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Abstract: The fishbone model is a simplified numerical model for moment-resisting frames that is capable of 

modelling the effects of column-beam strength and stiffness ratios. The applicability of the fishbone model in 

simulating the seismic responses of reinforced concrete moment-resisting frames of different sets of column-beam 

strength and stiffness ratios are evaluated through nonlinear static, dynamic and incremental dynamic analysis on 

six prototype buildings of 4-, 8- and 12- stories. The results show that the fishbone model is practically accurate 

enough for reinforced concrete frames, although the assumption of equal joint rotation does not hold in all cases. 

In addition to the ground motion characteristics and the number of story of the structures, the accuracy of the 

model also varies with the column-beam stiffness and strength ratios. The model performs better for strong 

column-weak beam frames, in which the lateral drift patterns are better controlled by the continuous stiffness 

provided by the strong columns. When the inelastic deformation is large, the accuracy of the model may be 

subjected to large record-to-record variability. This is especially the case for frames of weak columns. 

Keywords: fishbone model; reinforced concrete frame; strong column-weak beam; column-beam stiffness ratio; 

incremental dynamic analysis 

1 Introduction 

Inelastic behavior is an important aspect for buildings to survive strong earthquake shakings. 

While current prescriptive design provisions use reduction factors (e.g., R factor in the U.S. 

(ASCE, 2010) and q factor in Eurocode (EN1998-1, 2004)) to reduce elastic strength demand to a 

much lower level to implicitly take the effect of structural inelastic behavior into account, the 

performance-based seismic design framework calls for more explicit representation of the inelastic 

response of building structures to enable more accurate and reliable prediction of the seismic 

performance of buildings (FEMA, 2009). With the fast growth of computational capacity available 

for civil uses, sophisticated finite element models provide a powerful tool to simulate the seismic 

response of individual buildings in a very detailed manner (Miyamura et al., 2015). However, 

analysis of such detailed models is impractical for design purposes because it is time-consuming 

and the results are sensitive to many parameters and modeling details that are usually beyond the 

expertise of routine engineers. The computational cost is especially a critical concern when 

probabilistic evaluation of structural performance is incorporated in the framework of the 

performance-based seismic design (FEMA, 2012). The incremental dynamic analysis (IDA) 

(Vamvatsikos and Cornell, 2002) involved in this framework requires extensive nonlinear time 

history analysis of a building under multiple ground motion records at various levels of intensity. 
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In such cases, simplified models that can properly represent the dynamic response characteristics 

of buildings are more appropriate.  

The lumped mass-spring model is the most commonly used simplified model for seismic 

analysis of buildings. The use of such models can be traced back to 1960s when a linear elastic 

five-degree-of-freedom lumped mass system was analyzed by the analog computer, SEAOC, at 

the University of Tokyo. By assigning nonlinear hysteresis to the shear springs that connect the 

lumped mass, this model is extended to nonlinear domain and has been widely used in the seismic 

design practice in Japan (Shibata, 2010). More recently, it is also used for regional seismic damage 

assessment which requires simultaneous analysis of a huge number of individual buildings in an 

urban region (Hori, 2006). To extend the use of such models to tall buildings, efforts were made to 

include global bending behavior in the model by either introducing flexural stiffness to the 

equivalent stiffness of shear springs (Otani, 2004), or by allowing the lumped mass to rotate and 

adding rotational springs between the mass points (Wada et al., 1998). 

Another category of commonly-used simplified models use continuous cantilever beams to 

simulate buildings. Iwan (1997) used a linear elastic shear beam to evaluate the drift demand 

spectra for buildings subjected to near-field ground motions. Malhotra (1997) investigated the 

effect of the dynamic impact of base-isolated buildings with moat walls through a shear beam 

model sliding on its base. By coupling a flexural beam in parallel, the continuous beam model can 

account for the bending behavior of a building, which is especially important for structures 

containing shear walls (Miranda and Taghavi, 2005). A similar model was used by Pan et al. (2015) 

to investigate the interaction between a pin-supported wall and the frame to which it is connected. 

Although Kuang and Huang (2011) introduced a bilinear hysteretic model to the continuous beam 

model to simulate the nonlinear behavior of buildings, the advantage of continuous beam models 

is that they can be expressed by continuous functions and therefore are more suitable for analytical 

derivation. As a result, these models are more frequently used in linear elastic cases.  

In modeling moment-resisting frames, neither the lumped mass spring model nor the 

continuous beam model gives explicit consideration to the column-to-beam strength ratio or 

stiffness ratio, which have significant influence on the damage pattern and seismic performance of 

frame structures. In the capacity design methodology (Paulay and Priestley, 1992), large 

column-to-beam strength ratio is a key measure to avoid weak-story collapse in moment-resisting 

frames. At the same time, the stiffness ratio between columns and beams is also important to 

spread the lateral drift and internal force in a moment-resisting frame (MacRae et al., 2004; 

Tagawa et al., 2006; Qu et al., 2012). As shown by an example in Figure 1, a larger 

column-to-beam stiffness ratio leads to more uniform distribution of lateral drift and more widely 

spread internal force among different stories. Models that fail to correctly take the 

column-to-beam strength ratio and stiffness ratio into account may over- or under-estimate the 

potential of damage concentration in a moment frame.  
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Figure 1. Spreading of lateral drift and internal force in moment-resisting frame. 

As a compromise between detailed finite element models and simplified models, the fishbone 

model provides a rational means to explicitly include the effect of column-to-beam strength and 

stiffness ratios in simulating the dynamic responses of moment frames at relatively low 

computational cost. When an N-span plane frame is condensed into a fishbone model, the number 

of degree of freedoms of the problem is approximately reduced to 1/N the original size. The 

corresponding reduction in computational cost is especially attractive when probabilistic 

evaluation of the seismic performance that involves repeated calculation with multiple ground 

motion records at various intensity levels is required.  

The accuracy of the fishbone model in simulating multi-story steel moment frames has been 

demonstrated by Nakashima et al. (2002) and Luco et al. (2003). This model has been widely used 

in Japan for seismic performance evaluation of steel moment-resisting frames. In particular, 

Kurata et al. (2005) used the fishbone model to investigate the influence of column base hysteresis 

on the seismic behavior of low- to mid-rise steel frames. Ji et al. (2011) used the model to 

simulate a full-scale shaking table test on a high-rise steel frame. The fishbone model provides a 

balanced solution between computational cost and accuracy for extensive numerical analysis of 

the seismic response of moment frames when the column-to-beam strength ratio and stiffness ratio 

are a major concern.  

In this study, the fishbone model is applied to simulating the nonlinear responses of 

reinforced concrete (RC) moment-resisting frames. Special attentions are put on the ability of the 

model to simulate the effect of the column-to-beam strength ratio and stiffness ratio. In addition, 

the accuracy of the fishbone model is also evaluated at the stage of large inelastic deformation 

when the structure is subjected to beyond design level earthquake actions.  

2 Brief introduction to fishbone model 

The fishbone model is a simple representation of a member-by-member equal-span frame 

model of regular plans. Buildings irregular in plan and their simplified models are of special 

interests of some existing studies (Seo et al., 2012; Mazza, 2014) and are out of the scope of this 

study. In a fishbone model, the columns are condensed into a single column, and all beams at each 

floor level into two half-span beams on both sides of the beam-to-column joint at the same level 

(Figure 2). Each half-span beam frames into the joint at one end and is simply supported at the 

other end. Although the nonlinear behavior of the beams and columns are represented by 

concentrated plastic hinges at member ends in the original proposal by Nakashima et al. (2002), 

this is not a necessary constraint when condensing a member-by-member frame model into a 



4 
 

fishbone model. In this study, the RC beams and columns in both the member-by-member model 

and the fishbone model are represented by fiber-sectioned beam elements, in which the RC cross 

section is divided into many concrete fibers and steel fibers of uniaxial hysteretic behavior.  

 

Figure 2. Fishbone model with fiber-sectioned elements. 

The OpenSees program (McKenna, 2011) is used for the analysis. The built-in Concrete02 

model in OpenSees is used for concrete fibers, which adopts the Kent-Scott-Park model for the 

skeleton curve and is capable of modelling both the strength and stiffness deterioration of concrete 

(Figure 3a). In Figure 3, fc0, fcu and ft are the compressive strength, ultimate strength and tensile 

strength of the concrete, respectively. c0 and cu are the strains corresponding to the compressive 

strength, fc0, and ultimate strength, fcu, respectively. Ec0 is the initial Young’s modulus of concrete 

and Ets is the post-cracking modulus of concrete for the tension softening branch. Following the 

example provided in OpenSees documentation (OpenSees, 2006), the concrete part of an RC cross 

section is subdivided into a core and four patches for the concrete cover. Different material 

properties are assigned to the core and the cover to take into account the confinement effect. For 

the C40 concrete (nominal compressive strength, fc,cube = 40 MPa on 150 mm cubes) to be used in 

the following architype structures, the compressive stress-strain curves for un-confined (cover) 

and confined (core) concrete fibers are depicted in Figure 3b. It is worth noting that the commonly 

used compressive strength fc0, which is tested on cuboids is lower than fc,cube. It is assumed that 

fc0=0.75fc,cube herein. The model proposed in Guo (1999) is used for the confinement effect. For 

steel fibers that represent the reinforcing bars, the built-in Hysteretic model of a bilinear skeleton 

curve is adopted (Figure 3c in which fy and Es are the yield strength and Young’s modulus of steel, 

respectively).  
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Figure 3. (a) Uniaxial hysteretic model for concrete fiber, (b) compressive stress-strain curves for 

un-confined and confined C40 concrete and (c) uniaxial hysteretic model for steel fiber. 
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Two approaches are used to condense multiple members. In one approach, individual RC 

sections are placed together as a single section with all information of the concrete and rebar fibers 

and material properties unchanged (Figure 4a). This is convenient to combine sections with 

different dimensions and reinforcement details. This approach is used for condensing the columns 

in the current analysis. The cross sections of all columns in the bay of the frame are combined to 

form a new section for the single column in the fishbone model.  

If the cross sections to be condensed are the same in both dimensions and reinforcement, a 

single section of them can represent all of them if only the material strength and elastic modulus 

are increased by n times where n is the number of sections to be condensed (Figure 4b). This 

approach is used for the beams in the current analysis.  
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Figure 4. Section modeling method for components in fishbone model: (a) geometric combination and (b) 

material property modification. 

By condensing a member-by-member frame model to a fishbone model through the above 

approaches, the behavior of the fishbone model is supposed to be different from the 

member-by-member model in primarily the following two aspects. 

(1) All rotations of beam-to-column joints lying at each floor level in the member-by-member 

model become identical in the fishbone model, and the inflection points of beams are forced to 

locate in the mid-spans in the fishbone model. This is hardly the case for the actual behavior of a 

moment frame. At least the rotations of exterior joints are expected to be larger than those of 

interior joints because they are less constrained by frame beams. Khaloo et al. (2013) introduced a 

modified rotational stiffness for the half-beams in a fishbone model to take into account this 

difference. However, this refinement is not included in the discussions below.  

(2) The over-turning moment of the frame is not modelled in the fishbone model, so that the 

elongation and shrinkage of exterior columns are not included, and correspondingly, the global 

bending deformation of the frame is not modelled in the fishbone model. This makes the fishbone 

model not suitable for tall buildings in which the global bending behavior play an important role. 

Khaloo et al. (2013) proposed to use a pair of vertical truss element to take the over-turning 

moment into account so that the bending deformation can be simulated. As will be shown later, 

this is not necessary for the current study on multi-story buildings.  

3 Prototype RC moment-resisting frames 

Six RC moment-resisting frame models of 4-, 8- and 12-story are established to evaluate the 

fishbone model. All six frames have the same plan layout as shown in Figure 5 and are assumed to 

locate on a stiff soil site of a 0.4g design-level pseudo spectral acceleration, that is, in Intensity 
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VIII region in the Chinese seismic design code (GB 50011-2010, 2010). The seismic code also 

requires the seismic design of RC frames taller than 40 m in Intensity VIII regions to be subjected 

to special panel review. Therefore, tall RC bare frames without structural walls are rarely seen in 

seismic prone regions in China. For all prototype frames, the story height is 4.1m for the bottom 

story, 3.8m for the second story, and 3.6m for all other stories. 
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Figure 5. Plan layout of prototype RC frames. 

The six frames fall into two categories by their column-to-beam strength ratios. In one 

category, the frame members are proportioned in accordance with the Chinese seismic design 

codes (GB 50011-2010, 2010). In particular, the capacity design concept is enforced by specifying 

a strong column-weak beam factor, , that amplifies the flexural demands for the columns to 

satisfy Equation 1. The frames in this category are referred to as ‘strong column-weak beam’ 

frames (SC frames), hereinafter. 

 
(1) 

where Mc and Mb are the sum of the design moment of columns and that of the beams framing 

into the same joint. For frames located in regions of Intensity VIII,  = 1.7 for frames taller than 

24 m, and  =1.5 for other frames (GB 50011-2010, 2010). 

The resultant cross sections and reinforcement of beams and columns are summarized in 

Table 1 and Figure 6. The column-to-beam stiffness ratios, ic/ib, are also listed in Table 1, where ic 

and ib are the line stiffness (Ec0I/L) of the column and beam members, I is the moment of inertia of 

the section and L is the member length. The beam and column reinforcement ratios, , are given in 

Figure 6 together with the column-to-beam strength ratio, a, which is calculated by Equation 2. 

In Figure 6, the reinforcement ratio, , is the ratio of the area of longitudinal tensile rebars to that 

of the effective cross section for beams, and the ratio of the total longitudinal rebar area to the total 

cross section area for columns. Only the reinforcement ratios of the typical floors are depicted in 

the figure for simplicity. The reinforcement ratios of the members in the floors above a typical 

floor are the same with those of the typical floors until new values are assigned for another typical 

floor. In addition, all the interior columns in the same story are the same in both dimensions and 

reinforcement, and so are the exterior columns.  

 
(2) 

where Mcua and Mbua are the sum of the actual flexural strengths of columns and that of the 

beams framing into the same joint.  

Two values of a are given for a single floor because they are usually different for exterior 
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and interior joints. It should be noted that a is usually quite different from the strong 

column-weak beam factor, . This is because Mcua and Mbua are evaluated based on the actual 

cross section dimensions and reinforcement. Both of them frequently exceed the design moment 

demands, Mc or Mb, because (1) such over-strength is deemed to be conservative and (2) the same 

sectional design is frequently adopted for members in several stories for convenience of 

construction. In particular, the extent of over-strength of beams is usually greater than that of 

columns because the cast-in-situ RC slabs are also taken into account in evaluating Mbua.  

Table 1. Cross section dimensions and column-to-beam stiffness ratios of prototype frames. 

 
Strong column-weak beam frames 

(SC frames) 
Weak column-strong beam frames 

(WC frame) 

 Floor 
Column Beam 

ic/ib 
Column Beam 

ic/ib h 
/mm 

b 
/mm 

h 
/mm 

b 
/mm 

h 
/mm 

b 
/mm 

h 
/mm 

b 
/mm 

4-story 

1 

500 500 550 300 

2.1 

400 400 600 300 

0.8 

2 2.3 0.7 

3-4 2.4 0.8 

8-story 

1 600 

600 

600 

600 

600 

600 
600 300 

3.4 600 

600 

600 

600 

600 

600 
700 300 

2.2 

2 3.7 2.3 

3-4 3.9 2.4 

5-8 550 550 2.7 500 500 1.2 

12-story 

1 650 

650 

650 

650 

650 

650 600 300 

4.7 650 

650 

650 

650 

650 

650 700 300 

3.0 

2 5.1 3.2 

3-4 5.4 3.4 

5-8 550 550 2.7 500 500 1.7 

9-12 500 500 1.9 450 450 1.2 
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Figure 6. Properties of strong column-weak beam frames (SC frames). 

In the other category of the prototype frames, the code-stipulated strong column-weak beam 

requirement is waived. Meanwhile, larger beam and smaller column cross sections are chosen 

intendedly to reduce the column-to-beam stiffness ratios. The resultant cross sections and 

reinforcement of beams and columns are summarized in Table 1 and Figure 7. These frames are 
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referred to as weak column-strong beam frames (WC frames), hereinafter.  
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Figure 7. Properties of weak column-strong beam frames (WC frame). 

For the frames in both categories, C40 concrete of 40 MPa nominal compressive strength and 

HRB400 rebars of 400 MPa nominal yield strength are used. The cast-in-situ RC slabs are 120 

mm thick and are reinforced by two layers of 10 mm diameter rebars distributed at 150mm 

spacing in both directions.  

The member-by-member full frame (FF) model and fishbone (FB) model are established in 

OpenSees for the six prototype frames. The vibration periods of the first three modes of the two 

models are close enough to each other (Table 2). The maximum relative error is 2.1%.  

Table 2. Vibration periods of numerical models (Unit: s). 

 Mode 
SC frames WC frames 

FF model FB model FF model FB model 

4-story 

1 0.666 0.656 0.855 0.841 

2 0.209 0.206 0.278 0.276 

3 0.124 0.123 0.176 0.175 

8-story 

1 1.089 1.068 1.009 0.988 

2 0.361 0.355 0.355 0.348 

3 0.204 0.202 0.198 0.195 

12-story 

1 1.635 1.656 1.467 1.474 

2 0.566 0.574 0.542 0.55 

3 0.333 0.340 0.318 0.324 

4 Seismic responses of prototype frames predicted by member-by-member frame models 

Before evaluating the fishbone model, the nonlinear seismic responses of the prototype 

frames are analyzed by the member-by-member full frame models to examine how well the 

assumption of identical joint rotation is satisfied.  

Three ground motion records are selected from the PEER ground motion database (Ancheta, 

2013) (Table 3) and are normalized to have a 50 cm/s peak ground velocities (PGV) before being 

used as the ground motion input in the analysis. Previous studies have shown that PGV exhibits 
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relatively higher correlations with the nonlinear seismic response of short- to medium-period 

buildings than other intensity measures (Ye et al., 2009). After the normalization, all records have 

peak ground accelerations (PGAs) higher than the code-specified PGA of 0.4 g for major 

earthquakes (2%-in-50 years) in Intensity VIII regions in China. In addition, the pseudo 

acceleration response spectra of the normalized records are also higher than the design spectra at 

major earthquake level in the short period range (Figure 8). It is also worth noting in Figure 8 that 

the RIO360 record is rich in short-period contents whereas the JOS000 and KAK090 records 

sustain significant medium- and long-period contents, although all three records are classified as 

non-pulse-like records in terms of whether it contains a significant velocity pulse. The 

fundamental vibration periods of 4-, 8- and 12-story SC frames, T1,F4, T1,F8, T1,F12, are also denoted 

in the figure. 

Table 3. Ground motion records for nonlinear dynamic response analysis. 

ID Earthquake Station 
As-recorded PGA 

(g) 
PGA after 

normalization (g) 

RIO360 Cape Mendocino, 1992 Rio Dell Overpass 0.55 0.65 

JOS000 Landers, 1992 Joshua Tree 0.27 0.50 

KAK090 Kobe, 1995 Kakogawa 0.34 0.62 
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Figure 8. Pseudo acceleration response spectra of motion records normalized to have PGV = 50 cm/s. 

The fishbone model assumes that the inflection points of all beams are located at the 

mid-spans. It is just an approximate assumption and usually does not hold, especially if the 

moment due to distributed weight on beams is taken into account. How well the assumption is 

satisfied can be evaluated through the ratio of moment at the mid-span and the beam end. The 

ratio is zero when the inflection point is exactly at the mid-span, and the larger the ratio is, the 

further the inflection point is away from the mid-span.  

The maximum moment ratios of all six prototype frames under the aforementioned three 

ground motion records are depicted in Figure 9. The ratio is greater than 0.1 in all cases and 

becomes larger for higher stories. The ratios for SC frames are generally smaller than for WC ones 

in most stories. On the top story of the 12-story WC frame, the moment ratio can reach 0.77 under 

the KAK090 record, whereas the same ratio for the SC frame is only 0.39. 
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Figure 9. Moment ratios at mid-spans and beam ends in (a) 4-story, (b) 8-story and (c) 12-story frames. 

In addition to the influence of gravity-induced moment, difference in the joint rotations at 

each floor level is a primary source for the large moment ratio at mid-span and at beam ends. In 

Figure 10, the maximum joint rotation at a floor level is compared with the minimum one at the 

same floor level for all six prototype frames under the excitation of the three ground motion 

records. Compatible with the observation in the moment ratios in Figure 9, the assumption of 

identical joint rotation is better satisfied for the SC frames than for the WC ones.  
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Figure 10. Maximum and minimum joint rotations of (a) 4-story, (b) 8-story and (c) 12-story frames. 

5 Fishbone model versus full frame model 

5.1 Static nonlinear pushover analysis 

Static nonlinear pushover analysis of the six prototype frames is conducted using OpenSees. 

The lateral force pattern follows the requirement in the Chinese seismic code. The resultant 

pushover curves for full frame (FF) models and fishbone (FB) models are compared in Figure 11. 

The horizontal axis is the inter-story drift ratio, which is the ratio of inter-story drift to the story 

height, whereas the vertical axis is the story shear, which is the summation of shear force of all 

columns in the story. The pushover curves for fishbone models generally agree well with those for 

the full frame models, although the maximum strengths given by the fishbone models are slightly 

greater than those by full frame models because the fishbone model introduces additional 

constraints. It is of special interest that the fishbone models succeeded in estimating the location 

and extents of drift concentration in the moment frames. For the SC frames, the lateral drift is 

concentrated in the lower several stories although ‘strong column-weak beam’ factors are applied 

in proportioning the columns. Such concentration of lateral drift is much more significant in the 
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WC frames, in which the plastic deformation is generally concentrated in a single story for all 

three models, than in SC frames. In particular, the story drift is concentrated in the 9th floor rather 

than the bottom story in the 12-story WC frame. 
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Figure 11. Story shear-inter story drift ratio curves of (a) 4-story, (b) 8-story and (c) 12-story frames. (F1~F9 

denote results for 1st to 9th floor). 

5.2 Nonlinear time history analysis 

Nonlinear time history analysis is conducted in OpenSees for the prototype frames subjected 

to the aforementioned three ground motion records normalized to PGV = 50 cm/s. The maximum 

inter-story drifts estimated by fishbone models are compared with those by the full frame models 

in Figure 12, in which max,i is the maximum of the inter-story drifts for the ith story during the 

whole time history of analysis. The fishbone model generally performs well in estimating the 

maximum inter-story drifts and their distributions for all prototype frames, even if the frames 

sustain very large lateral drift. The errors of the fishbone model do not show clear dependency on 

the numbers of story of the prototype buildings, indicating that the global bending behavior of the 

multistory buildings of concern in this study is not significant. In particular, the maximum 

inter-story drift of the 1st floor of the WC frame, max,1=0.19, by the fishbone mode under the 

KAK090 record. This is more than three times the corresponding result given by the full frame 

model. In this case, the structure has developed an unstable weak story mechanism at its bottom 

floor, and thus the incursion into the inelastic regime is subjected to significant uncertainty.  
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Figure 12 Maximum inter-story drift in nonlinear time history analysis of (a) 4-story, (b) 8-story and (c) 

12-story frames. 

Again, the fishbone model exhibits larger errors for WC frames than for SC frames. This can 

be seen in Figure 13, in which the maximum inter-story drifts given by the fishbone models are 

plotted against those by the full frame models. It is obvious by comparing the two graphs that the 

fishbone model results deviates more from the full frame model results for the WC frames than for 

the SC frame. 
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Figure 13. Comparison of maximum inter-story drift ratios of (a) SC and (b) WC frames. 

5.3 Incremental dynamic analysis 

A suite of 15 pulse-like and another suite of 26 non-pulse-like ground motion records are 

selected from the PEER ground motion database for the incremental dynamic analysis (IDA) to 

further evaluate the reliability of fishbone models when the structure sustains significant 

nonlinearity and is close to collapse. In an IDA, the seismic response of a building to a set of 
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selected earthquake ground motions, which are scaled incrementally by an intensity measure (IM), 

is calculated through nonlinear dynamic analysis, and the fragility curve which relates IM to the 

probability of exceeding a prescribed damage limit state can be obtained. More details and the 

implementation of IDA are referred to Vamvatsikos and Cornell (2002, 2004). The information of 

the selected ground motion records are provided in the appendix. The spectral acceleration of 5% 

damping corresponding to the fundamental period, T1, of a frame, Sa(T1, 5%), is taken as the IM 

and the global maximum inter-story drift ratio, M, as the damage measure (DM) in the analysis. 

M is the maximum of max,i for all the floors of a building. All ground motion records are 

normalized by PGV before they are collectively scaled by IM for the incremental analysis (FEMA, 

2009).  

Take the 12-story prototype building for example, the fishbone model can yield IDA curves 

very close to those given by the full frame model for most ground motion records for SC frames 

(Figure 14). Nevertheless, there are still a few exceptional cases where the IDA curve of fishbone 

model deviates significantly from that of the full frame model when the inter-story drift is very 

large, such as the results under the ORR360 record.  
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Figure 14. IDA curves for 12-story SC frame under non-pulse-like suite by (a) full frame model and (b) 

fishbone model. 

Whether a ground motion record induces large errors between the fishbone model and the full 

frame model is quite arbitrary because this happens only in the regime of very large plastic 

deformation. For example, the fishbone model performs poorly for SC frame under the ORR360 

record, whereas it performs very well for WC frame under the same record. The opposite happens 

for the A-TMZ000 record, under which the fishbone model performs well for the SC frame but 

very poorly for WC frame (Figure 14 and 15). This indicates that the accuracy of the fishbone 

model for a specific ground motion may be subjected to large uncertainty if near collapse behavior 

is concerned. A statistical evaluation involving multiple ground motion records is preferred.  
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fishbone model. 

At the stage of large inelastic deformation, the violation of the basic assumption in fishbone 

model that the beam inflection points are located at the mid-spans may alter the lateral drift 

distribution patterns when the building becomes unstable and is close to collapse, and thus lead to 

large error. This is especially the case for WC frames which are deemed more likely to develop 

column hinging mechanism. Take the 12-story WC frame building under A-TMZ000 record for 

example. Both the fishbone and the full frame model predicted drift concentration at the 9th floor 

of the building until the IM reaches 0.7g. When the IM is further increased, however, the drift 

concentration starts to develop also in the 1st floor and finally leads to the collapse of the building 

there in the full frame model, whereas the drift concentration remains at the 9th floor in the 

fishbone model (Figure 16).  
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Figure 16. Story drift distributions of 12-story WC frame building under A-TMZ000 record at certain IMs 

estimated by (a) full frame model and (b) fishbone model. 

Generally, the SC frames are more robust to the record-to-record variability of fishbone 

model errors as compared to the WC frames. The fishbone model exhibited large errors in the 

collapse capacities of the buildings under much fewer ground motion records for the SC frames 

than for the WC frames (Figure 17a), taking the collapse capacity as the IM at which the 

maximum drift ratio M reaches 0.1.  

At the design level, i.e., M=0.02, on the other hand, the error in IM predicted by the fishbone 

model is less than 10% for both the SC and WC frames under most ground motion records and it 
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is less than 30% for all ground motion records (Figure 17b).  
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Figure 17. Errors of estimated IMs of 12-story buildings by fishbone model relative to those by full frame 

model when (a) M=0.1 and (b) M=0.02. 

By calculating the 16%, 50% and 84% percentiles of the IMs at given DMs, we get the 16%, 

50% and 84% fractile IDA curves. The IDA curves given by the fishbone and the full frame 

models are compared in Figure 18 and 19 for the non-pulse-like suite and pulse-like suite, 

respectively. For story drift ratios smaller than 3%, the IDA curves by the fishbone model agree 

well with those by the full frame model for both the SC and WC frames. For WC frames, however, 

the error becomes more significant for larger story drift ratios. In addition, by comparing the 

corresponding graphs in the two figures, it is seen that the pulse-like ground motions tend to 

impose much higher seismic demand for the prototype buildings. Compared with the 

non-pulse-like ground motions, the pulse-like ones make the structures to reach the same level of 

lateral drift at much lower IMs.  
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Figure 18. IDA curves for fishbone and full frame models of (a) 4-story, (b) 8-story and (c) 12-story frames 

under non-pulse-like ground motions. 
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Figure 19. IDA curves for fishbone and full frame models of (a) 4-story, (b) 8-story and (c) 12-story frames 

under pulse-like ground motions. 

6 Conclusions 

The accuracy of the fishbone model for RC moment-resisting frames is evaluated by 

comparing the analysis results with member-by-member full frame models in nonlinear static 
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pushover analysis, nonlinear time history analysis and incremental dynamic analysis. The 

following conclusions can be drawn from the analysis results.  

(1) The fishbone model generally performs well for multi-story RC moment frames, regardless of 

the fact that the assumption of equal joint rotation at each story does not hold for all cases. In 

addition, the fishbone model tends to be slightly stiffer and stronger as compared to the 

corresponding full frame models because it imposes additional constraints to the frames.  

(2) The fishbone model performs reasonably well for both strong column frames and weak 

column frames within the design level earthquake motions, although the errors for the weak 

column frames are larger than those for the strong column frames whose lateral drift patterns 

are better controlled by the continuous stiffness provided by the strong columns. 

(3) The fishbone model can accurately predict the probabilistic fragility curve when the 

maximum inter-story drift ratio is within 3%, beyond which the accuracy of the fishbone 

model is subjected to large record-to-record variability and the model may yield very large 

error for a specific ground motion. A statistical evaluation involving multiple ground motion 

records is preferred. 

(4) At the stage of large inelastic deformation, the fishbone model may fail to predict the location 

of lateral drift concentration in the moment frames, a system-level consequence of the 

violation of the assumption that the inflection points of beams are at the mid-spans.  
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Appendix 

Table A. Pulse-like ground motion records. 

ID Earthquake Station File Name PGA (g) PGV (cm/s) 

1 Imperial Valley-06 El Centro Array #5 H-E05230 0.3785 90.45 

2 Imperial Valley-06 El Centro Array #6 H-E06140 0.4105 64.80 

3 Imperial Valley-06 El Centro Array #6 H-E06230 0.4390 109.74 

4 Imperial Valley-06 El Centro Array #7 H-E07140 0.3375 47.56 

5 Imperial Valley-06 El Centro Array #7 H-E07230 0.4630 109.17 

6 Nahanni, Canada Site 2 S2330 0.3226 33.10 

7 Superstition Hills-02 Parachute Test Site B-PTS225 0.4550 111.89 

8 Loma Prieta LGPC LGP000 0.9663 108.57 

9 Loma Prieta LGPC LGP090 0.5872 47.01 

10 Loma Prieta Saratoga - Aloha Ave STG000 0.5125 41.12 

11 Loma Prieta Saratoga - Aloha Ave STG090 0.3242 42.58 

12 Loma Prieta Saratoga - W Valley Coll. WVC000 0.2551 42.41 

13 Loma Prieta Saratoga - W Valley Coll. WVC270 0.3322 61.50 

14 Erzican, Turkey Erzincan ERZ-EW 0.4955 64.25 

15 Erzican, Turkey Erzincan ERZ-NS 0.5153 83.88 
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Table B. Non-pulse-like ground motion records. 

ID Earthquake Station File Name PGA (g) PGV (cm/s) 

1 Friuli, Italy-01 Tolmezzo A-TMZ000 0.3513 22.02 

2 Friuli, Italy-01 Tolmezzo A-TMZ270 0.3148 30.78 

3 Imperial Valley-06 Delta H-DLT262 0.2378 25.98 

4 Imperial Valley-06 Delta H-DLT352 0.3511 32.99 

5 Loma Prieta Hollister Diff. Array HDA165 0.2687 43.84 

6 Loma Prieta Hollister Diff. Array HDA165 0.2789 35.53 

7 Loma Prieta Sunnyvale - Colton Ave. SVL270 0.2073 37.24 

8 Loma Prieta Sunnyvale - Colton Ave. SVL360 0.2086 36.01 

9 Cape Mendocino Rio Dell Overpass - FF RIO270 0.3854 43.78 

10 Cape Mendocino Rio Dell Overpass - FF RIO360 0.5489 42.04 

11 Landers Joshua Tree JOS000 0.2737 27.47 

12 Landers Joshua Tree JOS090 0.2840 43.36 

13 Northridge-01 Canyon Country LOS000 0.4100 42.98 

14 Northridge-01 Canyon Country LOS270 0.4820 45.37 

15 Northridge-01 Castaic - Old Ridge Route ORR090 0.5683 52.54 

16 Northridge-01 Castaic - Old Ridge Route ORR360 0.5143 52.17 

17 Northridge-01 LA - Saturn St STN020 0.4745 34.44 

18 Northridge-01 LA - Saturn St STN110 0.4386 39.11 

19 Kobe, Japan Kakogawa KAK000 0.2514 18.76 

20 Kobe, Japan Kakogawa KAK090 0.3447 27.64 

21 Kobe, Japan Shin-Osaka SHI000 0.2432 37.84 

22 Kobe, Japan Shin-Osaka SHI090 0.2119 27.92 

23 Chi-Chi, Taiwan CHY034 CHY034-N 0.3097 48.47 

24 Chi-Chi, Taiwan CHY034 CHY034-W 0.2485 38.81 

25 Hector Mine Hector HEC000 0.2656 28.56 

26 Hector Mine Hector HEC090 0.3368 41.72 

 




