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ABSTRACT:  

Precast concrete walls with unbonded post-tensioning (PT) provide the simplest  

self-centering system. Yet, its application in seismic regions is not promoted as it does not 

provide sufficient hysteretic energy dissipation. These walls can dissipate energy 

imparted to them during rocking as the wall impact the foundation. This form of energy 

dissipation was ignored in previous studies as the tests were primarily conducted using 

quasi-static loading. In a shake table study, seismic performance of four Single Rocking 

Walls (SRW) with different parameters was studied using multiple-level earthquake input 

motions. Though limited energy was dissipated due to impact, all walls generally  

performed satisfactorily under multiple design-level earthquakes, suggesting that SRWs 

with low energy dissipation can successfully withstand intense ground shaking that they 

can be used as earthquake resisting elements. 

1 INTRODUCTION 

Precast concrete rocking walls with unbonded post-tensioning (PT), namely Single Rocking Walls 

(SRWs), are developed as a potential design solution to overcome large residual drifts and significant 

damage to the plastic hinge regions that occur to traditional cast-in-place Reinforced Concrete (RC) 

walls when they are subjected to severe ground motions. SRWs are designed with PT tendons as the 

primary reinforcement across the connection interface between the wall and foundation. During the 

base excitations, the wall panel rocks on top of the foundation with a single crack opening and closing 

at the base of the wall. The unbonded PT is commonly designed to remain elastic during design-level 

earthquakes, thereby enabling the self-centering behaviour of these systems. 

Apart from the inherent viscous damping of the wall, the other sources of energy dissipation in SRWs 

are that due to the impact of the wall panel on top of the footing and some hysteretic damping due to 

material nonlinearity of concrete at wall toes (Perez et al. 2004). ACI ITG 5.1 (2008) prevents the use 

of SRWs in high seismic zones, as this guideline requires the wall systems to provide a minimum of 

8% equivalent viscous damping ratio through hysteretic energy dissipation. While a significant 

progress on the design of self-centering wall systems with supplementary damping elements has been 

made (Perez et al. 2004, Kurama et al. 1999, Restrepo and Rahman 2007, and Sritharan et al. 2015), a 

refined understanding on the feasibility of application of SRWs in high seismic regions has not 

received sufficient attention. However, researchers in New Zealand have recently conducted shake 

table testing on SRWs with different focus (e.g., Marriot et al., 2008 and Twigden 2016). 

This paper presents a shake table test investigation on four unbonded post-tensioned precast SRWs, 

subjected to a series of earthquake excitations with varying intensities. This study: 1) investigates the 

influence of several design parameters, including initial prestressing force and the confinement details 

in the bottom corners of on the seismic behavior of SRWs; and 2) evaluates the performance of test 

walls, in terms of satisfying multi acceptance criteria under different seismic hazard levels. 
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2 EXPERIMENTAL PROGRAM  

2.1 Prototype structure and test matrix 

The test specimens, identified as SRW1 through SRW4, were 190.5 cm long, 487.7 cm tall and 12.7 

cm thick, representing a 5/18 scale of a typical wall from a six-story prototype office building located 

in Los Angeles, California (i.e., seismic zone 4 and soil type SC). Key dimensions and seismic 

resisting systems of the full-scale six story building are shown in Figure 1, which included three non-

load bearing SRWs. The prototype building was designed according to IBC 2009 and ASCE 7-05, 

resulting each of the rocking walls to resist a base shear of 1895 kN and overturning moment of 30231 

kN-m. The Simplified Analysis (SA) method proposed by Aaleti and Sritharan (2009) was used as a 

tool to design the amount of PT. The details of the reference test wall, SRW1, was arrived by: 1) 

representing the six-story prototype building with an equivalent single degree of freedom system, with 

an effective height of 15.4 m and mass of 1170 kN.s
2
/m; and 2) applying a scale factor of 5/18, to keep 

the seismic mass within the shake table payload capacity. Accordingly, 4 12.7-mm diameter PT 

tendons with a total area of 3.95 cm
2
 and an initial prestressing stress of 0.57 fpu (fpu = tensile strength 

of tendon = 1862 MPa) was concentrated at the center of the wall.  

 
a) Typical plan b) SRW details 

Figure 1 - Details of the prototype building 

The walls were designed using a concrete compressive strength of 41.4 MPa and ASTM A706 Grade 

60 reinforcing steel with a specified yield strength of 414 MPa. The measured concrete compressive 

strength of 58.6 MPa and 77.2 MPa achieved for SRW1-2 and SRW3-4 correspondingly. Figure 2 

shows cross-section details of the test walls. The confinement reinforcement was placed in the bottom 

corners of all test walls to protect this region from crushing and consequent damage through the 

impacts due to rocking was designed following the ACI ITG-5 guidelines (2008 and 2009) and 

recommendations from Aaleti and Sritharan (2009). As recommended by ITG-5 guidelines, a steel 

fiber-reinforced grout with a specified strength of 68.9 MPa was used between the wall base and the 

foundation to ensure full contact at the interface. 
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Figure 2 - Typical elevation cross-sectional details of the test walls  

Design features of the four SRWs are summarized in Table 1. Seismic height in this table indicates the 

height of seismic mass from base of the wall. As presented in this table, in addition to the corner 

confinement reinforcement, different configurations of wall steel channels were used to armour the 

bottom of the rocking walls. During testing, some test walls (i.e. SRW1, SRW3, and SRW4) 

experienced reduction in PT force either due to yielding or due to elimination of some strands 

intentionally. These modified SRWs are identified by adding an “m” to the wall designation (e.g. 

SRW1m). 
  

Table 1. Test Matrix 

Wall ID 
No., dia. of 

PT Steel 

    Initial PT Stress (MPa) Seismic 

Height 

(m) 

Shear 

Resistance 

(kN) 

Base Channel 

Configuration Design Measured 

SRW1 4, 1.27cm 1062 1186* 4.27 151 
30.5 cm @ 

Both Corners  

SRW2 6, 1.27cm 1186 931 4.27 187 Along the wall 

SRW3 6, 1.52cm
** 

1186 1172 4.27 297 No Channel 

SRW4 6, 1.52cm
** 

1186 1151 3.51 358 
38.1 cm @ 

Both Corners 

* 50% drop in the PT stress due to large drift occurring during a harmonic excitation. 

** Three of the PT tendons in SRW3 and SRW4 were eliminated toward the end of testing. 

2.2 Test set-up  

As shown in Figure 3, the inertia effects corresponding to the 246 kN weight of the scaled prototype 

wall was provided by an external mass-rig system and applied through a pin-ended rigid link beam to 

the wall panel at 4.27 m effective height of the test unit. However this mass rig set-up was arranged to 

provide a total weight of 267 kN, which caused 18% increase to the inertia effects on the test walls.  
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a) Schematic of the test set-up b) Test set-up at the NEES-UNR shake table facility 

Figure 3 - Experimental set-up used for shake table testing 

2.3 Selection of ground motions 

As summarized in Table 2, different types of ground motion records (i.e., short vs. long-duration and 

far-field vs. near-field) were applied to evaluate the performance of SRWs. They included: 1) 

spectrum compatible short duration motions (i.e., Eq-1s to Eq-4s) as used for the pseudo dynamic 

testing of the PRESSS building (Priestley et al. 1999) and scaled following the recommendations of 

Rahman and Sritharan (2006); 2) IM-a, IM-b and IM-e, as used by Rahman and Sritharan (2009); 3) 

two recorded ground motions from recent earthquakes (Chile and Christchurch, New Zealand); and 4) 

Kobe-Takatori station, which was used in a rocking wall building test at the E-Defense facility (Tuna 

et al. 2012). As presented in this table, the amplitude of these motions were scaled to make sure that 

they adequately represented the four seismic hazard levels: frequent (EQ-I), occasional (EQ-II), 

design-basis (DBE or EQ-III), and maximum considered events (MCE or EQ-IV), as defined by five 

percent damped elastic acceleration response spectra in SEAOC seismology committee (2003). In this 

study, it was ensured that the Root Mean Square Deviation (RMSD) of the scaled record remains 

within ±30% of the mean of the targeted hazard level in the range of fundamental period and the 

effective period of the rocking wall. While the information provided in Table 2 is at the prototype 

scale, the amplitude of all the motions was further scaled up by 18/5 and the time step was decreased 

by a factor of 5/18 to account for geometric scaling of the test walls.  

Table 2. List of input motions used for shake table testing  

ID Earthquake name (Year), Station, FF/NF 
Scale 

factor 

Targeted 

hazard 

level 

PGA 

(g)  

Eq-1s Hollister (1974), Gilroy Array#1, FF 0.67 EQ-I 0.14 

Eq-2s San Fernando (1971), Hollywood Storage, FF 1.00 EQ-II 0.23 

Eq-3s Imperial Valley (1940), Elcentro, FF 1.00 EQ-III 0.49 

Eq-4s Northridge (1994), Sylmar, NF 1.00 EQ-IV 0.71 

IM-a Morgan Hill (1984), Gilroy Array#6, NF 0.65 EQ-I 0.19 

IM-b Loma Prieta (1989), Saratoga Aloha Avenue, NF 0.64 EQ-II 0.32 

IM-e Kobe-Japan (1995), KJM, NF 0.94 EQ-III 0.56 

NZ New Zealand (2011), HVSC, NF 0.40 EQ-II 0.58 

Chile Chile (2010), Angol, FF 1.00 EQ-III 0.49 

Takatori Kobe-Japan (1995) , Takatori, NF 0.60 EQ-IV 0.37 

   s = short-duration motion; NF = Near-Field motion; FF = Far-Field motion 

http://en.wikipedia.org/wiki/Mean
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3 TEST OBSERVATIONS 

3.1 Design-level ground motions 

All test walls performed satisfactorily and experienced negligible damage during EQ-I to EQ-III levels 

of ground motions. As shown in Figure 4, the observed damage was limited to spalling of cover 

concrete at this stage.  

   

a) SRW2 b) SRW3 c) SRW4 

Figure 4 - Typical condition of wall base region after experiencing DBE level ground motions 

3.2 Maximum considered ground motions 

While increasing the intensity of earthquakes to an MCE level, the extent of damage progressed 

further specifically for the SRW with no base channel. Figure 5 illustrates the impact of base 

armouring for SRWs while comparing the damage state of SRW3m and SRW4m after an EQ-IV level 

ground motion. These two walls were designed without and with base channels and experienced 

maximum lateral drifts of 3.1% and 5.7%, respectively. The steel channels were embedded into the 

toes of three SRWs to minimize damage to cover concrete adjacent to the base. 

 

a) SRW3m b) SRW4m 

Figure 5 - Wall damage state during MCE level events (effect of base armoring) 

4 TEST RESULTS 

4.1 Global response of SRW 

Figure 6a compares the base shear vs. the lateral displacement of the four SRWs when subjected to the 

Chile earthquake representing an EQ-III level event. As seen in this figure, the lateral resistance of 

SRWs increased as the initial PT stress and area of PT tendons were increased. The measured initial 

PT force in SRW1m to SRW4 was 227, 547, 983, and 965 kN, respectively. Consequently, SRW1m 

had the lowest ultimate shear resistance and initial stiffness. Also, the lateral load response of SRW2 

lies between the responses of SRW1m and SRW3. As suggested in ITG-5 documents (2008 and 

2009), the initial PT stress should be chosen such that it would not experience yielding at 2% lateral 

drift; this is to ensure the self-centering behaviour of rocking walls following a design-level 
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earthquake. The initial PT force remained unchanged during the DBE level ground motions; however 

PT tendons mostly yielded during testing to the earthquakes representing an EQ-IV level event, with 

the wall experiencing a drift beyond 2%. A maximum of 12% loss in the prestressing force, as 

observed for SRW2 after Takatori, did not affect the self-centering capability of the test wall during 

subsequent tests even when subjected to EQ-IV input motions. Figure 6b presents the linear variation 

of PT force with lateral drift for SRW2 during an EQ-III level (i.e., Chile earthquake) together with a 

5% drop in the initial PT force of SRW3 when subjected to an EQ-IV level event (i.e., Takatori 

earthquake). As wall rocks from one corner to the opposite corner during a cyclic motion, the 

compression force is transferred over a contact length. The estimated contact length for SRW2 during 

multiple-level motions is plotted in Figure 6c, which shows that this value remained constant for drifts 

larger than 0.5%. The predicted contact length obtained from a Simplified Analysis (SA) method 

proposed by Aaleti and Sritharan (2009) is also plotted in this figure, which shows a good agreement. 

Figure 6d shows the recorded concrete strain by a gauge placed at a height of 14.9 cm within the 

contact length. As seen in the figure, 3290 microstrain was recorded as the wall experienced 4.3% drift 

during an EQ-IV level event. 

  

a) Lateral load response of test walls (Chile) b) PT force vs. lateral drift (SRW2 and SRW3) 

  

c)  Contact length vs. first peak drifts (SRW2) d) Max. concrete strain vs. first peak drifts (SRW2) 

Figure 6 - Global response of SRW using experimental data 

4.2 Seismic performance evaluation of SRWs 

A comparative study was conducted to evaluate the maximum seismic demands of four SRWs in 
terms of the transient lateral drift (dmax), absolute acceleration (amax), and residual drift (dres) while they 
were subjected to various intensities of ground motions. For this purpose, the permissible values 
recommended by Rahman and Sritharan (2006), following the performance-based seismic design 
concept presented by the SEAOC seismology committee (2003) were used. Accordingly, the 
maximum dmax, amax, dres values of the test units at the reduced scale should not exceed (0.4%, 0.954g, 
0.1%), (1.2%, 2.117g, 0.3%), (2%, 4.32g, 0.5%), and (3%, 6.48g, 0.75%) when they are subjected to 
the input motions representing EQ-I through EQ-IV, respectively. Ratios of the measured  dmax, amax, 

and dres values to the allowable limits are summarized in Figure 7. Some of the shake table generated 

5% PT Loss 
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motions were slightly different from the expected input motions. RMSD of their spectral ordinates 
from the mean of target spectra was, therefore more/less than the aforementioned 30% threshold, 
within the dominant period range of the system. Intensity of these records are identified with +/- signs 
(e.g., EQ-III

+
 and EQ-II

-
) and the corresponding responses are highlighted using different fill patterns 

on the column charts of these figures. 

As shown in Figures 7a, all test walls experienced acceptable  maximum transient drifts during far-
field EQ-I to EQ-III level intensity motions except SRW1m, with lower lateral resistance than that of 
the scaled prototype wall (i.e., SRW1). Test walls were not subjected to any EQ-IV level far-field 
ground motion. Figure 7b shows that SRW2 required more resistance to satisfactorily perform to the 
near-field DBE level ground motions. Figures 7a and 7b also indicate that the test walls with generally 
larger shear resistance (i.e., SRW3 and SRW4) produced acceptable performance in terms of 
maximum lateral drift during four intensity levels of ground motions. As presented in Figures 7c and 
7d, the maximum absolute acceleration of test walls to most of the applied ground motions was within 
the allowable limits. The test units that underwent reduced drifts generally experienced higher 
maximum absolute accelerations. Figures 7e and 7f indicate the self-centering capability of SRWs and 
they experienced negligible residual drifts even after an MCE level ground motion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 - Multiple-level seismic performance of SRW  
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In an ongoing effort, the basis of the Direct Displacement-Based Design (DDBD) approach (Priestley, 
2000) is used to understand the feasibility of using SRWs with lower damping in seismic design. It 
appears that SRWs can be designed to satisfactorily meet the displacement demands expected from 
design-level or greater earthquakes.   

5 CONCLUSIONS 

This paper presents the results from a series of shake table tests on four SRWs. These walls were 

designed with different amounts of initial PT force, providing base shear resistance in the range of 151 

kN to 358 kN.  The lower bound of this base shear range was chosen to closely match the capacity of a 

typical wall from a six- story prototype building at 5/18 scale. A multiple-level seismic evaluation of 

the test walls confirmed that SRWs with larger design forces responded below the allowable limits 

established based on design codes (SEAOC) during design-level and maximum considered earthquake 

excitations. Test results also showed that walls generally tend to attain the maximum absolute 

acceleration below the acceptable limits. Comparing all the test walls, it can be concluded that the 

rocking walls experienced smaller maximum accelerations as the maximum drift increased. All single 

rocking wall units performed well and experienced minimal structural damage and negligible residual 

displacements after experiencing EQ-I to EQ-IV level earthquake. Despite the concerns expressed in 

published literature, this study shows that SRWs can be designed in buildings to resist seismic loads. 

Although these lateral force-resisting systems possess small energy dissipating capacity, it appears that 

SRWs can be designed to resist earthquake loads in high seismic regions.   
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