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ABSTRACT 

In 2019, a large shaking-table test was performed for a full-scale two-storey low-damage concrete 

wall building. The test building comprises unbonded post-tensioning (UPT) rocking walls and 

perimeter frames in both directions. The perimeter frames incorporated hysteretic energy dissipation 

devices at slotted-beam connections at the beam-column and beam-wall joints, so that both UPT 

walls and perimeter frames would resist seismic action in parallel as a low-damage dual system. 

High force-to-volume (HF2V) lead-extrusion dampers and nonlinear viscous dampers (NVDs) were 

adopted in the test building.  

This experimental test building was used as the basis for a parametric computational study in 

OpenSees, where a range of structural parameters were modified, including number of stories, wall-

strength contribution ratios, effective period, and equivalent damping ratio. A displacement-based 

design method is proposed for the application of the low-damage dual system with energy 

dissipating device combination and compared against the computational results. Nonlinear 

time-history analyses (NLTHAs) were conducted to validate the methodology, and key response 

parameters from the time-histories are compared with the design values, to validate the proposed 

displacement-based design process. 

The global responses of the NLTHAs validated the proposed design process for both coupled and 

decoupled dual systems, with the average absolute relative error of the roof drift being 7.94%, 

considering NVDs’ EVD determined by the power approach. However, the proposed design process 
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was shown to significantly underestimate the roof drift responses of the decoupled dual system 

when the wall strength portion was smaller than 0.7. 

1 INTRODUCTION 

In 2019, a large shaking-table test was performed for a full-scale two-storey low-damage concrete wall 

building (Henry et al. 2020 & 2021, Lu 2020), as shown in Figure 1. The test building under D1b 

configuration incorporated HF2V devices (Rodgers 2009) and NVDs (Golzar et al. 2018) to enhance the 

energy dissipating ability of the test building. Despite having some velocity dependence in their response 

behaviour, the HF2V devices can be approximately modelled as displacement-based energy dissipators with 

a simple hysteretic response, given that the HF2V devices are relatively insensitive to velocity, with a 

velocity exponent of approximately 0.12 (Rodgers et al. 2008a & 2008b). 

The NVD devices were velocity-dependent energy dissipations with velocity exponents of approximately 

0.3. Coupled and decoupled low-damage dual systems were considered in the longitudinal and transverse 

directions of the test building, respectively. Specifically, the UPT walls were coupled to the floors via a 

flexible link-slab in the longitudinal direction, while the UPT walls were vertically decoupled from the floors 

in the transverse direction via a tongue that transfers only horizontal shear forces. 

A displacement-based design method was proposed for the application of the low-damage dual system with 

the D1b energy dissipation device combination. NLTHAs were conducted to validate the methodology, and 

key response parameters from the NLTHAs are compared with the design values to validate the proposed 

displacement-based design process. 

2 THE PROPOSED DISPLACEMENT-BASED DESIGN PROCESS FOR THE LOW-
DAMAGE DUAL SYSTEMS 

2.1 The configuration of the low-damage dual system 

The low-damage dual systems, which were adopted in the test building under the D1b configuration, are 

shown in Figure 1. The HF2V devices were installed at the bottom of the slotted-beam joints while the NVD 

dampers were installed at the UPT wall base to increase the damping level of the system, as presented in 

Figure 1. The detailed design information of the test building is presented in Henry et al (2021). 

As noted earlier, depending on different beam-to-wall connections, the low-damage dual systems could be 

categorised as coupled dual systems, or decoupled dual systems. In the longitudinal direction of the test 

building (Fig. 1a), the beam ends were directly connected to the UPT wall edges and linked into the floors 

via a flexible link-slab, so this kind of dual system was regarded as a coupled dual system. In the transverse 

direction of the test building (Fig. 1b), the frame was separated from the UPT wall uplift by the isolating 

connection that transferred only horizontal shear but allowed relative motion vertically, so this kind of dual 

system was regarded as a decoupled dual system. 

The coupled dual system should consider the additional moment developed in the wall from floor interaction 

effects (Gu et al, 2022), so the wall and frame moment calculations at each storey would be different 

compared with the decoupled dual system. A framing effect parameter 𝜑𝑓𝑟𝑎𝑚𝑖𝑛𝑔  was considered for the 

coupled dual system to account the influence of the wall length on the beam moment assignment. The 𝜑𝑓𝑟𝑎𝑚𝑖𝑛𝑔 parameter also represented the ratio of the beam moment 𝑀𝑗2𝑤 developed at wall centreline and 

the beam moment 𝑀𝑗2𝑐 at the column centreline. 𝜑𝑓𝑟𝑎𝑚𝑖𝑛𝑔 = 𝑀𝑗2𝑤𝑀𝑗2𝑐                                                                                                                                                                 (1)  
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Figure 1: Dual systems in the D1b test building 

2.2 The displacement-based design process 

Figure 2 presents the flowchart of the proposed displacement-based design process. The objective of the 

process is to design a structure that could meet the target displacement at peak response (Priestley 2002). The 

corresponding yielding displacement and design displacement profiles of the structure need to be determined 

to convert the multiple degree-of-freedom (MDOF) system to the equivalent single degree-of-freedom 

(SDOF) system. The capacity demand 𝐶𝑑 was determined by the Equivalent Viscous Damping (EVD) ratio 

calculated for the structure and the damped design spectrum.  

The estimation of the EVD ratio of the structural system was an important step in this process (Blandon 

2005). The hysteretic responses of the HF2V devices were represented by a bilinear hysteretic response. The 

local hysteretic EVD of the HF2V devices was determined based on the Jacobsen approach (Jacobsen 1930 

& 1960) in the proposed design process. Then, the local hysteretic EVD was transformed to the global level 

proportioned to the moment contribution from the HF2V devices. This transformation was undertaken 

because the energy absorption of the self-centring structure was influenced by the ratio of the hysteretic 

energy dissipations moments and the self-centring moments (Christopoulos et al. 2002). 

Peckan et al. (1999) proposed a converting equation to consider the actual velocity spectra from the pseudo-

velocity spectra, and an equation to determine the EVD of the NVDs, based on the SDOF structural system. 

The equations proposed by Peckan et al. were adopted for the NVDs’ EVD determination in the proposed 

design process of the low-damage dual system. Energy and power approaches of the NVDs’ EVD 

determination were considered in the proposed design process. The local NVD properties 𝑐𝑛𝑣𝑑  were 

transformed from the global NVD properties by equating the energy dissipation.  
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Figure 2: Flowchart of the proposed displacement-based design process 

3 VALIDATION OF THE PROPOSED DISPLACEMENT-BASED DESIGN PROCESS 

3.1 Structural models designed by the proposed design process 

A total of 16 structural models were determined by the proposed design process and considering three design 

parameters: 1) wall strength portion 𝜑𝑤𝑎𝑙𝑙, 2) nonlinear velocity exponent of NVDs, α, and 3) total number 

of stories, n. The storey heights of all the structural models were set to be the same and had a value of 4 m. 

The cross sections of the columns and beams were 400 mm × 400 mm and 300 mm × 400 mm for all the 

structural models. The column spacing of all the structural models representing the coupled dual systems was 

8950 mm, while the column spacing of all the structural models representing the decoupled dual systems was 

5400 mm. The seismic mass of the roof level in all the structural models was 18.2 tonne, while the seismic 

mass of other levels in all the structural models was 26.6 tonne. 

The target roof drift, which was 1%, remained the same for all the structural models. The 150% and 125% 

seismic demand spectra were adopted for the structural models of the coupled and decoupled dual systems, 

respectively. The seismic demand spectra were the design spectra of the D1b test building (Henry et al. 

2021). The total EVD ratios of the coupled and decoupled dual systems were 30% and 25%, respectively. 
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The unconfined/confined concrete and the PT bar properties were derived from the low-damage dual systems 

in the D1b test building. Energy and power approaches of the NVDs’ EVD ratio determination were 

considered for each structural model. The structural models designed based on the proposed design process 

are summarised in Tables 1 and 2. 

Table 1: Design results of the structural models representing the coupled dual systems 

Model number 1-C 2-C 3-C 4-C 5-C 6-C 7-C 8-C 

Target 𝐶𝑑 (g) 0.427 0.3 0.216 0.427 0.427 0.427 0.427 0.427 𝜑𝑤𝑎𝑙𝑙 0.67 0.67 0.67 0.6 0.75 0.67 0.67 0.67 𝜑𝑓𝑟𝑎𝑚𝑖𝑛𝑔 1.78 1.78 2.28 1.78 1.78 1.78 1.78 1.78 

Equivalent 

SDOF 

system 

𝑇𝑒𝑓𝑓 (s) 0.77 1.23 2 0.77 0.77 0.77 0.77 0.77 𝑆𝑑 (mm) 63 114 218 63 63 63 63 63 𝐶𝑑 (g) 0.432 0.303 0.219 0.433 0.433 0.432 0.432 0.432 

Wall 

Wall length 𝐿𝑤 (m) 2.5 2.5 3.5 2.5 2.5 2.5 2.5 2.5 

Wall thickness 𝑡𝑤 (mm) 150 300 450 150 150 150 150 150 𝑐/𝐿𝑤 * 0.036 0.046 0.044 0.033 0.041 0.036 0.036 0.036 

HF2V 

𝐹𝐻𝐹2𝑉,𝑦 (kN) 69 88 102 84 52 69 69 69 𝜃𝑗𝑜𝑖𝑛𝑡,𝑦(%) 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17 𝑟 0 𝜉ℎ𝑦𝑠 (%) 18.1 18 18.4 22 13.8 18.1 18.1 18.1 

NVD 

𝛼 0.35 0.35 0.35 0.35 0.35 0.5 0.75 1 

𝜀 
EN 0.09 0.06 0.05 0.06 0.14 0.11 0.13 0.17 

PO 0.07 0.05 0.04 0.04 0.1 0.09 0.12 0.17 

𝑐𝑛𝑣𝑑(kN∙sα/mmα) 
EN 32 99 224 19 47 17 6 2 

PO 25 76 172 15 36 14 5 2 𝜉𝑠𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 (%) 9.9 10 9.6 6 14.2 9.9 9.9 9.9 

PT bars** 

𝑛𝑃𝑇 1 3 3 1 1 1 1 1 𝑑𝑃𝑇,𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (mm) N.A. 150 150 N.A. N.A. N.A. N.A. N.A. 𝐴𝑃𝑇 (mm
2
) 490.9 490.9 1017.9 415.5 572.6 490.9 490.9 490.9 𝑓𝑃𝑇,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (MPa) 685.8 669.6 454.7 698 681.5 685.8 685.8 685.8 

Base moment 𝑀𝑡𝑜𝑡𝑎𝑙 (kN∙m) 1066 2740 7574 1066 1066 1066 1066 1066 𝛹 0.022 0.034 0.032 0.02 0.025 0.022 0.022 0.022 𝑇𝑖 (s) 0.16 0.36 0.64 0.15 0.16 0.16 0.16 0.16 

*The neutral axis depth ratio is calculated at the target roof drift. 

** PT bars were arranged at the wall centreline. 
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Table 2: Design results of the structural models representing the decoupled dual systems 

Model number 1 2 3 4 5 6 7 8 

Target 𝐶𝑑 (g) 0.352 0.246 0.184 0.352 0.352 0.352 0.352 0.352 𝜑𝑤𝑎𝑙𝑙 0.79 0.79 0.79 0.6 0.7 0.79 0.79 0.79 𝜑𝑓𝑟𝑎𝑚𝑖𝑛𝑔 0 

Equivalent 

SDOF 

system 

𝑇𝑒𝑓𝑓 (s) 0.85 1.36 2.19 0.85 0.85 0.85 0.85 0.85 𝑆𝑑 (mm) 63 114 218 63 63 63 63 63 𝐶𝑑 (g) 0.352 0.246 0.184 0.352 0.352 0.352 0.352 0.352 

Wall 

Wall length 𝐿𝑤 (m) 2 2.5 3.5 2 2 2 2 2 

Wall thickness 𝑡𝑤 (mm) 150 300 450 150 150 150 150 150 𝑐/𝐿𝑤  0.04 0.05 0.05 0.05 0.06 0.04 0.04 0.04 

HF2V 

𝐹𝐻𝐹2𝑉,𝑦 (kN) 101 130 185 192 144 101 101 101 𝜃𝑗𝑜𝑖𝑛𝑡,𝑦(%) 0.18 0.18 0.2 0.21 0.18 0.18 0.18 0.18 𝑟 0 𝜉ℎ𝑦𝑠 (%) 11 10.8 10.5 17 15 11 11 11 

NVD 

𝛼 0.267 0.267 0.267 0.267 0.267 0.5 0.75 1 

𝜀 
0.1 0.07 0.05 0.05 0.07 0.12 0.15 0.2 0.17 

0.07 0.05 0.04 0.04 0.05 0.1 0.14 0.2 0.17 

𝑐𝑛𝑣𝑑(kN∙sα/mmα) 
73 165 373 38 50 29 11 4 2 

55 123 278 28 37 24 10 4 2 𝜉𝑠𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 (%) 13 13.2 13.5 7 9 13 13 13 

PT bars 

𝑛𝑃𝑇 2 3 3 2 2 2 2 2 𝑑𝑃𝑇,𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (mm) 430 215 215 430 430 430 430 430 𝐴𝑃𝑇 (mm
2
) 490.9 660.5 1017.9 346.4 415.5 490.9 490.9 490.9 𝑓𝑃𝑇,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (MPa) 475.2 464.4 479.5 473 482.8 475.2 475.2 475.2 

Base moment 𝑀𝑡𝑜𝑡𝑎𝑙 (kN∙m) 1066 866 2229 6350 866 866 866 866 𝛹 0.022 182 468 1332 346 260 182 182 𝑇𝑖 (s) 0.16 684 1761 5018 520 606 684 684 
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3.2 Nonlinear Time-History Analysis (NLTHA) results 

The ground motions were selected for each structural model considering the interest period range from Ti to 

Teff. The global responses from the NLTHAs were compared with the design values. The ground motion 

selection method was based on NZS 1170.5 (2004). Since different intensities and different total number of 

stories were considered in the models, the ground motions were selected for each structural model separately. 

A suite of 20 ground motions, with minimum mean square difference for each structural model, were 

selected. The selected ground motion records for structural models with different total storey numbers were 

presented in Figure 3, and the selected ground motion records were from the PEER database (Ancheta et al. 

2014). 

 

Figure 3: Overlay of the response spectra for the selected ground motions with the corresponding code-

based design spectrum. 

The computational models to represent each of the structural design cases were established in OpenSees to 

perform the NLTHAs. Figures 4 and 5 have shown the statistical global responses of the analytical models 

considering coupled and decoupled dual systems. The global responses of the analytical models were 

represented by the arithmetic sample mean of the NLTHAs.  

As shown in Figures 4a and 5a, the roof drifts of all the models except models 4 and 5 were below or align to 

the target roof drift. The roof drift responses of NLTHAs tend to decrease with the increasing of the total 

number of stories, and the roof drift responses of NLTHAs tend to decrease as the wall strength portion is 

decreased. The roof drift responses of NLTHAs would increase as the nonlinear velocity exponent of the 

NVDs increases towards 1.0, when the NVDs’ EVD was determined by the energy approach. The roof drift 

responses of the models with NVDs’ EVD ratio determined by power approach were larger than those of the 

models with NVDs’ EVD determined by energy approach as shown in Figures 4a and 5a. 

The roof drift responses of the models designed as coupled dual systems were relative smaller than those of 

the models designed as decoupled dual systems. The 𝐶𝑑 at peak roof drift all aligned to the target values for 

all models as shown in Figures 4b and 5b, while the 𝐶𝑑 𝑚𝑎𝑥 would exceed the target capacity demand due to 

the existence of the NVDs as shown in Figures 4c and 5c. The global responses of the models have 

confirmed that the proposed design process is appropriate, with the average absolute relative error of the roof 

drift being 7.94% considering NVDs’ EVD determined by the power approach. However, the proposed 

design process would significantly underestimate the roof drift responses of the decoupled dual system when 

the wall strength portion is smaller than 0.7. 



Paper 135 – A displacement-based design method for low-damage dual systems with hysteretic and… 

NZSEE 2023 Annual Conference 

 

Figure 4: Global responses of models 1-C to 8-C designed as coupled dual systems 

 

 

Figure 5: Global responses of models 1 to 8 designed as decoupled dual systems 
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4 CONCLUSIONS 

The low-damage dual systems derived from the experimental test building under the D1b design 

configuration were studied, and the corresponding design process was proposed. The low-damage dual 

systems include coupled and decoupled dual systems, and two different methods for the NVDs’ EVD ratio 

were considered in the proposed design process. A total of 16 low-damage dual systems were designed, 

based on this design process considering three design parameters: 1) wall strength portion, 2) nonlinear 

component of NVDs and 3) total number of stories. Finite element models were established in OpenSees to 

represent each of the structural models. NLTHAs were conducted to validate this design process. The global 

responses of the NLTHAs validated the proposed design process for both coupled and decoupled dual 

systems, with the average absolute relative error of the roof drift being 7.94%, considering NVDs’ EVD 

determined by the power approach. However, the proposed design process was shown to significantly 

underestimate the roof drift responses of the decoupled dual system when the wall strength portion was 

smaller than 0.7. 
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