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While linear system identification (SI) has been developed extensively, research advancement in the field of non-linear hysteretic SI is not satisfactory. An innovative method is proposed in this paper for identification of hysteretic restoring-force characteristics of three-dimensional (3D) building structures with in-plane flexible floors. The hysteretic restoring-force characteristics of vertical structural frames in the 3D building structure are identified from the measured floor horizontal accelerations together with the hysteretic restoring-force characteristics of floors without the assumption of hysteresis types or a priori knowledge of restoring force characteristics. Fourier expansion is applied to the time-history responses of story shear forces in vertical frames and in-plane shear forces in horizontal frames (floors). A batch processing least-squares estimation method for measured data is shown to be applicable to the identification of the Fourier coefficients on the story shear forces in vertical structural frames and those on the in-plane shear forces in floors. The proposed method is simple and direct because only Fourier expansion and batch processing least-squares estimation are required. Numerical simulations with and without noise are conducted for investigating the accuracy and reliability of the proposed method. It is demonstrated that the proposed method can identify successfully the hysteretic restoring-force characteristics of plane frames in 3D building structures with in-plane flexible floors.
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INTRODUCTION

An innovative method is proposed in this paper for identification of hysteretic restoring-force characteristics of three-dimensional (3D) building structures with in-plane flexible floors which are caused by stairs opening etc. The 3D building structure is composed of multiple vertical and horizontal frames. The horizontal frames represent floors. The hysteretic restoring-force characteristics of vertical and horizontal frames are identified from the two-directional horizontal accelerations measured at floors. The vertical and horizontal frame-wise simultaneous identification of hysteretic restoring-force characteristics from the observed floor accelerations without the assumption of hysteresis types or a priori knowledge of restoring force characteristics is the most outstanding and novel point.

Investigations on identification of hysteretic restoring-force characteristics of structures have been conducted in the last four decades (Toussi and Yao, 1983; Cifuentes, 1984; Leontaritis and Billings, 1985; Masri et al., 1987, 1993; Loh and Chung, 1993; Kitada, 1998, 2000; Kitada et al., 2000; Li et al., 2004a,b; Saadat et al., 2004; Zhang and Sato, 2006; Ikhouance and Rodellar, 2007; Tasbihgoo et al., 2007; Worden and Manson, 2010; Brewick et al., 2016; Pelliciari et al., 2018). Although these investigations are versatile, the problem of physical parameter system identification of 3D building structures with mass and/or stiffness eccentricity is a tough problem (e.g., Omrani et al., 2012; Nabeshima and Takewaki, 2017; Shintani et al., 2017, 2019; Fujita and Takewaki, 2018). Compared to the previous researches using neural networks (Saadat et al., 2004; Tasbihgoo et al., 2007; Brewick et al., 2016), wavelet transforms (Kitada, 1998, 2000; Saadat et al., 2004), support vector regressions (Zhang and Sato, 2006), fast Bayesian bootstrap filter (Li et al., 2004b), multi-stage iterative approach (Li et al., 2004a), the present approach is suitable for vertical and horizontal frame-wise simultaneous identification of hysteretic restoring-force characteristics of structural frames with flexible floors within a small amount of computational load. In addition, no iteration is required and robustness to noise is assured owing to the use of Fourier expansion as a low-pass filter.

Many parameters in 3D building structures to be identified make the identification problem difficult. Omrani et al. (2012) tackled the problem in a statistical way for known stiffness eccentricity. Since the eccentricity cannot be defined in this paper because of the treatment of the model with flexible floors and the non-linear hysteretic behaviors, a completely different formulation will be necessary. Recently a new method of frequency-domain system identification was proposed by Nabeshima and Takewaki (2017) for linear stiffness-eccentric 3D building structures with in-plane rigid floors. Shintani et al. (2017) developed another method of system identification for linear 3D building structures with stiffness eccentricity and rigid in-plane stiffness of floors. Subsequently, Shintani et al. (2019) extended their method to a linear model with in-plane flexible floors. However, the development for identification of hysteretic restoring-force characteristics is strongly desired.

Structural health monitoring (SHM) was initiated many years ago as an innovative approach to damage detection and restoration of structures (Doebling et al., 1996; Boller et al., 2009; Takewaki et al., 2011). The system identification (SI) methodologies play a key role in SHM. Two major approaches in the field of SI are the physical-parameter (PP) SI and modal-parameter (MP) SI. Much attention has been directed to the MP SI (Hart and Yao, 1977; Agbabian et al., 1991; Nagarajaiah and Basu, 2009) because it can provide the global mechanical properties of a structural system and has a stable and robust characteristic. However, the MP SI cannot be applied to the identification problems of hysteretic restoring-force characteristics of structures because the mode cannot be defined in non-linear structures.

In PP SI, a direct method with the least-squares concept was introduced by Nakamura and Yasui (1999). Because of the necessity of too many points of measurement, it was applied only to simple 1D shear-type building models. On the other hand, Takewaki and Nakamura (2000, 2005) developed a unique SI concept based on the work by Udwadia et al. (1978) for a shear building model.

While linear system identification (SI) has been developed extensively, research advancement in the field of non-linear hysteretic SI is not satisfactory. An innovative method is proposed in this paper for identification of hysteretic restoring-force characteristics of 3D building structures with in-plane flexible floors due to stairs opening or without in-plane stiffness component (brace). The hysteretic restoring-force characteristics of vertical structural frames in the 3D building structure are identified from the measured floor horizontal accelerations together with the hysteretic restoring-force characteristics of floors. Fourier expansion is applied to the time-history responses of story shear forces in vertical frames and in-plane shear forces in horizontal frames (floors). It is demonstrated that a batch processing least-squares estimation method for measured data can identify successfully and directly the Fourier coefficients on the story shear forces in vertical structural frames and those on the in-plane shear forces in floors. The proposed method is simple and direct because only Fourier expansion and batch processing least-squares estimation are required. Numerical simulations with and without noise are conducted for investigating the accuracy and reliability of the proposed method. It is demonstrated that the proposed method can identify successfully the hysteretic restoring-force characteristics of plane frames in 3D building structures with in-plane flexible floors.



MODELING OF BUILDING WITH IN-PLANE FLEXIBLE FLOORS

The in-plane stiffness of floors is assumed to be finite. This situation results from the stairs opening or the design of floors without in-plane stiffness component, etc. Let a shear spring and a dashpot between two consecutive vertical frames at the same floor level express the in-plane shear stiffness of a floor element.

Consider a 3D shear building model of N-story, as shown in Figure 1A, which includes in-plane flexible horizontal floors. This 3D model is subjected to the one-directional horizontal ground acceleration ÿg with an inclination angle ϕ to the x direction. This model consists of n vertical frames parallel to the x axis and m vertical frames parallel to the y axis. The j-th vertical frame parallel to the y axis and the l-th vertical frame parallel to the x axis are denoted by xj(j = 1, … , m) and yl(l = 1, … , n), respectively. On the other hand, in the case where the notations, xj(j = 1, … , m − 1) and yl(l = 1, … , n − 1), are used between two consecutive vertical frames, these indicate the quantities related to span. The span length in the x direction and that in the y direction are denoted by [image: image] and [image: image], respectively, as shown in Figure 1B. Let [image: image] denote the floor mass located at the point of intersection of x and y direction frames in the i-th story. The horizontal stiffness of the yl and xj vertical plane frames in the i-th story are denoted by [image: image]. On the other hand, let [image: image] denote the in-plane shear stiffness of floor per unit length in the [xj, yl] span of the i-th story (see Figure 1C). More detailed explanation can be found in the reference (Shintani et al., 2019). Although these stiffnesses are used for the modeling of the objective building structures, only the hysteretic restoring-force characteristics of vertical frames and in-plane horizontal floors are identified directly in the present paper.


[image: Figure 1]
FIGURE 1. 3D shear building model consisting of vertical frames connected by in-plane flexible floors subjected to one-directional horizontal ground motion inclined to x axis, (A) overview, (B) plan, (C) in-plane floor deformation.




MODELING OF STRUCTURAL BEHAVIOR


Degrees of Freedom

The horizontal displacements of the i-th story in the l-th vertical frame parallel to the x axis and those in the j-th vertical frame parallel to the y axis are denoted by [image: image] and [image: image], respectively. In this model, (m + n)N indicates the number of degrees of freedom. Let u[yl] = {[image: image]} and v[xj] = {[image: image]} denote the horizontal displacement vectors of N elements in x-direction and y-direction, respectively. Then the total displacement vector y can be expressed by,

[image: image]
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Story Shear Force in Vertical Frame

Let [image: image] and [image: image] denote the x-direction story shear force at the yl vertical frame in the i-th story and the y-direction story shear force at the xj vertical frame in the i-th story, respectively, as shown in Figure 1A.



In-Plane Shear Force in Horizontal Frame (Floor)

Let [image: image] and [image: image] denote the x-direction in-plane shear force in the xj, yl span in the i-th story and the y-direction in-plane shear force in the xj, yl span in the i-th story, respectively, as shown in Figure 1B.



Equations of Motion

The equation of motion around the total mass [image: image] at the yl frame in the i-th story may be expressed as

[image: image]

This equation is visualized in Figure 2. In Equation (6), [image: image] is the sum of masses at the yl frame in the i-th story and is defined by

[image: image]

Similarly, the equation of motion around the total mass [image: image] at the xj frame in the i-th story may be expressed as

[image: image]

where

[image: image]

The equations of motion of the overall system may be reduced to

[image: image]

where [image: image] denotes the sum of the increment of the story shear force along height and the increment of the in-plane shear force along span and

[image: image]

[image: image]
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Let [image: image] and [image: image] denote the sum of the increment of the story shear force along height and the increment of the in-plane shear force along span at the yl frame in the i-th story and the story shear force along height and the increment of the in-plane shear force along span at the xj frame in the i-th story, respectively, as shown in Figure 2. These quantities called “increment” are introduced to express the equations of motion compactly and independently of the story location and the span location. Then the overall expression [image: image] consisting of [image: image] and [image: image] can be expressed by

[image: image]

[image: image]

Since the story shear forces in vertical frames and the in-plane shear forces in floors are non-periodic functions, those are expressed as follows by using Fourier expansion.

[image: image]

[image: image]

[image: image]

where [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] are the Fourier coefficients and T/2 denotes the number of Fourier coefficients.


[image: Figure 2]
FIGURE 2. Dynamic equilibrium including story shear force in vertical frame and in-plane force in horizontal frame (floor).


Figure 3A shows a schematic diagram of Fourier expansion of the story shear force. The model is a one span (2 m) × one span (2 m) model of three stories. The time history of the story shear [image: image] of the y1 frame in the first story is presented in Figure 3A.


[image: Figure 3]
FIGURE 3. Fourier expansion of story shear force in vertical frame and its accuracy investigation depending on employed frequencies for Fourier expansion. (A) Fourier expansion of story shear force in vertical frame. (B) Accuracy investigation in terms of frequencies for Fourier expansion. (i) Using (1–5)th natural frequencies as frequencies for Fourier expansion. (ii) Using frequencies of 0-2Hz as frequencies for Fourier expansion. (iii) Using frequencies of 0–9 Hz as frequencies for Fourier expansion.


El Centro 1940 NS is employed as an input ground motion. This ground motion has been input at the incident angle π/6 from the x-axis. The frequency range 0–9 Hz is used. This is because the frequency range 0–9 Hz includes five peak frequencies indicating the principal modes. In addition, the frequency increment is set as 0.05 Hz. In this case, the number T/2 of Fourier coefficients is 180.

Figure 3B indicates the accuracy investigation depending on employed frequencies in Fourier expansion. In this figure, the figure (i) uses (1–5)th natural frequencies as frequencies for Fourier expansion, the figure (ii) employs frequencies of 0–2 Hz as frequencies for Fourier expansion, and the figure (iii) uses all frequencies of 0–9 Hz as frequencies for Fourier expansion. It can be observed that the use of only several lower natural frequencies is insufficient and the increase of employed frequency range enhances the accuracy.

The frequency range in Fourier expansion has to be selected in advance. The lower and upper bounds of the frequency range can be determined from the power and cross spectra of the ground acceleration and the recorded floor accelerations. The frequency increment in the frequency range can be determined from the number q of data points and the time increment dt of data in the rectangular window.

[image: image]




FORMULATION OF IDENTIFICATION OF HYSTERETIC RESTORING-FORCE CHARACTERISTIC IN VERTICAL FRAME AND IN-PLANE SHEAR FORCE IN HORIZONTAL FRAME (FLOOR)

A new formulation of system identification of 3D-frames with in-plane flexible floors is presented here for recorded floor accelerations. The restoring-force characteristics of vertical frames and horizontal frames (floors) are predicted and identified in the time domain. First, the story shear forces in vertical frames and the in-plane shear forces in horizontal frames (floors) are determined by using Fourier expansion and least-squares estimation. Then, the restoring-force characteristics of vertical frames and horizontal frames (floors) are evaluated by expressing the story shear forces in vertical frames and the in-plane shear forces in horizontal frames (floors) with respect to interstory drift or shear strain.

Let Θ denote the ensemble of the Fourier coefficients to be predicted.

[image: image]

[image: image] and [image: image] in Equation (23) are defined as follows.
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where
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In Equations (27), (28), (30), (31), (33), (34), [image: image], [image: image], [image: image], [image: image], [image: image], [image: image] are the Fourier coefficients.

Since [image: image] in Equation (10) consists of Fourier coefficients [image: image], [image: image], [image: image], [image: image] and sine, cosine functions, the equations of motion, Equation (10), at time t can be expressed in terms of the coefficient matrix H(t), the constants Z(t) and the unknown parameters Θ by arranging the terms.

[image: image]

where the constants Z(t) and the coefficient matrix H(t) can be expressed by

[image: image]
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HW(t) is the coefficient matrix of (n + m)N × T(n + m)N for vertical frames and is defined by

[image: image]
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HF(t) is the coefficient matrix of (n + m)N × T(n − 1)(m − 1)N for floors. It is useful to take into account the relation of in-plane forces in floors with the equations of motion [see Equations (6), (8), (17), (18)]. Consider the columns from T{Nm(l − 1) + N(j − 1) + i − 1} to T{Nm(l − 1) + N(j − 1) + i} in HF(t). Only the components in rows of N(l − 1) + i, Nl + i, Nn + N(j − 1) + i, Nn + Nj + i are non-zero. HF(t) can be expressed symbolically as

[image: image]

The Equation (35) has to be satisfied at every time. The purpose at this stage is to predict Θ so as to minimize the following error.

[image: image]

The sum of squares of errors e(t) at every time from t = t1 to t = t2 can be expressed by

[image: image]

The minimization of the sum of squares of errors can be achieved by

[image: image]

Equation (44) provides the solution Θ.

[image: image]



NUMERICAL EXAMPLE

In this paper, data obtained from the time-history response analysis are used as the observed data. This treatment enables the accuracy investigation of the proposed method. For the investigation on numerical reliability, the case with noise will also be treated later.


Example of Model With Inner Vertical Frame

Consider a 2-story 2-span three-dimensional building frame as shown in Figure 4. One accelerometer has to be installed at every story in each vertical frame. For example, a two-component accelerometer (x-direction and y-direction) is sufficient to install at three inter-sections (x1-side frame and y1-side frame, x2-side frame and y2-side frame, x3-side frame, and y3-side frame) at every story (see Figure 4). The model parameters are shown in Table 1. For the time-history response analysis, an analysis model has to be set first. A normal bilinear hysteretic model is used both for the vertical frames and the horizontal frames. The second (post-yield)-stiffness ratio to the initial stiffness is assumed to be 0.4 both for the vertical frames and horizontal frames. The yield interstory drift for the vertical frames is set as 0.01(m) and the yield shear strain in the horizontal frames are set as 0.01 (relatively large yield strain is set for expressing a flexible floor). The damping coefficient is set so as to be initial stiffness-proportional (damping ratio for the lowest mode is 0.02). Two recorded ground motions, El Centro 1940 NS and Hyogoken-Nanbu 1995 (Kobe Univ. NS), are employed (see Figure 5). These ground motions are input at the incident angle π/6 from the x-axis. The data of 0–20 s are used for the identification of hysteretic restoring-force characteristics during 0–20 s and data of 20–40 s are used for those during 20–40 s.


[image: Figure 4]
FIGURE 4. 2-story 2-span three-dimensional building frame.



Table 1. Model parameters.

[image: Table 1]


[image: Figure 5]
FIGURE 5. Recorded ground motions. (A) El Centro 1940 NS. (B) Hyogoken-Nanbu 1995 (Kobe Univ. NS).



Determination of Frequency Range

It is necessary to determine the frequency range for Fourier expansion. Figure 6 shows the transfer function evaluated from the ratio of the cross spectrum between the input and the response to the power spectrum of the input. It can be observed from Figure 6 that the frequency range 0–7 Hz is appropriate. This is because the frequency range 0–7 Hz includes all peak frequencies indicating the principal modes. In addition, the frequency increment is set as 0.05 Hz. In this case, the number T/2 of Fourier coefficients is 140.


[image: Figure 6]
FIGURE 6. Reference distribution of transfer function. (A) Vertical frame y1_1F. (B) Vertical frame y2_1F. (C) Vertical frame y3_1F.




Identification Result

The building model with the parameters for the case (a), (b), (d) in Table 1 is subjected to the ground motions, El Centro 1940 NS and Hyogoken-Nanbu 1995 (Kobe Univ. NS).

Figure 7 shows the restoring force-shear strain hysteretic relations of horizontal frames and the restoring force-interstory drift hysteretic relations of vertical frames under El Centro 1940 NS. The exact loops were obtained from the time-history response analysis of the object building model corresponding to the parameters for the case (a), (b), (d) in Table 1. The shear strain [image: image] in the restoring force-shear strain hysteretic relations of horizontal frames is obtained from

[image: image]

On the other hand, the interstory drift [image: image] in the restoring force-interstory drift hysteretic relations of vertical frames is derived from

[image: image]

To present the detailed result of the proposed method, the comparison between the Fourier amplitude spectrum (exact/reference value) of the story shear force and the amplitude in terms of Fourier coefficients [image: image], [image: image] (identified value) is shown in Figure 8. Figure 8A shows the Fourier amplitude spectrum divided by half of the number of data (ND/2 = 500) and Figure 8B indicates the amplitude in terms of the Fourier coefficients [image: image], [image: image]. For reference, Figure 8C compares the time histories of the story shear force [image: image] of the y1 frame in the first story between the exact/reference value and the identified value. It can be seen that the distribution of the Fourier amplitude spectrum of the story shear force [image: image] and that of the amplitude in terms of the Fourier coefficients [image: image], [image: image] correspond fairly well. This supports the reliability and the accuracy of the proposed identification method.


[image: Figure 7]
FIGURE 7. Identification results (El Centro 1940 NS). (A) H-frame (x1y1_1F). (B) H-frame (x1y2_1F). (C) H-frame (x2y1_1F). (D) H-frame (x2y2_1F). (E) H-frame (x1y1_2F). (F) H-frame (x1y2_2F). (G) H-frame (x2y1_2F). (H) H-frame (x2y2_2F). (I) V-frame (x1_1F). (J) V-frame (x1_2F). (K) V-frame (x2_1F). (L) V-frame (x2_2F). (M) V-frame (x3_1F). (N) V-frame (x3_2F). (O) V-frame (y1_1F). (P) V-frame (y1_2F). (Q) V-frame (y2_1F). (R) V-frame (y2_2F). (S) V-frame (y3_1F). (T) V-frame (y3_2F).



[image: Figure 8]
FIGURE 8. Verification of proposed method for story shear force [image: image] of y1 frame in the first story. (A) Fourier amplitude spectrum divided by half of number of data (exact/reference value). (B) Amplitude in terms of Fourier coefficients [image: image], [image: image] (identified value). (C) Comparison of time histories of [image: image] between exact value and identified value.


Figure 9 presents the restoring force-shear strain hysteretic relations of horizontal frames and the restoring force-interstory drift hysteretic relations of vertical frames under Hyogoken-Nanbu 1995 (Kobe Univ. NS). Because the general properties do not differ so much from Figure 7, the results for the floors and the internal vertical frames are omitted.


[image: Figure 9]
FIGURE 9. Identification results (Kobe Univ. NS). (A) V-frame (x1_1F). (B) V-frame (x1_2F). (C) V-frame (x3_1F). (D) V-frame (x3_2F). (E) V-frame (y1_1F). (F) V-frame (y1_2F). (G) V-frame (y3_1F). (H) V-frame (y3_2F).


It can be observed that, although some discrepancies are seen in the restoring force-shear strain hysteretic relations of horizontal frames, the predicted hysteretic restoring force characteristics corresponds fairly well to the true relations if the noise is free. A little deterioration of identification accuracy in the restoring force-shear strain hysteretic relations of horizontal frames may result from the fact that the horizontal frame identification and the vertical frame identification deal with different kinds of restoring-force characteristics and both frames experience different levels of plastic responses. In fact, the horizontal frames are in the elastic range in this case.




Influence of Noise on Identification Accuracy

It is important to investigate the influence of noise on the identification accuracy. To conduct this, independent 5% white noises as the ratio in the RMS value of the response data are added to the analyzed data. Those independent white noises are produced in the frequency range 0.075–150 (rad/s). El Centro 1940 NS is used as input in this case.

Figure 10 shows the identification results. Because of the same reason in Figure 9, the results for the internal vertical frames are omitted. It can be observed that the accuracy deterioration from the noise-free case is not clear. It seems that this is because Fourier expansion and batch processing least-squares estimation play a role as the low-pass filter. The high-frequency cut by the setting of the upper bound of frequency range in Fourier expansion enabled this low-pass filter mechanism automatically. This property is advantageous in the proposed method and it can be said that the proposed identification is robust for noise.


[image: Figure 10]
FIGURE 10. Identification results for case with noise (El Centro 1940 NS). (A) H-frame (x1y1_1F). (B) H-frame (x1y2_1F). (C) H-frame (x2y1_1F). (D) H-frame (x2y2_1F). (E) H-frame (x1y1_2F). (F) H-frame (x1y2_2F). (G) H-frame (x2y1_2F). (H) H-frame (x2y2_2F). (I) V-frame (x1_1F). (J) V-frame (x1_2F). (K) V-frame (x3_1F). (L) V-frame (x3_2F). (M) V-frame (y1_1F). (N) V-frame (y1_2F). (O) V-frame (y3_1F). (P) V-frame (y3_2F).




Variation of Floor Stiffness and Yield Strain

The influence of in-plane stiffness of floors on the identification accuracy is investigated here. The model parameters for the case (a), (c), (d) in Table 1 are used here, i.e., the floors except x2y2 are stiff (about 10 times stiffer than the floor x2y2). El Centro 1940 NS is input to this model. The predicted results are shown in Figure 11. As in the previous cases, the results for the internal vertical frames are omitted. It can be observed that, while the identification is possible approximately for the flexible floors, the identification is difficult for the stiff in-plane floors. This may be because the large difference in the response levels of stiff and flexible floors cause the numerical errors. The enhancement of accuracy at this point should be discussed in the future.


[image: Figure 11]
FIGURE 11. Identification results for case of different floor stiffness (El Centro 1940 NS). (A) H-frame (x1y1_1F). (B) H-frame (x1y2_1F). (C) H-frame (x2y1_1F). (D) H-frame (x2y2_1F). (E) H-frame (x1y1_2F). (F) H-frame (x1y2_2F). (G) H-frame (x2y1_2F). (H) H-frame (x2y2_2F). (I) V-frame (x1_1F). (J) V-frame (x1_2F). (K) V-frame (x3_1F). (L) V-frame (x3_2F). (M) V-frame (y1_1F). (N) V-frame (y1_2F). (O) V-frame (y3_1F). (P) V-frame (y3_2F).


To demonstrate the influence of the yield strain in the floors, the case of different yield strain (0.001) is analyzed and shown in Figure 12. It can be observed that, although the floors exhibit hysteretic responses, the hysteretic behaviors of the vertical frames can be identified with almost the same accuracy as in the previous cases.


[image: Figure 12]
FIGURE 12. Identification results for case of different yield strain for floor (El Centro 1940 NS). (A) H-frame (x1y1_1F). (B) H-frame (x1y2_1F). (C) H-frame (x2y1_1F). (D) H-frame (x2y2_1F). (E) H-frame (x1y1_2F). (F) H-frame (x1y2_2F). (G) H-frame (x2y1_2F). (H) H-frame (x2y2_2F). (I) V-frame (x1_1F). (J) V-frame (x1_2F). (K) V-frame (x3_1F). (L) V-frame (x3_2F). (M) V-frame (y1_1F). (N) V-frame (y1_2F). (O) V-frame (y3_1F). (P) V-frame (y3_2F).





CONCLUSIONS

An innovative method of identification of hysteretic restoring-force characteristics has been proposed for three-dimensional (3D) building structures with in-plane flexible floors. The hysteretic restoring-force characteristics of vertical structural frames in the 3D building structure have been identified from the measured floor horizontal accelerations together with the hysteretic restoring-force characteristics of floors without the assumption of hysteresis types or a priori knowledge of restoring force characteristics. The conclusions may be summarized as follows.

(1) Fourier expansion of the time-history responses of story shear forces in vertical frames and in-plane shear forces in horizontal frames (floors) and batch processing least-squares estimation using many discrete measured data enabled the identification of hysteretic restoring-force characteristics of vertical structural frames and those of floors. A model with in-plane flexible floors has been used as a new model for physical parameter SI. The proposed method possesses an advantage that all hysteretic restoring-force characteristics of vertical structural frames and those of floors can be performed simultaneously without search iteration.

(2) Numerical simulations demonstrated that the proposed method is relatively accurate and reliable for noise-free models. Even for the model with noise, the identification accuracy does not decrease so much. It seems that this is because Fourier expansion and batch processing least-squares estimation play a role as the low-pass filter.

(3) A little deterioration of identification accuracy in the hysteretic restoring force-shear strain relations of horizontal frames occurs. This may result from the fact that the horizontal frame identification and the vertical frame identification deal with different kinds of restoring-force characteristics and both frames experience different levels of plastic responses.

(4) The influence of in-plane stiffness of floors on the identification accuracy has been investigated. It has been found that, while the identification is possible approximately for flexible floors, the identification is difficult for stiff floors.

A pinching phenomenon sometimes appears in some frame models. It seems that the present method can deal with such pinching property because the present method does not require the assumption of hysteresis types or a priori knowledge of restoring force characteristics.
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