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Abstract: The paper aims to investigate the accuracies of idealization methods of the well-known
shear-building models. Five idealization methods are adopted to idealize the structural story capacity
curve within the range from zero to the deformation corresponding to the peak shear point. After
the peak shear point, a skew branch followed by a constant branch are used to approximate the
capacity curve. The five idealization methods are verified by using four reinforcement concrete (RC)
frames with 3, 8, 12, and 18 stories. Results reveal that all the five idealization methods may cause
remarkable errors in prediction of the period, displacements and accelerations of the actual buildings.
The errors of the structural period by the five idealization methods are almost above 10–40%. The
errors of the structural displacements and accelerations by the five idealization methods are almost
above 30–90%. For all the five idealization methods, the prediction accuracy on displacement and
acceleration will be dramatically increased if the comparison is only focused on the maximum value
within all story rather than the maximum values of each story. The initial stiffness method provides
the best predictions on periods of the actual buildings. The farthest point method provides better
prediction than the other four idealization methods.

Keywords: shear-building model; idealization method; period of vibration; earthquake response;
accuracy

1. Introduction

Currently, considering the wide availability of powerful computational tools and
software, it is possible to use more complex models (e.g., the beam-column element models
or solid element models) to perform analyses for obtaining the structural seismic responses.
However, if providing structural responses only at the “story” level is the target, the
use of simplified modeling assumptions such as the shear-building concept is necessary
and convenience in these cases. Shear-building models are widely used to study the
seismic response of multi-story buildings because of their simplicity and low computa-
tional cost [1]; especially, it facilitates performing comprehensive statistical analyses and
parametric studies. Alongside the seismic response analyses on ordinary multi-story build-
ings, the idealizations of actual buildings to the shear-building model have been used
in many research aspects, e.g., soil-structure-interaction analysis [2–4], pounding analy-
sis [5], health monitoring and system identification [6–10], damper placements [11], isolated
buildings [12,13], structural optimum design [14–17], pushover analysis [18,19], and city
earthquake response analysis [20–23], etc. This type of model is also the basis of methods
or regulations in some seismic design codes, e.g., the derivation of the vertical distribution
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of seismic forces for low and middle-height buildings [24–26], design requirements for
nonbuilding structures [24], calculation models of isolated buildings [25], modification
factors in nonlinear static procedure [27], etc.

The problems are as follows. (1) When the seismic response analysis is performed,
how accurate are the results obtained by using shear-building models? Additionally, (2) if a
structure is designed according to the regulations derived based on shear-building models,
how does the capacity curve of the actual building need to be. The above problems are
relevant to the idealization method of the shear-building model and its accuracy, which
are the objective of this study. The main objective of this research is to investigate the
accuracies of five different idealization methods and provide some advice on selection of
proper idealization method for the shear-building model in dynamic time analysis.

2. Review of Idealization Methods of Shear-Building Models

In shear-building models, floor slabs are modeled as lumped masses and columns are
modeled as elastic–plastic springs that only exhibit deformations in horizontal direction
when subjected to lateral forces. The story lumped mass at the floor slab is set as the sum
of masses between half-upper and half-lower of the story. The four-branch backbone curve
shown in Figure 1 is adopted in this study to provide a representation of the non-linear
behavior of the elastic–plastic springs. The story backbone curve, which has four key
parameters including elastic stiffness Ke, post-yielding stiffness ratio α1, degrading stiffness
α2, and residual shear Vr. In other words, the key points (Dy, Vy), (Dp, Vp), and (Dr, Vr) in
the idealized curve need to be determined from the story capacity curve.

Buildings 2022, 11, x FOR PEER REVIEW 2 of 16 
 

methods or regulations in some seismic design codes, e.g., the derivation of the vertical 
distribution of seismic forces for low and middle-height buildings [24–26], design require-
ments for nonbuilding structures [24], calculation models of isolated buildings [25], mod-
ification factors in nonlinear static procedure [27], etc. 

The problems are as follows. (1) When the seismic response analysis is performed, 
how accurate are the results obtained by using shear-building models? Additionally, (2) 
if a structure is designed according to the regulations derived based on shear-building 
models, how does the capacity curve of the actual building need to be. The above prob-
lems are relevant to the idealization method of the shear-building model and its accuracy, 
which are the objective of this study. The main objective of this research is to investigate 
the accuracies of five different idealization methods and provide some advice on selection 
of proper idealization method for the shear-building model in dynamic time analysis. 

2. Review of Idealization Methods of Shear-Building Models 
In shear-building models, floor slabs are modeled as lumped masses and columns 

are modeled as elastic–plastic springs that only exhibit deformations in horizontal direc-
tion when subjected to lateral forces. The story lumped mass at the floor slab is set as the 
sum of masses between half-upper and half-lower of the story. The four-branch backbone 
curve shown in Figure 1 is adopted in this study to provide a representation of the non-
linear behavior of the elastic–plastic springs. The story backbone curve, which has four 
key parameters including elastic stiffness Ke, post-yielding stiffness ratio α1, degrading 
stiffness α2, and residual shear Vr. In other words, the key points (Dy, Vy), (Dp, Vp), and (Dr, 
Vr) in the idealized curve need to be determined from the story capacity curve. 

V

D

α1Ke

Dy Dp

Vy

Ke

α2Ke

Vp

Dr

Vr

V: story shear
D: story drift ratio
K: story lateral stiffness

M

C

V

DDy Dp

Vy

Vp

2Dp

Idealized curve

Pushover capacity  curve

 
Figure 1. Shear-building model used to derive the design procedure. 

Five idealization methods are verified in this study from previous studies. Table 1 
shows the five idealization methods, and they are used to determine the elastic stiffness 
Ke and post-yielding stiffness ratio α1 based on the story capacity curves. The point (Dp, 
Vp) in the idealized curve is defined as the point with maximum shear in the capacity curve 
in this study. In the references [18,27–32], some regulations are flexible to a practical ana-
lyst. In this study, what “has leveled off” (see Table 1) in the ATC-40 method means that 
the range starts from the point where tangent stiffness reduces to 20% of the initial stiff-
ness and ends at the point (Dp, Vp), then the initial tangent stiffness is calculated using the 
average of three stiffness values adopted (0, 0) and the first, second, and third points in 
the capacity curve. Figure 2a–e provide the schematic diagram of these five methods. 

  

Figure 1. Shear-building model used to derive the design procedure.

Five idealization methods are verified in this study from previous studies. Table 1
shows the five idealization methods, and they are used to determine the elastic stiffness Ke
and post-yielding stiffness ratio α1 based on the story capacity curves. The point (Dp, Vp)
in the idealized curve is defined as the point with maximum shear in the capacity curve in
this study. In the references [18,27–32], some regulations are flexible to a practical analyst.
In this study, what “has leveled off” (see Table 1) in the ATC-40 method means that the
range starts from the point where tangent stiffness reduces to 20% of the initial stiffness and
ends at the point (Dp, Vp), then the initial tangent stiffness is calculated using the average
of three stiffness values adopted (0, 0) and the first, second, and third points in the capacity
curve. Figure 2a–e provide the schematic diagram of these five methods.
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Table 1. Idealization methods to determine the story backbone curve before the maximum shear point.

No. Reference Description of Idealization before Point (Dp, Vp)

1 ATC-40 [33]

1. α1Ke is determined to represent an average stiffness in the range in which the structural
strength has leveled off;
2. Ke is determined by constructing a secant line passing through the point on capacity
curve corresponding to a shear of 0.6Vy. Vy is the intersection of the Ke and α1Ke lines;
3. The determination of Vy needs iteration to check the point where the Ke line crosses the
capacity curve if it is equal to 0.6Vy.

2
FEMA 356 [28]
FEMA 440 [29]

ASCE 41-13 [27]

This is the same as the ATC-40 method but the α1Ke is not pre-determined. Ke and α1Ke
are defined based on the equal-area principle from 0 to the Dp. Iteration is needed in
this procedure.

3 Park [30]
(0.75Vp method)

1. α1Ke is a leveled line passing the point (Dp, Vp);
2. Ke is a line passing the point on the capacity curve corresponding to a shear of 0.75Vp.

4 Feng et al. [31]
(farthest point method)

1. A line is drawn from 0 to the point (Dp, Vp), then the point that has the maximum
perpendicular distance from the capacity curve to this line is found. The point is set as
(Dy, Vy);
2. Ke and α1Ke can be determined by point (Dy, Vy).

5 Chopra and Goel [18]
(initial stiffness method)

1. Ke is set as the initial tangent stiffness.
2. α1Ke is determined by equal-area method from 0 to the point (Dp, Vp).
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Figure 2. Schematic diagram of five methods for idealizing the story capacity curves. (a) ATC-40; 
(b) FEMA 356 (also FEMA 440, ASCE 41-13); (c) 0.75Vy; (d) farthest point; (e) initial stiffness; (f) 
negative-stiffness region–Case 1; (g) negative-stiffness region–Case 2. 

Figure 2. Schematic diagram of five methods for idealizing the story capacity curves. (a) ATC-
40; (b) FEMA 356 (also FEMA 440, ASCE 41-13); (c) 0.75Vy; (d) farthest point; (e) initial stiffness;
(f) negative-stiffness region–Case 1; (g) negative-stiffness region–Case 2.
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For the idealization of the story capacity curve after point (Dp, Vp), only ASCE 41-
13 [27] and FEMA 440 [29] provide regulations. This segment is determined by the point
(Dp, Vp) and the point at which the shear declines to 60% of the Vy. Actually, the above
idealization method has some inconveniences in practical idealized processes because the
unstable numerical analysis results are commonly obtained in the prediction of the story
capacity curve in the negative-stiffness region, e.g., (1) the results in this segment may not
be accurate because the calculation is in the negative stiffness region; and (2) the data may
be lost and not reach to the point with shear declines to 60% of the Vy. Figure 2f,g provide
a schematic diagram for idealization of the capacity curve after point (Dp, Vp). In this study,
the following method is advised to idealize the curve: α2Ke is a line passing the point (Dp,
Vp) and crossing a vertical line with horizontal coordinate 2Dp. α2Ke is determined by
having equal areas within the range of Dp–2Dp; if the data are not enough, the last point
of the story capacity curve is used to determine α2Ke, in which the equal-area principle is
satisfied within Dp and the last point of the story capacity curve. Then, the segment will
extend to the vertical line with horizontal coordinate 2Dp. In this way, the point (Dr, Vr)
is determined.

Figure 3 shows a flowchart of the paper in the following sections. Firstly buildings
and ground motions used in this paper are selected in Section 3. In Section 4, the selected
buildings are idealized to different shear-building models according to the five idealization
methods, and the shear-building models are excited by ground motions. Then the structural
responses (periods, displacements and accelerations) are compared to investigate the
accuracy of different idealization methods. Finally, the conclusions are obtained and
suggestions are provided to select proper idealization method for the buildings in dynamic
time analysis.
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3. Buildings, Selected Ground Motions and Modelling

Four RC frames with 3, 8, 12, and 18 stories are shown in Figure 4 (design information
is in reference [32]). The architectural elevation of four buildings are similar. For each
building, the height of the first story and the standard floor are 4.2 m and 3.3 m, respectively.
In total, the height of 3-, 8-, 12-, 18-story buildings are 10.8 m, 27.3 m, 40.5 m, 60.3 m. The
design earthquake intensities for the frames are PGA = 0.15 g (seismic hazard corresponds
to 10% exceedance probability in 50 years at the building site). The site type is II and group
is I in Chinese seismic design code [25]. A total of 80 ground motion records recommended
in reference [32] are used in the analyses. The acceleration spectra of ground motions
are shown in Figure 5. The ground motion records are selected from strong earthquakes,
whose source magnitudes are mainly ranges from 5.0 to 8.0. The records from such strong
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earthquakes usually cause severe building damage. Three input ground motion intensities
are considered with PGA = 0.056 g, 0.316 g, and 0.45 g (corresponds to frequent, rare and
very rare earthquake intensities with 63% and 2~3% exceedance probabilities in 50 years,
and 10−4 exceedance probability per year, respectively).
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The well-known Idarc program [34] is used in the modelling of the frames to obtain
the story capacity curves and structural responses in the later sections with the beam-
column model. Idarc has been widely used by many researchers in inelastic structural
damage analysis [35–37]. The OpenSees program is used to build the idealized shear-
building models and obtain the structural responses. The “Hysteretic material” model in
the OpenSees program [38] is used, in which the backbone curve parameters are determined
with the methods in Table 1 and hysteretic rule parameters use the default values. The
residual capacity point is set as (2Dp, 60%Vy). The damping ratio used in the analyses
is 0.05.

4. Results

The actual story capacity curves should be obtained first, then the idealization methods
are used to derive the shear-building models. The actual story capacity curves of structure
can be obtained by two methods: (1) incremental dynamic analysis (IDA) method, through
which the story capacity curves can be obtained by increasing the PGA of ground motion
records as input to the structures, the maximum story shear and maximum story ratio
are obtained during the time history analysis, thus producing story shear force versus
inter-story drift ratio (IDR) curves; and (2) the pushover method, through which the story
shear versus IDR curves can be obtained by monotonically increasing the lateral loads
along the structural height until the prescribed displacement is reached.
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Figure 6 shows the story capacity curves of the 3-, 8-, 12-, and 18-story frames by using
IDA method. Every line in Figure 6 represents the capacity curve of each story of the frames.
In order to compare the story capacity curves obtained by IDA and pushover methods.
The actual story capacity curves of the 12-story frame obtained by the two methods are
presented in Figure 7, using the 12-story frame as an example. The inverted triangular
lateral load distribution is adopted in the pushover method.
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As can be seen in Figure 7, the whole story capacity curves can be obtained using the
IDA method. However, for the pushover method, the whole story capacity curves can be
obtained in the low and middle stories (1st, 4th, and 8th stories), while the whole story
capacity curve cannot be obtained in the upper story (12th story). The capacity curve of
the 12th story does not increase with the increase of top displacement. This is because the
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damages mainly occur in the low or middle stories, the upper stories experience elastic
unloading even when the top displacement is getting bigger. It means the capacity curve
of the upper stories cannot reach the inelastic stage in the pushover procedure. A similar
phenomenon can be also observed in the 3-, 8-, and 18-story frame structures. A similar
observation was also obtained in the authors’ previous study, regardless of the lateral load
patterns used in pushover analysis, e.g., the uniform pattern, linear pattern, parabolic
pattern, and modal adaptive pattern [39].

Note again that the pushover is a simplified method and lacks a rigorous theoretical
foundation, the predefined lateral load distributed along the building height is different
from the real situation in the earthquake, and this causes the result that some stories may
experience an unloading phenomenon when the structure is severely damaged in the
other stories. The whole story capacity curve cannot be obtained due to the unloading
phenomenon for some stories in the pushover method. The existing non-seismically de-
signed buildings are usually poorly detailed (i.e., the use of plain steel bars, the use of
concrete with low compression strength, the short length of column lap splices, the inade-
quate anchorage of reinforcement, and the poorly confined beam-column joint regions),
which substantially increase number of parameters related to structural weaknesses, and
decisively affect the seismic response and structural integrity. The implementation of the
pushover method in the case of existing non-seismically designed buildings is even more
inaccurate. Compared with the pushover method, the dynamic analysis is regarded as a
more accurate method [37,40–42]. Thus, the IDA method is adopted to obtain the story
capacity curves in this study because it can get the whole story capacity curves of all stories.

In this section, the accuracies of the shear-building models by different idealization
methods will be investigated. The structural dynamic property (period) and responses
(displacement, i.e., the story drift ratio, and acceleration) calculated by the beam-column
model in Idarc program and shear-building models using different idealization methods
are compared. It is reasonable to assume that the results calculated by the beam-column
model in Idarc program are more accurate. Thus, based on the results calculated by the
beam-column model in the Idarc program, the accuracy and applicability of different
idealization methods are discussed.

4.1. Comparison of Structural Period

The actual story capacity curves of the frames are obtained by the IDA method. Then
the five idealization methods are adopted to provide idealization of the actual capacity
curves, as shown in Figure 8. The 0.75Vp method greatly overestimates the yield point
compared with the IDA curve. The 0.75Vp and farthest point methods underestimate the
elastic stiffness.

The errors of the structural periods obtained by shear-building models using the five
idealization methods are discussed. The error index used in the study is presented as

Error = (Tsm − TIdarc)/TIdarc (1)

where TIdarc is the structural period obtained by beam-column model, and Tsm is the
structural period obtained by shear-building models using different idealization methods.

Table 2 shows the error of the structural periods. For the 12-story frame, the period
calculated using the 0.75Vp and farthest point methods overestimate the period due to
the underestimation of the elastic stiffness, which can be seen in Figure 6. For the 0.75Vp
method, the errors of the first and second periods are 35.39% and 34.43%, respectively. For
the farthest point method, the errors of the first and second periods are 35.39% and 42.62%,
respectively. The errors of the first and second periods from the ATC-40, FEMA 356 and
initial stiffness methods are all below 10%.
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Table 2. Errors of first and second periods calculated by using different models.

Frame 3-Story 8-Story 12-Story 18-Story Average
Error

Methods T1 T2 T1 T2 T1 T2 T1 T2

Idarc 0.54 0.16 1.19 0.38 1.78 0.61 2.73 0.93

ATC-40 0.61
(12.96%)

0.23
(43.75%)

1.22
(2.52%)

0.42
(10.53%)

1.78
(0.00%)

0.65
(6.56%)

2.63
(−3.66%)

0.96
(3.23%) (9.45%)

FEMA
356

0.61
(12.96%)

0.23
(43.75%)

1.21
(1.68%)

0.42
(10.53%)

1.79
(0.56%)

0.66
(8.20%)

2.68
(−1.83%)

0.98
(5.38%) (10.15%)

0.75Vp
0.76

(40.74%)
0.28

(75.00%)
1.55

(30.25%)
0.54

(42.11%)
2.41

(35.39%)
0.82

(34.43%)
3.72

(36.26%)
1.23

(32.26%) (40.81%)

Farthest
point

method

0.83
(53.70%)

0.32
(100.00%)

1.53
(28.57%)

0.55
(44.74%)

2.41
(35.39%)

0.87
(42.62%)

3.33
(21.98%)

1.21
(30.11%) (44.64%)

Initial
stiffness
method

0.61
(12.96%)

0.21
(31.25%)

1.16
(−2.52%)

0.40
(5.26%)

1.77
(−0.56%)

0.66
(8.20%)

2.73
(0.73%)

0.93
(10.75%) (8.26%)

Note: The numbers in the brackets are the error of periods.

Similar conclusions can be also observed in the 3-, 8-, and 18-story frames. The average
errors of the 0.75Vp and farthest point method are 40.81% and 44.64%, respectively. The
average errors of the ATC-40, FEMA 356 and initial stiffness methods are no more than
10.12%. In general, the 0.75Vp and farthest point method greatly overestimated the period,
the average error of period of these two methods are more than 40%. The errors of the
other three methods (the ATC-40, FEMA 356 and initial stiffness methods) are no more
than 10.15%, which are in an acceptable range in engineering. The initial stiffness method
provides the best prediction on periods of the actual buildings.
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4.2. Comparison of Structural Responses

The structural responses are average values of the results obtained by the 80 ground
motion records used in Section 3. The error index of structural response is presented as

Error = Abs(RESsm − RESIdarc)/RESIdarc (2)

where RESIdarc is the structural responses (inter-story drift ratio or accelerations) obtained
by beam-column model, and RESsm is the structural responses (inter-story drift ratio or
accelerations) obtained by shear-building models using different idealization methods.

Figure 9a–c show the inter-story drift ratios (IDRs) obtained by Idarc program and
the five shear-building models at different seismic intensities. Table 3 shows the error of
IDRs obtained from the shear-building models compared with beam-column model in
Idarc program. As shown in Table 3, the minimum error is 23.25%, and the maximum error
reaches 109.8%. The average errors of IDRs are all above 30%. Among the five different
idealization methods, the average errors of ATC-40 and initial stiffness methods are about
40%, while the average error of farthest point method reaches 64.14%.

Table 3. Errors of calculated inter-story drift ratios (average value of all the stories).

Error ATC-40 FEMA356 0.75Vp
Farthest

Point Initial

0.45 g

3-story 23.25% 23.43% 35.92% 42.55% 25.06%
8-story 40.82% 42.26% 41.95% 48.40% 48.51%
12-story 46.60% 43.34% 47.98% 39.26% 43.32%
18-story 61.44% 63.62% 54.96% 58.46% 56.87%

0.316 g

3-story 35.34% 26.70% 43.40% 46.26% 40.27%
8-story 26.70% 33.41% 29.03% 28.55% 32.84%
12-story 36.26% 34.11% 30.90% 30.69% 22.84%
18-story 53.67% 49.56% 56.43% 56.02% 51.29%

0.056 g

3-story 52.12% 50.98% 95.47% 136.81% 28.00%
8-story 26.73% 36.22% 62.00% 80.28% 34.55%
12-story 53.59% 68.32% 109.80% 109.08% 50.63%
18-story 52.06% 60.24% 94.44% 93.37% 58.47%

Average error 42.38% 44.35% 58.52% 64.14% 41.05%

Figure 9d shows the maximum IDRs of the structures obtained by different methods.
The “maximum” here denotes that it firstly averages the IDR results of 80 ground motions
of each story, and then the maximum value within all the stories is used. Table 4 shows the
error of maximum IDRs obtained from the shear-building models compared with beam-
column model. As can be seen form Table 4, the errors of the maximum IDRs are much
smaller compared with those errors in Table 3 (the reason is because the comparison only
focuses on the maximum values regardless of which story they occur in). The minimum
error is 3.16% in Table 4. The average error of the ATC-40 method is about 30%, which is
the most accurate among the five idealization methods.
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shown in Figure 10, all the five idealization methods cause remarkable errors in prediction 
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Figure 9. Story drift ratios caculated by beam-column model and five shear-building models. (a)
PGA = 0.056 g; (b) PGA = 0.316 g; (c) PGA = 0.45 g; (d) PGA = 0.056 g, 0.316 g, and 0.45 g (maximum
within all stories).
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Table 4. Errors of calculated inter-story drift ratios (maximum value within all the stories).

Error ATC-40 FEMA356 0.75Vp
Farthest

Point Initial

0.45 g

3-story 18.52% 16.11% 2.92% 3.16% 24.68%
8-story 1.49% 12.71% 76.82% 60.41% 39.65%
12-story 13.76% 9.52% 65.82% 3.00% 5.83%
18-story 59.84% 63.13% 33.81% 14.93% 61.11%

0.316 g

3-story 26.68% 19.66% 1.19% 8.35% 11.23%
8-story 3.22% 26.13% 12.51% 2.46% 20.46%
12-story 21.98% 17.07% 49.51% 1.85% 5.38%
18-story 39.76% 53.48% 79.58% 90.40% 42.13%

0.056 g

3-story 30.84% 31.59% 74.28% 100.43% 23.42%
8-story 13.61% 18.80% 35.22% 41.03% 12.60%
12-story 48.65% 64.02% 106.57% 95.67% 46.56%
18-story 72.74% 82.50% 92.04% 112.71% 85.10%

Average error 29.26% 34.56% 52.52% 44.53% 31.51%

Figure 10 shows the accelerations obtained by beam-column model and the five ideal-
ized methods at different seismic intensities. Tables 5 and 6 show the error of accelerations
obtained from the five idealized methods compared with beam-column model. As shown
in Figure 10, all the five idealization methods cause remarkable errors in prediction of
the accelerations compared with those of the beam-column model. The accuracy of the
farthest point method is relatively more accurate than the other four methods. Comparing
Tables 3 and 4, the errors of the acceleration estimation are higher than those of the IDRs.

Table 5. Errors of calculated story accelerations (average value of all the stories).

Error ATC-40 FEMA356 0.75Vp
Farthest

Point Initial

0.45 g

3-story 43.93% 43.92% 47.86% 42.84% 39.95%
8-story 72.65% 86.11% 91.02% 75.89% 93.60%
12-story 96.72% 99.07% 109.65% 96.45% 100.26%
18-story 147.50% 151.84% 159.08% 142.03% 151.72%

0.316 g

3-story 31.61% 36.37% 33.43% 33.43% 31.96%
8-story 65.60% 74.58% 86.95% 75.88% 82.80%
12-story 99.81% 116.21% 110.90% 95.01% 97.55%
18-story 129.70% 134.95% 147.31% 131.70% 130.05%

0.056 g

3-story 22.34% 19.97% 14.93% 18.02% 17.81%
8-story 60.03% 76.53% 56.31% 65.42% 90.12%
12-story 116.12% 106.28% 98.74% 96.42% 119.68%
18-story 145.84% 148.44% 120.21% 116.45% 150.51%

Average error 85.99% 91.19% 89.70% 82.46% 92.17%
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Figure 10. Story accelerations caculated by beam-column model and five shear-building models. (a)
PGA = 0.056 g; (b) PGA = 0.316 g; (c) PGA = 0.45 g; (d) PGA = 0.056 g, 0.316 g, and 0.45 g (maximum
within all stories).
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Table 6. Errors of calculated story accelerations (maximum value within all the stories).

Error ATC-40 FEMA356 0.75Vp
Farthest

Point Initial

0.45 g

3-story 17.25% 16.56% 23.41% 18.50% 15.77%
8-story 57.37% 50.42% 70.05% 41.54% 69.66%
12-story 71.87% 75.81% 84.08% 74.81% 74.67%
18-story 63.77% 67.55% 78.99% 65.51% 66.09%

0.316 g

3-story 6.92% 10.89% 7.15% 7.15% 7.11%
8-story 46.88% 60.71% 61.15% 44.76% 49.66%
12-story 80.16% 97.10% 96.01% 78.94% 100.37%
18-story 76.77% 89.90% 79.55% 72.03% 84.13%

0.056 g

3-story 11.62% 9.10% 0.63% 2.80% 5.90%
8-story 45.25% 76.42% 54.76% 58.30% 85.31%
12-story 107.53% 84.77% 75.12% 81.40% 109.88%
18-story 130.86% 139.90% 141.15% 133.85% 145.86%

Average error 59.69% 64.93% 64.34% 56.63% 67.87%

5. Conclusions and Discussion

The study focuses on the accuracies of idealization methods of shear-building models.
Five idealization methods are adopted to provide idealization of the actual story capacity
curve. The main conclusions and discussions are summarized as follows:

(1) The story shear versus displacement curves need to be obtained first to idealize the
shear-building model. The story shear versus displacement curves can be obtained by
the pushover method. However, in some cases, not all story shear versus displace-
ment curves can be obtained by the pushover method. This is caused by the elastic
unloading phenomenon even when the top displacement is getting bigger in some
stories of the structures. When the top displacement is monotonically increased in
the pushover method, the damages usually mainly occur in some weak stories, while
the other stories are still in the elastic stage, and will experience elastic unloading
even if the top displacement is getting bigger. The story shear versus displacement
curves can be obtained by using IDA method, which can avoid the limitation of the
pushover method;

(2) The farthest point method and the 0.75Vp method greatly overestimated the period.
The errors of periods by these two methods are more than 40%. The overestimation of
the periods is due to the underestimation of the elastic stiffness in these two methods.
The errors of the other three methods are in an acceptable range in engineering. The
initial stiffness method provides the best prediction on periods of the actual buildings;

(3) For the structural responses, all the five methods provide better prediction on the
maximum IDRs (or accelerations), i.e., without considering the maximum values
occur at which story. For the structural maximum IDRs, the average errors of the
ATC-40 and initial stiffness method are about 30%, which are smaller than the other
three idealization methods. For the structural maximum accelerations, the average
errors of all the methods are above 55%, and the farthest point method provides better
prediction than the other four idealization methods;

(4) For the five idealization methods of shear-building models, which have different
backbone curves but same hysteretic rule, the differences in the structural response
prediction can be within about 20%. However, the differences between the results
obtained by beam-column model and the shear-building models are much larger.
This implies the hysteretic rule and negative-stiffness region in the backbone curve
may also have obvious influence on the prediction results, because in this study the
backbone curve before the negative-stiffness region is simplified based on the actual
story capacity curve, whereas the hysteretic rule and negative-stiffness region are
assumed in the calculation. Note that in practical analyses, the negative-stiffness
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region is also usually assumed due to the story capacity curve in this region may lack
of data or not be accurate.

Recent years, the city or regional earthquake response analysis are hot topics which
need huge computational workload. It is impractical to adopt the beam-column models in
dynamic time analysis in the city or regional earthquake response analysis. The modeling
requires idealized shear-building models for building, because it is a feasible way to
balance the accuracy and computational workload. Note that rational use of idealized
shear-building models in such analyses is needed. The reason is that, in these studies, the
analytical formulas in seismic design code and overstrength factors are usually used to
determine the backbone curve before the negative-stiffness region, the backbone curve
after the negative-stiffness region, and the hysteretic rule are all assumed. Therefore, the
accuracy even may be lower than result of the present study because both the analytical
formulas overstrength factors have errors to the actual structural story capacity. The other
issue is many optimum seismic design methods are derived based on idealized shear-
building models. Those methods are promising, but it is very important to guarantee that
the designed structure has similar story behaviour (backbone curve and hysteretic rule) to
the idealized shear-building model.

The main conclusions of this paper are obtained by analysis of the RC frames, and only
periods, displacement and acceleration responses are selected to investigate the accuracy
of the idealization methods. Whether the conclusions are applicable to other structural
response parameters (i.e., energy dissipation and damage index) need to be investigated in
future research.
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