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ABSTRACT 
Steel flexural yielding arms can be an effective energy dissipation device for controlled rocking 
masonry walls. In controlled rocking masonry walls, uplift of the wall from the foundation is 
allowed in a way that can localize damage to externally mounted energy dissipation devices and 
subsequently minimize post-earthquake residual drifts. Recent testing at McMaster University 
investigated the ability of steel flexural yielding arms to serve as easily replaceable energy 
dissipation devices with the ability to simultaneously resist sliding demands. Based on this 
previous testing, the current study investigates how to capture the behaviour of such devices 
through a finite element model using OpenSees, with the purpose of integrating the component 
models of flexural yielding arms with models of controlled rocking masonry walls. The flexural 
arm modelling approach is validated against the experimental data in terms of material data from 
coupon tests and low cycle fatigue parameters based on the observed hysteretic response from the 
experiments. The developed model is then used to investigate the performance of a wide array of 
devices, beyond the initial series of tests. The results showed that the proposed design equations 
are accurate within the examined geometric configurations.  
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INTRODUCTION 
Over the last few decades, a wide variety of research studies have been conducted to evaluate and 
enhance the performance of conventional masonry shear walls [1-7]. Despite this, these walls are 
still limited in their seismic applications due to the high level of damage they experience [8]. This 
damage is the result of flexural cracks developing in the tensile regions at the base of the wall. To 
address this, numerous studies have demonstrated that controlled rocking masonry walls 
(CRMWs) with post-tensioning strands can be an effective and economic alternative to 
conventional reinforced masonry shear walls [9-11]. While promising, these studies have been 
limited in further application due to the difficulty in detailing of the post-tensioning strands, as 
well as the low inherent damping of the system [10-12].  

To address this, experimental work has been conducted by Li [13] to develop an energy dissipation 
device to be attached at the base of the wall in order to simplify the detailing of the system and 
provide supplemental damping. The device is steel flexural arm which dissipates energy through 
flexural yielding when the wall uplifts from the foundation. The idealized hysteretic response of 
this system is shown in Figure 1. These devices are intended to be used with a gravity-controlled 
system as shown in Figure 1, or as supplemental damping for a post tensioned CRMW.  

 

Figure 1: Hysteretic response of a CRMW system 

Because the results of the tested devices are promising [13], a numerical model needs to be 
developed to further investigate the behaviour of these devices in a CRMW system and to develop 
further design guidelines for implementing them. The current study develops a 3D numerical 
model in OpenSees [14] using displacement-based elements and fiber sections to capture the 
behaviour of flexural yielding energy dissipation devices to be used in further numerical modelling 
of CRMWs with such devices.  



SUMMARY OF THE EXPERIMENTAL WORK 

Test Matrix 
The numerical work developed in the current study is validated against the test results of thirteen 
steel flexural arms tested under displacement controlled quasi-static fully reversed cyclic loading 
by Li [13]. The experimental work consisted of two phases. Phase 1 investigated the flexural 
response of the devices with various lengths and aspect ratios (defined as the dimension b divided 
by the thickness t), while Phase 2 investigated the same geometric flexural arms, with the addition 
of an axial load of 30 kN. The test matrix is summarized in Table 1, as well as the corresponding 
material properties obtained from coupon tests.  

Table 1: Test Matrix with Geometric Parameters and Mean Coupon Test Data 

 ID L (mm) b/t t (mm) Fy (MPa) Fu (MPa) 

Aspect Ratio Phase 1 S-L1-4.3 315 4.3 22.23 400 563 

S-L1-5.0 315 5 19.05 400 562 

S-L1-6.0 315 6 15.88 400 555 

S-L1-7.5 315 7.5 12.7 508 545 
Aspect Ratio Phase 2 S-L1-4.3A 315 4.3 22.23 399 563 

S-L1-5.0A 315 5 19.05 392 552 
S-L1-6.0A 315 6 15.88 390 539 
S-L1-7.5A 315 7.5 12.7 380 480 

Length Phase 1 L-L1.4-6.0 440 6 15.88 392 542 

L-L1.2-6.0 380 6 15.88 392 551 

SL-L1-6.0 315 6 15.88 400 555 

L-L0.8-6.0 255 6 15.88 385 480 
Length Phase 2 L-L1.4-6.0A 440 6 15.88 392 549 

L-L1.2-6.0A 380 6 15.88 395 555 

SL-L1-6.0A 315 6 15.88 390 539 
 

The key dimensions of the devices are presented in Figure 2. The length was varied from 255 mm 
to 440 mm, while the aspect ratio (b/t) was varied from 4.3 to 7.5 by changing the thickness of the 
devices.  



 

Figure 2: Flexural arm parameters (units in mm) 

Test Setup 
The test setup used is shown in Figure 3. The cyclic displacement was applied using a hydraulic 
actuator with a capacity of 120 kN and a maximum stroke of 90 mm in each direction, located to 
the north of the pinhole. Axial compression forces were applied using a hydraulic actuator with a 
capacity of 120 kN, located to the east of the pinhole.  

     

Figure 3: a.) Photo of Test Setup b.) Photo of Test Setup During Testing (Li 2019) 

Loading Protocol 
The displacement loading protocol was defined based on the FEMA 461 [15].  The target 

displacement was set to be 47 mm which corresponds to 3% drift of a reference wall. The 

displacement protocol followed FEMA 461 guidelines until the maximum stroke of the north 

displacement-controlled actuator (90mm) was reached [15]. Specimens were then subjected to 

maximum displacement cycles until 80% strength degradation or fracture was observed. 



NUMERICAL MODELLING 
A 3D nonlinear model of each specimen was created using the OpenSees software (Mazzoni et al. 
2006). The model is constructed from 8 displacement-based beam column elements with fibre 
sections of decreasing size. The depth of each fiber section matches the average depth of the 
flexural arm over the length of that element. The thickness of the fiber sections matches the 
thickness of the flexural arm. The length corresponds to the length that may yield in flexure, shown 
as L in Figure 2.  

The material properties were modelled using Steel02 available in OpenSees and calibrated from 
coupon tests conducted from the steel used for the devices. Low cycle fatigue was included through 
the Fatigue input within OpenSees with the Coffin-Mansen slope calibrated based on the 
experimental data (ranging between -0.352 and -0.454). The maximum strain obtained from the 
coupon tests was included to account for fracture of the devices. Figure 4 shows a schematic of 
the developed numerical model. P-Delta coordinate transformations were applied to ensure the 
axial load was applied properly throughout the analysis.  

 

Figure 4: Model schematic (bottom) compared to flexural energy dissipation device (top) 

COMPARISON BETWEEN NUMERICAL AND EXPERIMENTAL RESULTS 
Figure 5 and 6 show the hysteretic response of the experimental results compared to that obtained 
from the OpenSees model. There is good agreement between the experimental hysteretic response 
observed and the equivalent result from the numerical model. The model adequately captures the 
influence of the axial load, as well as failure initiation due to low cycle fatigue fracture.  



 

Figure 5: Experiemental and numerical hysteresis loops of flexural arms with varied aspect 
ratio 



 

Figure 6: Experimental and numerical hysteresis loops of flexural arms with varied length 

Energy Dissipation 
The values for the cumulative energy dissipated were normalized by the total volume of the 
yielding steel for each specimen to obtain the effective energy dissipation performance per unit 
volume, thus facilitating the comparison between specimens with different geometric properties. 
Figure 7 shows the experimental and numerical cumulative energy dissipated as well as the 
cumulative displacement until failure of the experimental devices. The numerical model was used 



to simulate flexural arms at lengths at 10 mm increments, as well as thicknesses at 6.25 mm 
increments.  

 

Figure 7: Cumulative energy dissipated and cumulative displacement 

Table 2 summarizes the comparison of the numerical model (denoted as Ednum and CDnum) to the 
experimental tests (denoted as Edexp and CDexp). The numerical model captured the energy 
dissipated to within 23% of the experimental results, while the cumulative displacement until 
failure was within 12% accurate.  

Table 2: Comparison of experimental and numerical values for energy dissipation and 
cumulative displacement  

ID EDnum/EDexp CDnum/CDexp 

S-L1-7.5 1.14 1.06 
S-L1-6.0 1.02 0.97 
S-L1-5.0 0.97 0.96 
S-L1-4.3 1.23 1.22 

S-L1-7.5A 1.16 1.01 
S-L1-6.0A 1.02 0.94 
S-L1-5.0A 0.98 1.12 
S-L1-4.3A 0.99 0.99 
L-L0.8-6.0 1.04 1.05 
SL-L1-6.0 1.02 0.97 
L-L1.2-6.0 0.99 1.02 
L-L1.4-6.0 0.98 0.95 

SL-L1-6.0A 1.04 0.96 
L-L1.2-6.0A 1.01 0.95 
L-L1.4-6.0A 0.98 1.09 



CONCLUSIONS 
The current paper described the development of a 3D model using OpenSees to capture the 
behaviour of a flexural yielding device under combined cyclic loading and constant axial loading. 
These devices are intended to be used within controlled rocking masonry walls in future studies. 
Data from a previous experimental study was used to validate the developed numerical model, and 
it was found that the model was accurate in capturing the hysteretic response of the devices, as 
well as the displacement capacity and energy dissipated.  

Ongoing research incorporates these devices into a controlled rocking masonry system to better 
understand the inelastic dynamic behaviour of controlled rocking masonry walls with 
supplemental energy dissipation devices.  
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