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Abstract 

The rocking concrete shear wall is one of the new self-centering seismic systems applied in high-rise 

buildings. To reduce the effects of higher modes on base-rocking walls, the idea of using multiple rocking 

walls has been evolved. This paper presents a comparative investigation on the seismic performance of 

base-rocking and bi-rocking wall systems. To this aim, structures of 4-, 8-, 12-, 16-, and 20- stories have 

been evaluated subjected to three sets of seismic earthquake records including 22 Far Field (FF), 14 Near 

Field (NF) with pulse, and 14 Near Field (NF) no-pulse ground motions. The nonlinear time-history 

analyses were conducted in two directions using OpenSEES software. To determine the appropriate 

location of rocking section in bi-rocking walls, one-quarter (R2-M1), one-half (R2-M2), and three-quarter 

(R2-M3) models were examined. The obtained results revealed that R2-M3 model is not efficient in 

reducing the effects of higher modes. However, R2-M2 model in high-rise buildings under FF and NF-no-

pulse records could be effective in decreasing the moment by a maximum of nearly 41% and the shears 

by a maximum of 25% and 18%, respectively. Furthermore, the results showed that bi-rocking walls 

could not be effective in reducing the influence of higher modes under NF-pulse ground motions. 

Generally, the residual drifts were negligible in all the rocking systems under study. 
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1 Introduction  

Self-Centering (SC) systems are viable alternatives to conventional seismic resistant systems in 

order to decrease residual displacements and post-earthquake costs concentrating damages in 

fuse members. Possessing both the mechanisms of restoring force and energy dissipating (ED) 

SC systems have flag-shaped force-displacement curves under cyclic lateral loads, as shown in 
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Figure 1. The restoring force mechanism restores the deformed structure into its original 

position under lateral loads (Masrom and Hamid 2020). A restoring force with a gap opening 

mechanism without ED presents a bilinear lateral load-displacement curve. To provide an ED 

mechanism in the system, energy absorption elements need to be installed. The ED diagram, as 

demonstrated in Figure 1, does not bring about SC behavior in the system. By combining these 

two mechanisms, the flag-shaped behavior is created (Figure 1).  
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Figure 1. Behavior of SC systems 

Rocking walls, as one of the common SC systems, composed of both restoring force and ED 

mechanisms. The restoring force mechanism in the system is provided by Post-Tensioning (PT) 

the cables between the wall and the foundation or the rocking blocks, and after the lateral force 

overcomes the restoring force, the gap opening in this system is always provided by rotating the 

wall relative to the foundation or the wall blocks relative to each other. ED fuses in rocking 

systems, including plain bar, butterfly-shaped fuse, and viscous damper, which are usually used 

in gap openings or around the wall in the rotation of the wall, can be employed in different 

rocking core positions (Chancellor et al. 2014). 

1.1 Literature review  

Various studies have been conducted on rocking wall systems, including design concepts (Perez, 

et al. 2004, Kurama 2001, and Pennucci, et al. 2009) experimental studies (Holden, Restrepo, 

and Mander 2003, Restrepo and Rahman 2007, and Perez, et al. 2013), and parametric studies 

(Perez 1998, Kurama et al. 1999, Kurama 2000, and Kurama 2002). In this section, a brief 

review of recent studies on the base-rocking and multiple rocking wall systems and the effects of 

higher modes is presented. 



The design method for rocking systems being proposed for fast and simple configuration of 

rocking systems has been developed using non-dimensional ED and PT tendons parameters 

(Mpampatsikos et al. 2020). Subsequent studies investigate five effective parameters in the 

cyclic analysis of SC concrete walls, namely wall aspect ratio, initial stress of post-tensioned 

(PT) tendons, total area of PT tendons, total area of mild steels, and yielding tensile strength of 

mild steels (Gu et al. 2019). Owing to their results, to increase the efficiency of the system, the 

area of ED should be increased and the structural drift should be improved through increasing in 

the wall aspect ratio and initial stress of PT tendons.  

In self-centering rocking wall systems, dissipating energy mechanisms include inherent viscous 

damping, pounding damping due to the wall rocking on the foundation, and other available 

hysteretic damping. Nazari and Sritharan (2020) concluded that the rocking walls absorb a low 

portion of seismic input energy. Although they have a small amount of inherent damping, they 

have an acceptable seismic performance, proposing their potential application in seismic resistant 

structures. However, Guo et al. (2020) examined  two dampers including  concentrated control 

device (CCD), and  distributed control device (DCD) in rocking wall systems. It showed that 

DCD can sufficiently decrease the story drift response of rocking wall systems subjected to near-

field pulse-like ground motions but it causes a significant drift concentration. In contrast, CCD 

does not have a considerable effect on story drift response, yet sufficiently avoids drift 

concentration. 

Wiebe (2013) showed that the effect of higher modes on structures with the rocking behavior is 

destructive. Disregarding higher mode effect in design increases the vulnerability of the 

structure. Moreover, the design of the structure may become non-economic if the structure is 

designed against these effects. Therefore, the effects of higher modes in structures must be 

reduced. Wiebe and Christopoulos (2015) showed that reducing the restraints at the base and 

creating rocking behavior on the foundation would increase the effects of higher modes and 

result in additional seismic demands. It concluded that most responses of mid-rise structures are 

controlled by modes 1 and 2, while in high-rise structures, higher modes would also affect the 

responses of the structure.   

Direct displacement-based design (DDBD) method utilizes an equivalent SDOF model to 

estimate the seismic demands ignoring the higher mode effects. Rahgozar and Rahgozar (2020) 



has generalized the DDBD procedure for self-centering systems. In this method, modal responses 

are combined via the modified SRSS at the design displacement point. The conventional lateral 

load distributions, such as the inverted triangular and uniform pattern, cannot predict the design 

forces of self-centering rocking systems due to higher mode effects. To overcome this 

deficiency, the continuous cantilever beam analogy may be utilized to account for the higher-

mode effects (Rahgozar and Rahgozar 2021).  

The analysis of the shear force and moment distributions along the height of the tall rise 

structures revealed that rocking shear wall systems may be affected by the higher modes to a 

greater extent with respect to traditional RC structures. Higher moments and shear forces were 

shown at most levels of the rocking systems. Similarly, higher demand increases induced by 

earthquake inputs of greater intensity, were generally seen in the rocking structures (Aragaw and 

Calvi 2020). 

Multiple-rocking system in Reference (Eatherton et al. 2014) was introduced schematically by 

placing several rocking blocks on top of each other and connecting those using PT tendons and 

ED elements. In Reference (Martin and Deierlein 2021), multiple-rocking systems have been 

called stacked rocking frame. Wiebe and Christopoulos (2009) and Khanmohammadi and 

Heydari (2015)  suggested using multiple rocking shear wall system to reduce the higher-mode 

effects. In the case of rocking movement in high-rise structures, the shear force of stories and the 

moment caused by the effects of higher modes are increased. However, providing multiple 

rocking joints in different heights reduces the moment in the height of the structure. The residual 

deformation of the structure, therefore, would become zero or insignificant. Moreover, it has 

been shown that utilizing multiple rocking sections increases the demand for PT force in cables 

and reduces the demand for rotation in the wall. So the residual displacements and the impacts 

generated at contact surfaces become negligible. Using multiple rocking systems in height is not 

effective for low-rise buildings, e.g. less than eight stories. In high-rise buildings, as the number 

of rocking blocks in the wall increases, the efficiency of the wall also enhances. According to the 

previous studies (Wiebe and Christopoulos 2009, and Khanmohammadi and Heydari 2015) the 

drift profiles of base-rocking structures are completely different from those of multiple rocking 

structures. A research conducted on low-rise multiple rocking systems revealed that the use of 

unbonded bars with the partially reduced area as ED elements prevents the wall from cracking 



and crushing (Kang, et al. 2013). Furthermore, the research showed that this type of wall 

compared to the one with bonded rebars and also to the conventional reinforced concrete walls 

has more energy dissipating and deformation capacity and less degradation of stiffness and 

strength. Reference (Grigorian and Kamizi 2019) has likened multilevel rocking cores (MLRCs) 

to human spine under similar loading conditions. Then, reliable formulae for the preliminary 

design of simple MLRCs have provided.  

In a study conducted on reinforced concrete high-rise buildings, a method called MechRV3D 

was proposed to diminish the effects of higher modes (Tong and Christopoulos 2020). To control 

the effects of higher modes in the MechRV3D method, the moment is monitored by applying the 

reversible rocking function of the gravity system and the shear is monitored by an independent 

system at the core base. 

The rocking wall system can also be employed in conjunction with the moment frame system 

called RWMF system. RWMF combinations are special earthquake resistant structures that are 

capable of damage control, omission of residual effects, collapse prevention (CP), and post-

earthquake realignment and repairs (PERR) (Grigorian 2021). Shoujun et al. (2016) suggested 

that the effect of higher modes in base rocking systems is inevitable. Furthermore, estimation of 

the shear forces and the moment demands based on the first mode is non-conservative. It also 

reported that the maximum displacement in base-rocking system is not influenced by the higher 

modes. In fact, the base-rocking wall make the frames to vibrate in the first mode inducing large 

forces in the frames to eliminate the higher mode shapes. Wu, Zhao, and Lu (2018) investigated 

the effect of restraint percentage of rocking core base and the stiffness ratio of the rocking core 

to the moment frames on the dynamic behavior of the RWMF system. In that research, to 

simulate the moment frame and rocking core system, shear and moment beams were used, 

respectively. Then the closed-form solution has been compared to the results of finite element 

modeling. The aforementioned study tried to determine the range of base restraint and the 

stiffness ratio which lead to a uniform distribution of relative displacements which in turn reduce 

the higher mode effects.  

Guo et al. (2020) simulated RWMF system in a simplified manner by equating the system with a 

flexural-shear beam. Then it solved the corresponding closed-form equation. In another study 



(Sun et al. 2018), designing moment frame systems via Pin-supported Wall-Frame (PWF) 

structures using a displacement-based seismic design approach has been investigated.  

In recent years, the rocking wall systems have been used in practice. Figure 2 shows G3 

Building on Suzukakedai campus of the Tokyo Institute of Technology in Japan. It is an 11-story 

steel-reinforced concrete (SRC) structure which is rehabilitated using rocking walls and metal 

dampers (Wada et al. 2011). In similar cases, Li et al. (2021) has retrofitted the low rise concrete 

frame systems by self‑centering rocking wall structure in experimental work. 

   

(a)  (b) (c) 

Figure 2. The north views of G3 Building before and after the rehabilitation (Wada et al. 2011): a) before 

rehabilitated; b) rehabilitated; c) pinned connection at the bottom of the rocking walls 

The effects of higher modes which can bring about undesirable and inevitable effects have also 

been investigated in other rocking systems such as rocking bracing system (Hasan 2012). The 

main technique suggested to reduce the negative effects of higher modes is creating rocking 

blocks at height to reduce the moment in the core and using energy dissipater at the bottom of the 

core to reduce the shear force. Low-amplitude and large-amplitude shake table tests have 

corroborated the efficiency of this technique under seismic loading  (Wiebe et al. 2013a 2013b). 

Previous studies assert that rocking sections in the lower half of the section are more effective 

than the upper half; and adding a third rocking block to a 30-story building is more effective than 

to a 20-story building. For design multiple-rocking bracing systems, the modified modal 

superposition (MMS) method has been developed (Martin and Deierlein 2021). 

1.2 Aims and scopes 

Rocking wall 



Based on the literature review on the effect of higher modes in rocking systems, some studies 

have simulated multiple rocking walls using multiple torsion springs (Wiebe and Christopoulos 

2009 and Li et al. 2017). However, their seismic behavior under different seismic records have 

not been studied. Therefore, the present study is aimed at investigating the effects of NF (pulse 

and no pulse) and FF seismic records on the behavior of rocking walls. In this regard, to reduce 

the effects of higher modes, best location of the rocking section in bi-rocking walls is 

investigated. This study provides an appropriate and effective configuration of bi-rocking walls 

under different seismic records. 

2 Method of study 

2.1 Restoring force factor of the SC system  

Figure 3 demonstrates the desired flag-shaped behavior of rocking wall systems. In this figure, 𝑀𝐷𝑒𝑐𝑜𝑚𝑝 is the decompression moment of rocking section, 𝑀𝑦 is the moment corresponding to 

the yielding of the anchors, at which the ED elements are completely yielded, 𝑀𝑢 is the final 

moment of the system, 𝑀𝐸𝐷𝑦 is the moment of energy dissipation, and . 

 

Figure 3. Flag-shaped behavior of rocking systems 
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values of λ to ensure the restoring mechanism in the system. If λ is less than one, no restoring 

mechanism takes place in the system and it experiences residual drifts under seismic loading. In 

the present study, according to  Pennucci et al. (2009) research, the value of λ is considered to be 

equal to 1.25. 

In equation (1), the parameters are calculated using the following equations, 

, , , , , , , , , , , , , , , , , , / 2
u pt i in pt i pt i st pt i pt j in pt j pt j st pt j ed i y ed i ed j y ed j w

M l F l F l F l F l F l F wl        
(2) 

, , , , , ,EDy ed i y ed i ed j y ed j
M l F l F 

 
(3) 

The required parameters for the calculation of 𝑀𝑢 and 𝑀𝐸𝐷𝑦 are provided in Figure 4. Energy 

dissipators (𝐸𝐷𝑖,𝐸𝐷𝑗) and PT tendons (𝑃𝑇𝑖 and 𝑃𝑇𝑗) were used on both sides of the section. 𝐹𝑖𝑛,𝑝𝑡,𝑖 and 𝐹𝑠,𝑝𝑡,𝑖 are the PT force and extra force, respectively, developed in the tendon 𝑖𝑡ℎ from 

decompression point to the energy dissipator yield point. These parameters for other tendons are 

designated by index j. 𝐹𝑠𝑡,𝑝𝑡,𝑖 and 𝐹𝑠𝑡,𝑝𝑡,𝑗 are the designed extra force developed in the 𝑖𝑡ℎ and 𝑗𝑡ℎ 

tendons after decompression up to the final point. 𝐹𝑦,𝑒𝑑,𝑖 and 𝐹𝑦,𝑒𝑑,𝑗 are the yield forces of 𝑖𝑡ℎ 

and 𝑗𝑡ℎ energy dissipator. The total length of the wall, the length of the energy dissipators, the 

distance of energy dissipators from the edge, and the distance of post-tensioned tendons from the 

edge are specified by 𝑙𝑤, 𝑙𝑢𝑏𝑠, 𝑑𝑒𝑑, and 𝑑𝑝𝑡, respectively, and selected according to Pennucci et 

al. (2009). The other different length (𝑙𝑝𝑡,𝑖, 𝑙𝑝𝑡,𝑗, 𝑙𝑒𝑑,𝑖, and 𝑙𝑒𝑑,𝑗) is shown in Figure 4. The w is 

the gravitational load weight on the wall.  The constant υ, which is used to determine the depth 

of the compression zone, can be in the range of 0.15 to 0.3 in these systems. In the current 

research, υ was considered equal to 0.17 (υ = 0.17) according to Pennucci et al. (2009).  
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Figure 4. Rocking wall parameters at the connection with the foundation (Pennucci et al. 2009) 

To design the self-centering rocking walls the decompression force (𝐹𝐷𝑒𝑐𝑜𝑚𝑝), yield force (𝐹𝑦), 

and secondary stiffness (𝑘𝑟𝑜𝑐𝑘) of the system are determined according to the following 

equations (Wiebe and Christopoulos 2009). Note that reducing the tendon stiffness does not 

affect the initial stiffness of the system. 
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2.2 The limit state of SC rocking wall systems 

The schematic view of the bi-rocking system considered in this study, is shown in Figure 5a. As 

shown in this figure, it has a rocking section at a desired height in addition to the base rocking 

joint. Figure 5b demonstrates the limit states of this system. The limit states of the bi-rocking 

wall, according to Figure 5b, has 6 limit points. However, the limit states of the base rocking 

wall include 5 limit points. At point 1, the system is free of lateral loads. Due to the post-

tensiond (PT) cables, the initial stiffness of the system corresponds to the stiffness of the wall. 

After the lateral load overcomes the PT force, uplifting in the system occurs at point 2. After 



point 2, the effective stiffness is due to the PT cables and the initial stiffness of the base ED 

elements. The effective stiffness remains constant up to point 3 where the base ED elements 

yields. After point 3, the stiffness of the system corresponds to the elastic stiffness of the cables 

and the secondary stiffness of the base ED elements. By increasing the lateral load, the next limit 

state of the bi-rocking system is point 5 corresponding to the yielding of ED elements at upper 

rocking section. However, in base-rocking system, the limit state of point 5' corresponds to 

yielding of the PT cables. It must be noted that allocating the rocking sections at higher stories 

results in approaching point 5 to point 5'. After the limit state of cable yielding, the slope of the 

curve will become less than the previous region. The curve will continue to points 6 and 6' for bi-

rocking and base-rocking systems, respectively. Points 6 and 6' are related to the failure in the 

core or cable failure for both rocking and bi-rocking states. Rocking wall systems should be 

designed in a way that the core fails before the cable failure, since the damage to the cable would 

cause permanent deformations in the system and the structure would probably overturn. It is 

worth noting that because of the high failure strain of the mild steel, it is assumed that in the limit 

states of 6 and 6', the ED elements are not ruptured. 

  

  Figure 5. Limit states of base-rocking and bi-rocking systems 

2.3 Numerical modeling 

The schematic view of the numerical model of the considered bi-rocking wall is presented in 

Figure 6a. The simulation is made in OpenSEES software. Figure 6b shows the core modeling 

of the wall, which is considered to be elastic with the properties of the designed concrete section. 

According to the previous studies (Wiebe and Christopoulos 2009 and Khanmohammadi and 

Heydari 2015), in the design of wall elements, concrete is not allowed to be non-linear at the 
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base of the wall. Thus, the assumption of linear deformation in concrete is a correct assumption 

in analysis. At the joints of the blocks, hard contact springs and EDs are employed. To simulate 

EDs, Steel02 material is used. The PT tendons were used for joint at the top of the walls to base. 

The PT tendons had the behavior of non-compressive materials and elastic perfectly-plastic gap 

(ElasticPPGap) uniaxial materials with initial prestressing. To simulate the 𝑃 − ∆ effect of the 

middle gravity frames and its effect on the lateral wall seismic system, a leaning column was 

used (Figure 6b). To model the leaning column and the end components of the walls, rigid 

elements are used (Figure 6). 

  

Figure 6. Numerical model of SC bi-rocking wall 

2.4 Specifications of the numerical models 

Twenty buildings including 4-, 8-, 12-, 16-, and 20- story structures are investigated in this 

research. The plan shown in Figure 7a with the dimensions of 25 𝑚 × 40 𝑚 is considered for all 

of the models similar to the reference (Pennucci et al. 2009). Figure 7b illustrates different types 

of rocking walls considered as the lateral load bearing system for the examined buildings. As 

shown in this figure, four types of rocking wall are used including a base-rocking wall (R1) and 

three bi-rocking walls with the second rocking section at H/4 (R2-M1), H/2 (R2-M2), and 3H/4 

(R2-M3) where H is the wall height. The effective seismic weights of all stories are considered 

to be equal to 2500 kN. The mechanical properties of concrete are 𝑓′𝑐 = 40 𝑀𝑃𝑎 and 𝐸𝑐 =30 𝐺𝑃𝑎, the properties of EDs are 𝑓𝑦 = 300 𝑀𝑃𝑎 and 𝐸𝑠 = 210 𝐺𝑃𝑎, and the properties of PT 
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cables are 𝑓𝑦 = 1560 𝑀𝑃𝑎 and 𝐸𝑠 = 195 𝐺𝑃𝑎. The wall thickness and width are chosen 

according to reference (Pennucci et al. 2009). The height of all stories is considered to be 3500 

mm. The properties of the case study of base-rocking structures have been shown in Table 1. 

The geometrical properties and the pre-stressing ratio of bi-rocking structures are considered 

similar to the base-rocking ones. In bi-rocking systems, EDs are used at both the base and the 

middle-height rocking section. All EDs were designed by the assumption of λ=1.25. To isolate 

the rocking movement of the wall from the floor slabs, special details are considered as shown in 

Figure 8. The elongated bolt holes in detail of Figure 8a have been provided to allow 

transmission of seismic shears from the diaphragm to the rocking walls without preventing the 

free rocking of the core. Figure 8b and 8c show the section views of the connection in case of 

one-way and two-way slabs. Figure 9 shows the details of the proposed shear resistant 

connection of the rocking wall to the foundation or concrete retaining wall. Furthermore, key 

details of panel-to-panel joint of research of Brunesi et al. (2018) can be used to connect fixed 

panels to each other. 

  
(b) (a) 

Figure 7. Specifications of the models: a) Plan view (Pennucci et al. 2009); b) Different types of rocking 

wall 

Table 1. Properties of base-rocking wall structures (Pennucci et al. 2009) 

Properties 4 story 8 story 12 story 16 story 20 story 

Wall length (m) 4 6 7.5 8 8.7 

Wall thickness (m) 0.4 0.4 0.4 0.5 0.5 

Inter-story height (m) 3.5 3.5 3.5 3.5 3.5 

Wall axial load ratio  0.04 0.06 0.09 0.10 0.12 
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Mild Steel Dampers (each side) 16𝚽30 20𝚽30 24𝚽30 30𝚽30 38𝚽30 

Tendons (each side)* 31 29 25 24 23 

Pre-stressing ratio of tendons 0.34 0.54 0.52 0.59 0.63 𝑑𝑒𝑑/𝑙𝑤 0.35 0.35 0.25 0.35 0.35 𝑑𝑝𝑡/𝑙𝑤 0.125 0.125 0.125 0.125 0.125 𝑙𝑢𝑏 (m) 0.2 0.4 0.6 0.6 0.6 

   * each tendons has an area of  99 𝑚𝑚2 
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Figure 8. Detailing of the floor to rocking wall connections: a) front view (Grigorian et al. 2019); b) 

section,  one way floor connection (Grigorian et al. 2019); c) section,  two way floor connection 

Rocking wallSteel angle with 

stiffness

Foundation or concrete retaining wall 
Foundation or concrete retaining wall 

Rocking wall Rocking wall

Foundation or concrete retaining wall 

Shear keyFoundation bolt

Figure 9. Detailing of the rocking wall to foundation connections: a) perimeter steel angle with stiffness; 

b) wall grouted into foundation; c) wall grouted into foundation and using shear key 

2.5 Validation of the numerical modeling process 

In order to validate the process and assumptions of finite element modeling, the experimental test 

reported in Restrepo and Rahman (2007) is simulated. The specifications of the experimental 

sample are illustrated in Figure 10a. The wall thickness is 125 mm. the compressive strength of 

concrete is 𝑓′𝑐 = 45 𝑀𝑃𝑎 (Figure 11). The properties of longitudinal and transverse 

reinforcement are 𝑓𝑦 = 460 𝑀𝑃𝑎 and 𝐸𝑠 = 200 𝐺𝑃𝑎 (Figure 11). The properties of PT cables 

are 𝑓𝑦 = 1435 𝑀𝑃𝑎 and 𝐸𝑠 = 180 𝐺𝑃𝑎 (Figure 11). 

(a) (b) (c) 

(a) (b) (c) 



  
(a)    (b) 

Figure 10. Validation of numerical modeling process: a) Specifications of experimental rocking wall 

sample; b) Numerical and experimental hysteretic curves of wall   
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Figure 11. Materials properties in finite element models  
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When uplifting occurs in the rocking system, energy is dissipated by the rebars at the gap 

opening (Figure 10a). The numerical model is analyzed under the same cycling loading of the 

experimental counterpart according to Restrepo and Rahman (2007). Figure 10b compares the 

numerical and experimental curves of the base-shear against the displacement of the roof. The 

comparison indicates the appropriate accuracy of the modeling. The difference between the 

experimental and the numerical values of energy dissipation (the area under pushover curve) and 

the maximum base shear are about 6% and 3%, respectively. These differences are quit 

negligible. Furthermore, a very small amount of residual drift is observed in the experimental 

model and no residual drift is observed in the numerical diagram. Therefore, the numerical 

model has an acceptable accuracy to simulate the physical model. It must be noted that the wall 

is simulated using a fiber section to account for nonlinear behavior. However, no concrete 

crushing is appeared. Therefore, it is possible to use an elastic section for the wall to reduce 

analysis time. 

2.6 Seismic records 

In this study, three sets of NF (pulse and no pulse) and FF records of FEMA-P695 (2009), 

including 22 FF, 14 NF (pulse), and 14 NF (no pulse) records, were employed. To scale the 

seismic records according to the FEMA-P695 methodology, the records were first normalized. 

The normalization of records decreases the scattering caused by the scenario. This eliminates a 

part of the uncertainty called unwarranted variability (e.g., event magnitude, distance to source, 

source type, and site conditions) without changing the variation of frequency content of the 

records (FEMA-P695 2009). To normalize the records, the normalization of each record was 

calculated by dividing the median maximum velocity of the records (𝑚𝑒𝑑𝑖𝑎𝑛(𝑃𝐺𝑉𝑃𝐸𝐸𝑅,𝑖)) by the 

maximum velocity of i-th record (𝑃𝐺𝑉𝑃𝐸𝐸𝑅,𝑖), as follows: 

(8) , ,( ) /
i PEER i PEER i

NM median PGV PGV 
Since the horizontal records had two components and the analysis of this study was two-

dimensional, in the analysis, a horizontal record with a higher PGA value was used to determine 

the scale factor of FF records, and a vertical record perpendicular to the field was employed for 

the NF record (Archila 2014). In two-dimensional simulations, to scale the records, the average 

acceleration of the spectrum of the record is usually scaled to the design spectrum by ASCE7 



code (ASCE/SEI 7 2016) in the range of 0.2𝑇1 to 1.5𝑇1, where T1 is the time period of the first 

structure mode. After determining the spectral scale coefficient by comparing the median of the 

record spectrum and the code spectrum, the total scale coefficient of each record was determined 

by multiplying the spectral scale coefficient by the normalization coefficient 𝑁𝑀𝑖. 
2.7 The higher mode properties  

Wiebe and Christopoulos (2015) and Rahgozar et al. (2018) used cantilever beam analogy for quantifying 

higher mode effects in multistorey buildings. They approximated the rocking wall response by combining 

the flexural and shear deformations of a cantilever beam. The higher the effective modal mass of the 𝑛𝑡ℎ 

mode shape, the greater the effect of 𝑛𝑡ℎ mode shape on the structural responses. The effective modal 

mass of each mode of self-centering rocking wall is defined as 

(9) 
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where  𝛤𝑛, 𝜌, A, and  ∅𝑛 are the 𝑛𝑡ℎ modal participation factor, the mass density, the cross-sectional area, 

and the 𝑛𝑡ℎ mode shape, respectively. H and z are the total height and the height variable, respectively. 

This relation assumes a uniform mass distribution. The effective modal mass in each mode of the vibrated 

structure depends on the modal participation factor of the modes. The modal participation factor of the 

flexural deformation is defined as 
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The modal participation factor of shear deformation is defined as 

(11) 
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where the values of 𝛽𝑛𝐻 for pinned-base and fixed-base condition is reported by Wiebe and 

Christopoulos (2015) and C𝑛 is an arbitrary constant that appears in the numerator of ∅𝑛(𝑧).  

Increasing the height of the structure leads to increasing the modal participation factor of higher modes. 

On the other hand, increasing the modal participation factor of higher modes increases the structural 

responses. For example, increasing the modal participation factor of higher modes leads to an increase the 

total acceleration in higher modes. The total acceleration in mode n is 



(12) ( , ) ( ) ( )n n n na z t z A t 
 

where 𝐴𝑛(𝑡) is the total acceleration of the SDOF system with the properties of mode n. The spectral 

displacement at a period of 𝑇𝑛 and with the damping of mode n, 𝑆𝑑(𝑇𝑛), is related to the pseudospectral 

acceleration, Sa(𝑇𝑛), by 

(13) 
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This is approximately equal to the maximum absolute value of 𝐴𝑛(𝑡), except for long periods or large 

damping (Wiebe and Christopoulos 2015). 

Examining the above equations in rocking wall structures, it can be seen that in both shear and flexural 

beams, higher modes are very effective in creating: 1) roof displacement, 2) base shear, 3) mid-height 

moment, and 4) mid-height shear. In the next section, the effect of higher modes will be shown in the 

numerical models of self-center rocking wall systems. 

3 Results and discussion 

The results obtained will be discussed and summarized as follows: the effects of higher modes 

on the rocking walls, the effects of various seismic records on the rocking walls, the 

configuration of the bi-rocking walls, and the selection of the optimal bi-rocking section. 

3.1 Effects of higher modes on base-rocking walls 

To show the effects of higher modes on the rocking wall with a rocking base, the values of shear 

and moment demands caused by seismic records were compared to the design values. Figure 11 

shows the values of the demands made in the 12-story structure compared to the design values of 

this structure. 𝑀𝑜𝑚𝑒𝑛𝑡𝑀𝑎𝑥. and 𝑆ℎ𝑒𝑎𝑟𝑀𝑎𝑥. respectively show the maximum moment and 

maximum shear over time for each record (Figure 12). As demonstrated in Figure 12, the 

amount of moment and shear of the walls under seismic records increases sharply compared to 

the design values. Since the design was based on the first mode, the demands are estimated to be 

unrealistic and may increase the vulnerability of the structure while an earthquake occurs. The 

increase of demand in the cores of the structure compared to the design mode might be due to 

neglecting the effects of higher modes. Given that the configuration of the rocking cores could be 

adjusted in a wat that their shear and moment diagrams would become more similar to the design 

state, a safer design might be established. These effects increased with the number of stories 

indicate the contribution rate of higher modes. As stated before, the stiffness of the system after 



the full yielding of ED elements, is considered in the current study. This stiffness is due to the 

elastic stiffness of the cables and the secondary stiffness of the base ED elements (Figure 5b). 

Therefore, when the earthquake intensity is increased, the moment at the base and in middle 

height of the core increases due to higher mode effect. 

   
Figure 12. Comparison of demands made in the wall under different seismic records with design values 

3.2 Effects of various seismic records on base-rocking walls 

The design method selected based on the direct displacement method (Pennucci et al. 2009) and 

under NF (pulse) records did not give the desired result, and the maximum inter-story drifts 

created in the structure during the recording time (Inter − story DriftMax.), as shown in Figure 

13, has exceeded the design limit (2%) (Pennucci et al. 2009). The structures with 4, 8, 12, and 

16 stories under FF and NF records and structures with 4, 8, and 12 stories under NF (no pulse) 

records  had given the desired result and the maximum drift values of the stories has not 

exceeded the design limit (2%). The drift of 16-story structures under NF (pulse) records and 20-

story structures under NF (no pulse) and FF records have exceeded the code value; therefore, this 

design method is not appropriate for these structures. 

As it can be seen in Figure 13, in all the structures, NF (pulse) records generate more drift 

responses in the structures. In shorter structures, i.e. with 4 and 8 stories, NF (no pulse) records 

generate more drift responses in the structures compared to FF. While, the selected middle 

structures with 12 and 16 stories, compared to FF and NF (no pulse) records can be critical in 

different stories of each of these two types of records. In a high-rise structure with 20 stories, FF 

records generate more drift responses in the structure than NF (no pulse) records.  

(a) (b) 

(a)  (b)  (c)  



   

 
 

  
Figure 13. comparison of Inter − story DriftMax. under different seismic records of structures; (a) 4-

story, (b) 8-story, (c) 12-story, (d) 16-story and (e) 20-story 

According to Figure 13, the responses of structures under different types of ground motions (FF, 

NF Pulse, and NF- no Pulse) were different. The reason behind this is that the frequency content 

of ground motions and dynamic specification of structures are different.  Figure 14 shows 

Fourier curves for three unscaled records selected as representatives of three ground motion 

types.  The Fourier amplitude of Northridge-NF (Pulse) in each period is more than other ground 

motions. As expected, the inter-story drifts of structures under NF (Pulse) are more than other 

ground motions. According to Figure 14, the Fourier amplitude varies over the period interval. 

So, each structure is expected to show a different seismic response depending on its frequency 

content. For example, the principal natural period of 12-story structure is 1.442 sec.  So, using 

Fig. 13, the corresponding Fourier amplitudes of Landers-FF, Cape Mendocino-NF (no Pulse), 

and Northridge-NF (Pulse) are 0.088, 0.087, and 0.343. If the scaled amplitudes according to the 

target design spectrum are calculated, the following values are obtained correspondingly: 0.21, 

0.10, and 0.39. These values well justify the relative values of inter-story drifts of the considered 

structure under different ground motions. As another example, the corresponding scaled Fourier 

amplitudes for the 16-story structure are 0.11, 0.14, and 0.23. Similarly, a direct relation between 

these values and the inter-story drifts of this structure is seen. 

(d)  (e)  



  

  

  

Figure 14. The unscaled Fourier amplitude of different single ground motions (enlarged diagrams 

for the periods of 0-3 sec are shown on the right) 

Figure 15 shows the median values of maximum moment (𝑀𝑜𝑚𝑒𝑛𝑡𝑀𝑎𝑥.) normalized by the 

product of the building weight and height (W *H) in different stories. In taller structures, the 

effect of higher modes increases the moment in the middle floors than the base. The higher the 

structure, the more the effects of higher modes cause moment demands in the rocking core. 

These demands, which may be ignored in the design, cannot be predicted by static analysis and 

result in unwanted damage to the core of the structure. As the structures under different records 

in Figure 15 show, the effects of higher modes are higher in the NF and FF (pulse) records, and 



more moment demands can be observed in the height resulting from these two types of records. 

In this case, in all structures except the twenty-story structure, NF (no pulse) records are more 

critical in terms of creating moment demands in the structure. 

   

 
 

  
Figure 15. Comparison of the median maximum moment of a wall under different seismic records of 

structures; (a) 4-story, (b) 8-story, (c) 12-story, (d) 16-story, and (e) 20-story 

Figure 16 shows the median values of maximum shear (𝑆ℎ𝑒𝑎𝑟𝑀𝑎𝑥.) normalized by the total 

weight of the wall in different stories. 𝑆ℎ𝑒𝑎𝑟𝑀𝑎𝑥. of the short walls of 4 and 8 stories do not 

follow a specific pattern; however, in the middle and high-rise structures, the 𝑆ℎ𝑒𝑎𝑟𝑀𝑎𝑥. in the 

lower stories is always higher under FF records and in the upper stories is higher under NF 

(pulse) records. Furthermore, the shear created due to NF (no pulse) records is always less than 

the two wall states under FF and NF (pulse) records. 

   

(a)  (b)  (c)  

(d) (e)  
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Figure 16. Comparison of the median maximum shear of a wall under different seismic records of 

structures; (a) 4-story, (b) 8-story, (c) 12-story, (d) 16-story, and (e) 20-story 

Figure 16 shows the modal spectral accelerations of R1 wall under different seismic records for the first 

three modes. It is expected that the effect of higher modes has a direct relation with their spectral 

acceleration (Sa). In this regard, the moment demands of R1 walls in FF and NF (no Pulse) ground 

motions (illustrated in Figure 15) were increased due to high Sa values of higher mode (mode 2 and 3). It 

is also interesting that according to Figure 17, the Sa of mode 2 and 3 under FF and NF (no Pulse) 

ground motions has a strong direct relation with the height of the structure. For this reason, as seen in 

Figure 15, the effects of high modes on the moment demand is more significant in high-rise structures in 

these two types of ground motions. On the other hand, in NF (Pulse) ground motions, the Sa vales of high 

modes are not high (Figure 17). Therefore the structure under this ground motions does not experience 

significant high mode effect on the moment (Figure 15).  

Usually, the base shear of R1 wall mainly depends on the amount of Sa of the first mode and the higher 

modes are less effective on the maximum base shear. So, as Sa of the first mode increases, the base shear 

in the rocking system increases. This can be observed by considering Figures 16 and 17. As seen in 

Figure 16(a), the base shear of the 4-story model under NF (no Pulse) is higher relative to other ground 

motions. Simultaneously, the Sa of this structure under NF (no Pulse) is higher relative to its Sa under the 

other ground motions. On the other hand, in taller structures, the Sa under FF and NF (Pulse) is higher 

than NF (no Pulse).  

(d) (e) 



 

Figure 17. The modal spectral accelerations of R1 walls under different seismic records  

3.3 Seismic response of bi-rocking walls 

The employment of rocking sections at height is one of the solutions to reduce the effects of 

higher modes in rocking structures. One may considers different locations of the rocking section 

at the wall height (Figure 7b). The effects of higher modes in the 20-story bi-rocking wall 

system compared to base-rocking system are shown in Figure 18 and 19. As seen in these 

figures,  the maximum normalized 𝑀𝑜𝑚𝑒𝑛𝑡𝑀𝑎𝑥. and 𝑆ℎ𝑒𝑎𝑟𝑀𝑎𝑥. is created at the middle of the 

core height and at the base of the core, respectively. Furthermore, bi-rocking systems have less 

responses than the base-rocking ones in terms of the maximum 𝑀𝑜𝑚𝑒𝑛𝑡𝑀𝑎𝑥. and 𝑆ℎ𝑒𝑎𝑟𝑀𝑎𝑥.. The 

reason behind this is that the moment capacity at the second rocking block is a specified constant 

and cannot be increased.  On the other hand, the reason of reduced shear under seismic record is 

using the EDs at the second rocking block. It is noteworthy that, the effectiveness of bi-rocking 

walls in reducing the moment and shear demands under FF and NF (no Pulse) is more than NF 

(Pulse). Furthermore, the reduction of the demands depends on the location of the second 

rocking section. 

(a)  (b)  (c)  



   
Figure 18. Comparison of the median maximum moment created in the 20-story base-rocking and bi-

rocking walls under different seismic records; (A) FF, (b) NF (no Pulse), and (c) NF (Pulse) 

   
Figure 19. Comparison of the median maximum shear created in the 20-story base-rocking and bi-

rocking walls under different seismic records; (a) FF, (b) NF (no Pulse), and (c) NF (Pulse) 

Figure 20 demonstrates the median Inter − story DriftMax. of a 20-story structure. According to 

this figure, rocking sections do not have much effect on the changes in drifts created in stories 

under NF (pulse) records, and these changes are greater at NF (pulse)  records compared to NF 

(no pulse) records. As seen in this figure, in bi-rocking walls, the inter-story drifts are increased 

intensively at two stories (corresponding to the two rocking sections). While in base-rocking 

walls, this happens once (in the first story only). As stated before, the higher mode effect in bi-

rocking walls under FF and NF (no pulse) is higher than NF (pulse). This phenomenon is clearly 

detected in Figure 20. 

Figure 21 shows the maximum Inter − story DriftMax. of the considered structures. As 

indicated in Figure 21, bi-rocking structures under the 3-type seismic recodes have a greater 

maximum value of Inter − story DriftMax. compared to the rocking wall system. In this kind of 

wall, under NF (pulse) records, more inter-story drift values are observed compared to other two 

types of seismic records. 

(a) (b)  (c)  

(a)  (b)  (c)  



   
Figure 20. Comparison of median Inter − story DriftMax. in the 20-story base-rocking and bi-rocking 

walls under different seismic records; (a) FF, (b) NF (no Pulse) and (c) NF (Pulse) 

 

Figure 21. Comparison of maximum Inter − story DriftMax. of rocking and bi-rocking walls of floors 

under different seismic records 

Given the comparison of the median values of inter-story residual drift in structures, it can be 

said that although the maximum value is slightly higher for bi-rocking walls compared to the 

simple ones, there is not much difference in the maximum values for rocking and bi-rocking 

walls. The values of the inter-story residual drift for a 20-story structure are shown in Figure 22. 

According to Figure 22, the values of inter-story residual drift are greater for FF, NF (no pulse), 

and NF (pulse) records, respectively. The examination of residual drift in other structures, 

demonstrated in Figure 23, show that as the height of the structure increases, the maximum of 

inter-story residual drift of stories accordingly increases. As shown in Figure 23, in high-rise 

structures, the effect of FF records on the increase of residual drifts is more than NF records. In 

low-rise structures, NF (pulse) records are more critical than FF and NF (pulse) records. 



Therefore, the residual drifts can be neglected in the rocking systems under study, and after the 

earthquake, the structure can be restored to its original location with minimal preparation. 

 

 
  

 

 

Figure 22. Comparison of the residual inter-story drift of the 20-story base-rocking and bi-rocking walls 

under different seismic records; (a) FF, (b) NF (no Pulse) and (c) NF (Pulse) 

 
Figure 23. Comparison of the maximum median of inter-story residual drift of rocking and bi-rocking 

walls of floors under different seismic records 

It is noteworthy that the residual and the maximum inter-story drifts are not interdependent in 

rocking systems. For example, Figure 13(e) shows that the median inter-story drifts of the R1 

20-story structures are larger under NF (pulse) records. On the contrary, Figure 22 and Figure 

23 show that the R1 structures type exhibits larger median inter-story residual drifts under FF 

records. For further explanation, the time-history curves of roof inter-story drift of the R1 20-

(a) (b) (c) 



story structure corresponding to three separate records are shown in Figure 24. The records are 

the same as the one in Figure 14 for R1 structures. It must be noted that the maximum and the 

residual inter-story drifts happen in roof story. According to Figure 24, the maximum inter-story 

drift of the considered representative records for FF, NF (no pulse), and NF (pulse) are 1.44, 1.5, 

and 1.5%, respectively. Whereas, the corresponding residual inter-story drifts are 0.008, 0.0008, 

and 0.0002%, respectively. Then, in an approximately equal maximum inter-drift under seismic 

ground motions, the residual drift can be different so that the maximum value occurs in the FF 

record. Furthermore, the residual drift under NF (no pulse) is greater than the residual drift under 

NF (pulse). Generally, the maximum inter-story drift and the residual inter-story drift in the 

rocking structures are not proportional under different ground motions. 

 

 

 

 

Figure 24. Comparison of the inter-story drift of roof story of 20-story structure under single seismic 

ground motions 

The median of the maximum drift of roof during records (𝑅𝑜𝑜𝑓 𝐷𝑟𝑖𝑓𝑡𝑀𝑎𝑥.) was also examined 

for the effects of records and bi-rocking cores. Figure 25 shows the maximum 𝑅𝑜𝑜𝑓 𝐷𝑟𝑖𝑓𝑡𝑀𝑎𝑥. 
of floors for the examined structures under different seismic records. According Figure 25, the 

effect of NF (pulse) records in increasing the amount of roof drift is more than other records, 



which can be seen more clearly on stories 8, 12, and 16. Furthermore, the roof drifts are equal 

under the NF (no pulse) and FF seismic records. 

 
Figure 25. Comparison of median 𝑅𝑜𝑜𝑓 𝐷𝑟𝑖𝑓𝑡𝑀𝑎𝑥. of rocking and bi-rocking walls under different 

seismic records 

3.4 Selecting the optimal bi-rocking section 

Since a different configuration to Figure 7b was considered in this study, and the structures were 

applied under different seismic records, the optimal state of bi-rocking systems compared to the 

rocking systems was determined. To this end, the percentage of the reduction of the higher 

modes effects in terms of the moment and shear of bi-rocking walls compared to rocking walls 

were examined. Figure 26 and 27 show the percentage of the moment and shear reduction by 

doubling the rocking walls. According to Figure 26, while using bi-rocking would be effective 

in FF and NF (no pulse) records as well as increasing the height of structures, it is not effective 

in reducing the demands of rocking walls under NF (pulse) records and shorter structures. 



 

Figure 26. Percentage of the moment reduction in bi-rocking walls compared to the simple walls under 

different seismic records 

 

Figure 27. Percentage of the shear reduction in the bi-rocking walls compared to the simple walls under 

different seismic records 

For each structure, the proposed bi-rocking walls under different seismic records are presented in 

Table 2. The employment of these walls can bring about a better performance for any type of 

structure under any seismic records. According to Table 2, doubling the wall at the height of 

one-fourth (M1) is more effective for walls located in NF (pulse). While, doubling the wall in 



one-fourth (M1) is more effective for walls located in FF and NF (no pulse) areas for low-rise 

structures with 4, 8 and 12 stories. It is also more effective in the one-half height (M2) of the 

wall for high-rise structures with 16 and 20 stories. For instance, for a 20-story building under FF 

and NF (pulse and no pulse) records, the rocking walls R2-M1, R2-M2, and R2-M2, are 

recommended, respectively. The R2-M2 wall in a 20-story building under the FF record reduces 

the moment and shear by 40.6% and 25%, respectively. The R2-M1 wall in a 20-story building 

under NF (pulse) records reduces the moment and shear by 22% and 1%, respectively. The R2-

M2 wall in a 20-story building under NF (no pulse) records reduces the moment and shear by 

41.1% and 18%, respectively. For other buildings, the percentages of the moment and shear 

reduction can be examined in the same way. 

Table 2. Proposed bi-rocking sections for the rocking structures  

NF(no Pulse) NF(Pulse) FF Structure 

R2-M1 R2-M1 R2-M1 04 Story 
R2-M1 R2-M1 R2-M1 08 Story 
R2-M1 R2-M1 R2-M1 12 Story 
R2-M2 R2-M1 R2-M2 16 Story 
R2-M2 R2-M1 R2-M2 20 Story 

 

To ensure that the cables of the rocking systems do not yield, the values of the stress ratio in the 

cables of the rocking systems were examined. As shown in Figure 28, the stress ratio values in 

all PT cables are less than one; therefore, it can be concluded that none of the cables would yield 

under the intended records. The effect of NF (pulse) earthquakes is higher on cables and causes 

more stress in them (Figure 28). 



 

Figure 28. Stress ratio in PT cables under different seismic records 

4 Conclusions 

The current study investigated the behavior of base-rocking and bi-rocking walls under FF and 

NF (pulse and no pulse) earthquake records. The previously developed displacement-based 

design method was examined under different seismic records. The concept of adverse effects of 

higher modes on rocking structures was thoroughly addressed. Bi-rocking system as a mean to 

reduce the higher-mode effects was elaborated. The optimal placement of the second joint 

section in bi-rocking walls was obtained using different earthquake records. To determine the 

best location of the rocking section, three height levels of one-fourth (R2-M1), half (R2-M2), 

and three-fourths (R2-M3) were investigated. The obtained results are outlined below: The 

phenomenon of higher modes in base-rocking systems causes excessive moment and shear 

demands on the core resulting in damages to the rocking core. Therefore, appropriate measures 

need to be taken so as to reduce this effect. 

- The design approach based on the direct displacement method showed a reasonable 

performance in 4, 8, and 12-story self-centering rocking structures under FF and NF (no 

pulse) earthquake records. It provided desirable results in terms of the maximum inter-story 

drifts. However, the aforementioned design method might not be appropriate for structures 

under NF (pulse) records since the drifts of all the considered structures, exceeded the design 

limit. 



-  The moment and shear demands resulted from the effects of higher modes on the rocking 

walls were intensified by the increase in height.  

- The inter-story drifts under the NF (pulse) records were dramatically greater than those under 

the FF and NF (pulse) records. Furthermore, in most cases the drifts of the bi-rocking wall 

systems were greater than those in the base-rocking systems.  

- Residual drifts of rocking and bi-rocking structures could be ignored. Moreover, by 

comparing the residual drifts of stories, it is concluded that by an increase in story level, the 

value of residual drift augments accordingly. In most cases, the residual drifts of FF records 

were higher than those of NF records.  

- As the height of structure increases, changing a base-rocking wall to a bi-rocking one would 

be more effective in reducing the higher-mode effects (in terms of moment and shear 

demands on rocking core). In this respect, the tallest structure considered in this research 

project (20-story structure) experienced a reduction of 41% and 25% in moment and shear 

demands, respectively.  

- The most efficient bi-rocking wall system among 4, 8, and 12-story structures under all the 

considered seismic records was R2-M1 wall type. However, for 16 and 20-story structures, 

R2-M2 was the best choice under FF and NF-no pulse records and R2-M1 was the best option 

under NF-with pulse.  

- The stresses created in the cables of rocking and bi-rocking systems had a ratio of less than 1. 

The stresses of rocking and bi-rocking systems were almost the same. In most of the 

structures, stresses caused by NF-pulse records had greater values compared to those of FF 

and NF-no pulse records with the maximum difference of about 13%. 

Given the merits of bi-rocking systems, they may be employed as alternative systems to 

conventional and base-rocking structures. In this regard, the following subjects are suggested as 

future research: 

- Since the fragility curves in self-centering multiple rocking walls would be effective for 

engineering judgment, developing fragility curves for these walls is suggested. 

- To investigate the effects of higher modes in rocking systems, new methods such as adaptive 

pushover analysis may be used.  



- For mid-rise and high-rise buildings, the combination of self-centering multiple rocking walls 

and other structural systems such as moment resisting frames or bracing frames is suggested.  
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