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ABSTRACT 
 

     This study developed a guideline for converting a bilinear backbone curve into a 
trilinear backbone curve using the shear force-rotation responses of 82 diagonally 
reinforced concrete coupling beam specimens. The specimens were classified into three 
groups according to aspect ratio, and regression analyses were conducted to predict the 
initial stiffness and characteristic rotations of the trilinear backbone curve. The first 
stiffness-transition point was then determined from the relationships between the bilinear 
and trilinear backbone parameters. A reliability assessment and selective correction 
procedure were also introduced to improve the accuracy of the predicted backbone 
curves. Finally, a practical guideline was proposed to construct a trilinear backbone curve 
using only an existing bilinear backbone curve and the coupling beam aspect ratio, 
without requiring complex regression calculations. The proposed approach provides a 
convenient means of incorporating the gradual stiffness changes of coupling beams into 
nonlinear structural analyses. 
 
 
1. INTRODUCTION 
 
     Reinforced concrete coupling beams transfer shear forces between adjacent walls, 
thereby enhancing the lateral stiffness and strength of the structural system, while also 
serving as critical members in which inelastic deformation is concentrated under extreme 
loading (Paulay and Binney, 1974; Fortney et al., 2008). Because the stiffness and 
deformation capacity of coupling beams vary significantly with aspect ratio and 
reinforcement detailing (Naish et al., 2013; Cheng et al., 2019), their nonlinear behavior 
should be represented using an appropriate backbone curve. However, the bilinear 
backbone curve commonly adopted in structural analysis simplifies the gradual stiffness 
changes after cracking into a single linear segment, which can lead to considerable errors 
in predicting the initial stiffness and deformation response (Breña et al., 2009). This issue 
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is particularly important in performance-based wind design, where repeated wind-
induced demands are concentrated within relatively small deformation ranges and 
accurate representation of the initial stiffness transition and early-stage nonlinear 
behavior is essential. Therefore, this study develops a guideline for converting bilinear 
backbone curves into trilinear backbone curves using an experimental coupling beam 
database and further proposes a reliability-based correction procedure and an aspect-
ratio-based practical guideline. 
 
 
2. Experimental Database and Backbone Curve Fitting 
 
     A total of 82 diagonally reinforced concrete coupling beam specimens were 
collected from 23 cyclic loading studies published between 1974 and 2020. The database 
variables were classified into five categories: geometry, reinforcement ratio, 
reinforcement strength, reinforcement detailing, and mechanics-based indices. For each 
specimen, the positive envelope curve was extracted from the cyclic response and 
normalized by the maximum strength, after which bilinear and trilinear backbone curves 
were fitted, as shown in Fig. 1.  
 

 
Fig 1 . Bilinear and trilinear backbone curve fitting of an experimental coupling beam response 

 
The bilinear backbone was determined using the normalized strength level of 0.75, 
whereas the trilinear backbone was selected by minimizing the area difference from the 
experimental curve. Four parameters, Ktri, θ1, θ2, and θy, were subsequently extracted, 
and the specimens were classified into three groups according to aspect ratio: AR<2, 2 

≤ AR < 3, and 3 ≤ AR. 

 
 
3. Development of Bilinear to Trilinear Backbone Conversion Guideline 
 

3.1 Regression- and relationship-based guideline 



The 2026 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM26)
23-25, August, 2026, Convensia, Incheon, Korea

  

     As shown in Fig. 2, a guideline was developed to construct a trilinear backbone 
curve using the geometric characteristics, reinforcement ratios, reinforcement strengths, 
reinforcement detailing, and mechanics-based indices of the coupling beam. The trilinear 
initial stiffness, Ktri, and second characteristic rotation, θ2, were predicted through 
regression analyses using the coupling beam information as input variables. Because 
direct regression of the first characteristic rotation, θ1, resulted in considerable scatter, 
θ1 was determined from the relationship between the initial stiffness ratio of the bilinear 
and trilinear backbones and θ1/θy. This procedure established a conversion relationship 
for determining the principal characteristic points of a trilinear backbone curve from the 
parameters of an existing bilinear backbone curve. 
 

 
 

Fig 2. Proposed trilinear backbone curve and characteristic points. 

 
     3.2 Reliability assessment and correction procedure 
     The reliability of the predicted trilinear backbone curves was evaluated based on 
whether the first characteristic point and the second characteristic rotation fell within the 
admissible regions defined from the guideline. Application of the initial guideline resulted 
in admissible-region coverage rates of 67.0% for the first characteristic point and 89.0% 
for θ2. Specimens that did not satisfy the admissible regions were classified according to 
the location of the predicted point and the required direction of adjustment, and Ktri and 
θ1 were selectively modified only for specimens requiring correction. When different 
correction directions were required among specimens, direction-specific correction 
procedures were applied by distinguishing between increases and decreases in θ1. 
 
 
4. Practical Guideline for Trilinear Backbone Modeling 
 
     For practical application of the proposed guideline, three dimensionless parameters 
were defined: r1 as the ratio of the first characteristic rotation to the bilinear yield rotation 
(θ1/θy), λ as the ratio of the trilinear initial stiffness to the bilinear initial stiffness (Ktri/Kbi), 
and r2 as the ratio of the second characteristic rotation to the first characteristic rotation 
(θ2/θy). Various candidate combinations of these parameters were evaluated by checking 
whether the resulting characteristic points fell within the admissible regions defined by 
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the guideline. Representative values of r1, λ, and r2 were then selected for each aspect 
ratio range, as summarized in Table 1. The trilinear initial stiffness is calculated by 
applying λ to either the specified effective stiffness or the existing bilinear stiffness, while 
θ1 and θ2 are determined using r1 and r2, respectively. By connecting P1 and P2, the 
trilinear backbone curve can be readily constructed using only the coupling beam aspect 
ratio and basic design information, without requiring complex regression and correction 
procedures. 
 

Table 1. Simplified parameters for practical construction of trilinear backbone curves 

 

AR Range r1 λ r2 
Effective Flexural 

Stiffness 
P1 = (θ1,V1) P1 = (θ2,V2) 

AR < 2 0.245 1.46 1.20 0.073·AR(EcIg) (0.245θy, 0.358Vmax) (1.20θy,Vmax) 

2 ≤ AR < 3 0.295 1.23 1.32 0.062·AR(EcIg) (0.295θy, 0.363Vmax) (1.32θy,Vmax) 

3 ≤ AR 0.265 1.26 1.28 0.063·AR(EcIg) (0.265θy, 0.334Vmax) (1.28θy,Vmax) 

 
 
5. Conclusion 
 
     This study developed a guideline for converting an existing bilinear backbone curve 
into a trilinear backbone curve to more reasonably represent the gradual stiffness 
degradation of reinforced concrete coupling beams. Based on an experimental database, 
the principal characteristic points of the trilinear backbone curve were predicted, and a 
reliability assessment and selective correction procedure were introduced to improve the 
prediction accuracy. In addition, representative parameters according to the coupling 
beam aspect ratio were proposed to facilitate practical application without requiring 
complex regression analyses. The proposed approach retains the simplicity of 
conventional bilinear modeling while providing an improved representation of the initial 
nonlinear behavior and progressive stiffness changes of coupling beams. Future work 
will apply the proposed guideline to nonlinear models of high-rise coupled-wall structures 
and evaluate differences in wind-induced responses obtained using bilinear and trilinear 
backbone models. 
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