2016)

Figure 14

3D view of the NEES-UCSD structure model



Figure 15

Top displacement responses of the CAMUS I for the damping ratio of 2%

Figure 16

Top displacement responses of the CAMUS I for the damping ratio of 3%



Figure 17

Top displacement responses of the CAMUS I for the damping ratio of 5%

Figure 18

Top displacement responses of the NEES-UCSD for SPD and MPD types at optimum damping ratios



Figure 19

Top displacement responses of the NEES-UCSD for RD type at the optimum damping ratios of the �rst
two effective modes

Figure 20

Comparisons of absolute maximum values obtained by numerical analysis with experimental results of
the NEES-UCSD structure for various damping types



Figure 21

Comparisons of absolute maximum values obtained by numerical analysis with experimental results of
the both shear wall structures for SPD



Figure 22

Comparisons of absolute maximum values obtained by numerical analysis with experimental results of
the both shear wall structures for RD



Figure 23

Comparisons of absolute maximum values obtained by numerical analysis with experimental results of
the both shear wall structures for MPD


