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Project Overview

NEES Nonstructural: Simulation of the Seismic Performance of 
Nonstructural Systems

Nonstructural systems represent 75% of the loss exposure of U.S. buildings to earthquakes, and 
account for over 78% of the total estimated national annualized earthquake loss. A very wide-
ly used nonstructural system, which represents a signifi cant investment, is the ceiling-piping-
partition system. Past earthquakes and numerical modeling considering potential earthquake 
scenarios show that the damage to this system and other nonstructural components causes the 
preponderance of U.S. earthquake losses. Nevertheless, due to the lack of system-level research 
studies, its seismic response is poorly understood. Consequently, its seismic performance contrib-
utes to increased failure probabilities and damage consequences, loss of function, and potential 
for injuries. All these factors contribute to decreased seismic resilience of both individual build-
ings and entire communities.

Ceiling-piping-partition systems consist of several components, such as connections of partitions 
to the structure, and subsystems, namely the ceiling, piping, and partition systems. These sys-
tems have complex three-dimensional geometries and complicated boundary conditions because 
of their multiple attachment points to the main structure, and are spread over large areas in all 
directions. Their seismic response, their interaction with the structural system they are suspended 
from or attached to, and their failure mechanisms are not well understood. Moreover, their dam-
age levels and fragilities are poorly defi ned due to the lack of system-level experimental studies 
and modeling capability. Their seismic behavior cannot be dependably analyzed and predicted 
due to a lack of numerical simulation tools. In addition, modern protective technologies, which 
are readily used in structural systems, are typically not applied to these systems.

This project sought to integrate multidisciplinary system-level studies to develop, for the fi rst 
time, a simulation capability and implementation process to enhance the seismic performance of 
the ceiling-piping-partition nonstructural system. A comprehensive experimental program us-
ing both the University of Nevada, Reno (UNR) and University at Buffalo (UB) NEES Equip-
ment Sites was developed to carry out subsystem and system-level full-scale experiments. The 
E-Defense facility in Japan was used to carry out a payload project in coordination with Japanese 
researchers. Integrated with this experimental effort was a numerical simulation program that 
developed experimentally verifi ed analytical models, established system and subsystem fragil-
ity functions, and created visualization tools to provide engineering educators and practitioners 
with sketch-based modeling capabilities. Public policy investigations were designed to support 
implementation of the research results. 

The systems engineering research carried out in this project will help to move the fi eld to a new 
level of experimentally validated computer simulation of nonstructural systems and establish a 
model methodology for future systems engineering studies. A system-level multi-site experimen-
tal research plan has resulted in a large-scale tunable test-bed with adjustable dynamic proper-
ties, which is useful for future experiments. Subsystem and system level experimental results 
have produced unique fragility data useful for practitioners. 

In this study, a numerical model is developed to capture the in-plane seismic response of full-height gypsum 
board on cold-formed steel framed partition walls. OpenSees is used to develop a lumped model to capture 
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the behavior of the partition wall. The lumped model characteristics are determined by analyzing a large 
suite of experimental data on institutional and commercial type metal studs (see MCEER-11-0005). Two 
error metrics, based on calculation of the maximum force and half-cycle hysteretic energy, are introduced 
to assess the robustness of the model. The model’s predictive capabilities are demonstrated via simulation of 
individual walls. The partition element is then integrated into numerical models of representative building 
types and the sensitivity of the building dynamic characteristics due to the presence of the partition wall 
are evaluated. The largest period shift was found in a model of a three story hospital, which considered the 
use of institutional partition walls.
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ABSTRACT 
 

A commonly used nonstructural system representing significant investment in building 

construction is the ceiling-piping-partition (CPP) system. In this work, one of the subsystems 

within the CPP is given particular attention, namely the partition wall subsystem. Using data 

from experiments conducted at the State University of New York, University at Buffalo within 

the National Science Foundation and Network for Earthquake Engineering Simulation Grand 

Challenge Nonstructural project, a numerical model is developed for capturing the in-plane 

seismic response of full-height gypsum board on cold-formed steel-framed partition walls. It 

should be noted that the most common partition wall subsystem utilized in the United States for 

buildings other than houses is constructed of gypsum board on cold-formed steel framing and 

this is therefore the focus of this work. 

The platform selected to model the partition walls is the Open System for Earthquake 

Engineering Simulation (OpenSees), developed by a community of researchers largely housed 

within the Pacific Earthquake Engineering Research Center (PEER). The behavior of the 

partition wall is captured using a lumped model localized within a zero-length element. The 

lumped material is developed with a pinching material used in a parallel configuration. It is 

characterized as a simple spring, which may easily be implemented in the longitudinal direction. 

A simplistic, lumped model is utilized to facilitate ease of implementation in beam-column type 

finite element analyses commonly adopted in design of building structures. The lumped model 

characteristics are determined by analyzing a large suite of experimental data on institutional and 

commercial type metal stud partition walls. Two error metrics based on calculation of the 

maximum force and half-cycle hysteretic energy are introduced to assess the model robustness. 

The model’s predictive capabilities are demonstrated via simulation of individual walls. In 

particular, a normalized mean model is shown to capture the experimental hysteresis behavior of 

a fully connected partition wall with reasonable accuracy. The partition element is then 

integrated into numerical models of representative building types and the sensitivity of the 

building dynamic characteristics due to the presence of the partition wall evaluated. At most a 

period shift of 14% is noted for the shortest example building considered. 

 

  
v 

 



 

  



 

ACKNOWLEDGEMENTS 
 

This project was supported by National Science Foundation Award #CMMI-0721399, 

“NEESR-Grand Challenge: Simulation of the Seismic Performance of Nonstructural Systems”, 

and IGERT Award #DGE-0966375, "Training, Research and Education in Engineering for 

Cultural Heritage Diagnostics." The input of the project management committee, namely 

Professors Manos Maragakis, André Filiatrault, and Steve French; Mr. Bill Holmes and Mr. 

Robert Reitherman are greatly appreciated.  

Experimental data used in the model calibration was provided by SUNY-Buffalo. We 

particularly thank Professors André Filiatrault and Gilberto Mosqueda, Dr. Rodrigo Retamales, 

and Mr. Ryan Davies for providing this data and assisting with its interpretation. 

Opinions, findings, and conclusions expressed in this report are those of the authors, and 

do not necessarily reflect those of the sponsoring organization. This report contributes to the 

doctoral dissertation of the first author at the University of California, San Diego, Department of 

Structural Engineering, where Professor Tara C. Hutchinson serves as the chair.  

  

vii

 



 

  



ix 

TABLE OF CONTENTS 
 
Section  Title  Page 
 
1  INTRODUCTION........................................................................................................1  
1.1  Motivation ......................................................................................................................1  
1.2  NEES Nonstructural Overview ......................................................................................3  
1.3  Related Partition Wall Studies .......................................................................................4  
1.3.1  Serrette et al. (1996, 1997) .............................................................................................5  
1.3.2  NAHB Research Center, Inc. (1997) .............................................................................5  
1.3.3  Arnold et al. (2003, 2005) ..............................................................................................6  
1.3.4  Restrepo and Bersofsky (Restrepo et al., 2010; Bersofsky 2004)  ................................7  
1.3.5  Lang and Restrepo (2007). .............................................................................................8  
1.3.6  Lee et al. (2007)  ......................................................................................................... 10  
1.4  Related Modeling Studies ........................................................................................... 11  
1.4.1  Ibarra et al. (2004). .......................................................................................................11  
1.4.2  Dinehart et al. (2000)  ................................................................................................. 12  
1.4.3  Van de Lindt and Walz (2003).....................................................................................13  
1.4.4  Fülöp and Dubina (2004a). ..........................................................................................14  
1.4.5  Folz and Filiatrault (2004a)  ........................................................................................15  
1.4.6  Judd and Fonseca (2005)  ............................................................................................16  
1.4.7  Kanvinde and Deierlein (2006). ...................................................................................16  
1.4.8  Pang et al. (2007)  ........................................................................................................16  
1.4.9  Baird et al. (2011)  ...................................................................................................... 17  
1.4.10  Restrepo and Lang (2011) ............................................................................................17  
1.4.11  Davies (2009) .............................................................................................................. 18  
1.5  Scope of this Work  ..................................................................................................... 19  
1.6  Organization of the Report. ..........................................................................................20  
 
2  EXPERIMENTAL PROGRAM OVERVIEW .......................................................21  
2.1  Introduction ..................................................................................................................21  
2.2  Observed Damage States  ........................................................................................... 25  
2.3  Example Specimen Response ..................................................................................... 28  
2.4  Subgroup Classification Overview ..............................................................................30  
2.5  Specimen Outliers in a Subgroup  ...............................................................................32  
2.5.1  Subgroup 1a. ................................................................................................................32  
2.5.2  Subgroup 1b  ............................................................................................................... 34  
2.5.3  Subgroup 2a. ................................................................................................................35  
2.5.4  Subgroup 2b  ................................................................................................................35  
 
3  MODELING OVERVIEW ...................................................................................... 39  
3.1  Modeling Platform ...................................................................................................... 39  
3.2  Model Verification. ......................................................................................................40  
3.2.1  Partition Wall Backbone Characterization ...................................................................40  
3.2.2  Partition Wall Unloading and Reloading Behavior .................................................... 42  
 



x 

TABLE OF CONTENTS (CONT’D) 
 
Section  Title  Page 
 
4  REPRESENTATIVE SUBGROUP MODELS  ......................................................45  
4.1  Subgroup Modeling Approach .................................................................................... 45  
4.1.1  Subgroup 1a Representative Model. ........................................................................... 46  
4.1.2  Subgroup 1b Representative Model ............................................................................ 50  
4.1.3  Subgroup 2a Representative Model ............................................................................ 56  
4.1.4  Subgroup 2b Representative Model. ........................................................................... 61  
4.2  Subgroup Model Discussion  ...................................................................................... 68  
 
5  NORMALIZED MODELS ...................................................................................... 73  
5.1  Introduction ................................................................................................................. 73  
5.2  Force Normalization  .................................................................................................. 73  
5.3  Hysteretic Energy Normalization ............................................................................... 76  
5.4  Normalized Model Calibration ................................................................................... 78  
5.5  Normalized Model Verification .................................................................................. 83  
5.6  Normalized Model Discussion .................................................................................... 87  
5.7  Concluding Remarks ................................................................................................... 90  
 
6  ERROR METRICS ASSESSMENT ....................................................................... 91  
6.1  Introduction ................................................................................................................. 91  
6.2  Average Error in Maximum Force .............................................................................. 91  
6.3  Total Half-Cycle Hysteretic Energy  .......................................................................... 94  
6.4  Error Metrics and Modeling Assessment .................................................................... 97  
6.5  Concluding Remarks ................................................................................................. 104  
 
7  PARTITION WALL IMPLEMENTATION  ...................................................... 105  
7.1  Introduction ............................................................................................................... 105  
7.2  Partition Wall Implementation within a Building Model ......................................... 105  
7.3  Scaling Rules and Recommended Wall Lengths ...................................................... 107  
7.3.1  Stiffness..................................................................................................................... 108  
7.3.2  Maximum Force (Yielding) ...................................................................................... 109  
7.3.3  Post-Yield Degradation ............................................................................................. 110  
7.3.4  Post-Yield Hardening and Capping Force. ............................................................... 110  
7.3.5  Limitation in Wall Length  ....................................................................................... 111  
7.4  Example Building Suite Considered ......................................................................... 111  
7.5  Sample Building Sensitivity  .................................................................................... 112  
7.6  Implementation, Conclusion and Further Studies ..................................................... 121  
 
8  CONCLUSIONS ..................................................................................................... 123  
8.1  Motivation and Scope of Work ................................................................................. 123  
8.2  Model Summary........................................................................................................ 123  
8.3  Model Use and Future Work..................................................................................... 125  
 



xi 

TABLE OF CONTENTS (CONT’D) 
 
Section  Title  Page 
 
9  REFERENCES. ....................................................................................................... 127  
 
APPENDICES (Provided on attached CD) 
 
A  MODELING PERFORMANCE: SUBGROUP MODELS ....... ……………….......A-1  
 
B  MODELING PERFORMANCE: MEAN RESPONSE NORMALIZED  

MODELS  ..................................................................................................................B-1  
 
C  MODELING PERFORMANCE: MEAN PLUS ONE STANDARD  

DEVIATION RESPONSE NORMALIZED MODELS  ...........................................C-1  
 
D  MODELING PERFORMANCE: MEAN MINUS ONE STANDARD  

DEVIATION RESPONSE NORMALIZED MODELS  ........ ................................. D-1 
 
E  PARTITION WALL PROCEDURE FOR IMPLEMENTATION INTO  

OPENSEES  ...... .........................................................................................................E-1  
 
 





xiii 

LIST OF FIGURES 
 
Figure  Title  Page 
 
1-1  Examples of nonstructural failures from the 2010 Baja California Earthquake 

(Mw=7.2). Partition wall and pipe failures at El Centro Regional Medical Center 
(upper) and ceiling fallout and HVAC system failure at Universidad Autónoma  
de Baja California in Mexicali, BC (lower) .................................................................. 2  

1-2  Cost breakdown of typical office, hotel and hospital buildings (after Taghavi and 
Miranda, 2003).. ............................................................................................................ 3  

1-3  NAHB shear wall configurations (right) and force-displacement results (left)  
(from NAHB 1997). .......................................................................................................6  

1-4  Damage state fragility functions for Bersofsky's experiment (from Bersofsky,  
2004). .............................................................................................................................8  

1-5  Plan view of test specimen for Lang's experiment (from Lang and Restrepo,  
2007) ............................................................................................................................. 9  

1-6  Testing protocols used in Lang's experiment (from Lang and Restrepo, 2007).  ........10  
1-7  Hysteretic behavior of specimen 1 (left) and damage cost estimate vs story drift  

(from Lee et al., 2007) ................................................................................................ 11  
1-8  Pinching hysteretic model shown for basic model rules (from Ibarra et al., 2005). ....12  
1-9  Model performance assessment for an example woodframe specimen considering  

a pinching model (from Ibarra et al., 2005) .................................................................12  
1-10  Single hysteretic loop comparison for experimental result against theoretical result 

demonstrating the pinching effect (from Dinehart et al., 2000). .................................13  
1-11  Hysteresis model considered with pinching behavior (from Van de Lindt and  

Walz, 2003). .................................................................................................................14  
1-12  Wall panel idealization through equivalent braced diagonal bars (from Fülöp and 

Dubina, 2004) ............................................................................................................. 14  
1-13  CASHEW model developed for woodframe shear walls (from Folz and Filiatrault, 

2004a).. ....................................................................................................................... 15  
1-14  Shear wall backbone curve (courtesy Pang et al., 2007) ............................................ 17  
1-15  Proposed empirical backbone for gypsum board on light-gauge steel stud partition 

walls (from Restrepo and Lang, 2011) ........................................................................18  
1-16  Wayne-Stewart hysteretic model with strength degradation (from Carr, 2005)  .........19  
 
2-1  In-plane partition wall setup: (a) parallel to shaking direction and (b) perpendicular  

to shaking direction, highlighting the shorter return walls (from Davies, 2009). ........22  
2-2  Typical cross section of partition wall (from Davies, 2009). ......................................23  
2-3  Typical in-plane partition wall setup (photo courtesy of Davies, 2009). .....................23  
2-4  Dynamic nonstructural fragility testing protocol developed by Retamales et al.  

(2008) (from Davies, 2009) .........................................................................................24  
2-5  Quasi-static drift sensitive protocol developed by Retamales et al. 

(from Davies, 2009) .....................................................................................................25  
2-6  Experimental force-displacement response for Specimen 20 ..................................... 28  



xiv 

LIST OF FIGURES (CONT’D) 
 
Figure  Title  Page 
 
2-7  Sheathing and framing connectivity details: (a-b) bottom and top track  

connections for partially connected specimens (slip track), (c-d) bottom and  
top track connections for fully connected specimens, (e) wall intersection details  
for commercial construction practices and (f) wall intersection details for  
institutional construction practices (from Davies, 2009) .............................................31  

2-8  Experimental load-displacement of specimen 10 (subgroup 1b). Note the  
anomalous dramatic reduction in load carrying capacity at 0.8% drift. ......................33  

2-9  Photos of damage observed in specimen 10: (a) at 0.6% drift and (b) top track  
damage .........................................................................................................................33  

2-10  Subgroup 1a experimental hysteretic behavior showing identified backbone and 
average subgroup backbone. ........................................................................................34  

2-11  Subgroup 1b experimental hysteretic behavior showing identified backbone and 
average subgroup backbone. ........................................................................................36  

2-12  Subgroup 2a experimental hysteretic behavior showing identified backbone and 
average subgroup backbone. ........................................................................................37  

2-13  Subgroup 2b experimental hysteretic behavior showing identified backbone and 
average subgroup backbone. ........................................................................................38  

 
3-1  Graphical description of the pinching4 material model (after Mazzoni et al., 2009). .40  
3-2  Force-Displacement backbone for specimen 20 and the selected backbone points ... 41  
3-3  Tangent stiffness demonstrating sudden changes in the force-displacement  

backbone curve for specimen 20. .................................................................................42  
3-4  Experimental and numerical model comparison for specimen 20: (a) hysteretic 

behavior and (b) hysteretic area. ..................................................................................43  
 
4- 1  Specimen 1 and 2 backbone curves, average backbone and selected backbone  

points for subgroup 1a. ................................................................................................46  
4-2  Tangent stiffness demonstrating sudden changes in the force-displacement  

backbone curve for subgroup 1a. .................................................................................47  
4-3  Hysteretic area calculated from the average experimental subgroup average  

(target) compared to the model hysteretic area for subgroup 1a. ................................47  
4-4  Hysteretic response of specimen 1 overlaid with the response of the representative 

subgroup model 1a. ......................................................................................................48  
4-5  Hysteretic response of specimen 2 overlaid with the response of the representative 

subgroup model 1a. ......................................................................................................49  
4-6  Comparison of the model hysteretic area to each of the specimens representing 

subgroup 1a ..................................................................................................................49  
4-7  Percent error comparison showing the model hysteretic area to each of the  

specimens representing subgroup 1a ...........................................................................50  
4-8  Specimen 4, 5, 6 and 8 backbone curves, average backbone and selected backbone 

points for subgroup 1b .................................................................................................51 



xv 

LIST OF FIGURES (CONT’D) 
 
Figure  Title  Page 
 
 4-9  Tangent stiffness demonstrating sudden changes in the force-displacement  

backbone curve for subgroup 1b ..................................................................................51  
4-10  Hysteretic area calculated from the average experimental subgroup average (target) 

compared to the model hysteretic area for subgroup 1b.  ............................................52  
4-11  Hysteretic response of specimen 4 overlaid with the response of the representative 

subgroup model 1b. ......................................................................................................53  
4-12  Hysteretic response of specimen 5 overlaid with the response of the representative 

subgroup model 1b. ......................................................................................................53  
4-13  Hysteretic response of specimen 6 overlaid with the response of the representative 

subgroup model 1b. ......................................................................................................54  
4-14  Hysteretic response of specimen 8 overlaid with the response of the representative 

subgroup model 1b. ......................................................................................................54  
4-15  Comparison of the model hysteretic area to each of the specimens representing 

subgroup 1b ..................................................................................................................55  
4-16  Percent error comparison showing the model hysteretic area to each of the  

specimens representing subgroup 1b .......................................................................... 55  
4-17  Specimen 20-22 backbone curves, average backbone and selected backbone points 

for subgroup 2a. ...........................................................................................................56  
4-18  Tangent stiffness demonstrating sudden changes in the force-displacement  

backbone curve for subgroup 2a. .................................................................................57  
4-19  Hysteretic area calculated from the average experimental subgroup average  

(target) compared to the model hysteretic area for subgroup 2a. ................................57  
4-20  Hysteretic response of specimen 20 overlaid with the response of the representative 

subgroup model 2a. ..................................................................................................... 58  
4-21  Hysteretic response of specimen 21 overlaid with the response of the representative 

subgroup model 2a. ..................................................................................................... 59  
4-22  Hysteretic response of specimen 22 overlaid with the response of the representative 

subgroup model 2a ...................................................................................................... 59  
4-23  Comparison of the model hysteretic area to each of the specimens representing 

subgroup 2a ..................................................................................................................60  
4-24  Percent error comparison showing the model hysteretic area to each of the  

specimens representing subgroup 2a .......................................................................... 60  
4-25  Specimen 23-28 backbone curves, average backbone and selected backbone points 

for subgroup 2b. ...........................................................................................................62  
4-26  Tangent stiffness demonstrating sudden changes in the force-displacement backbone 

curve for subgroup 2b.. ............................................................................................... 62  
4-27  Hysteretic area calculated from the average experimental subgroup average  

(target) compared to the model hysteretic area for subgroup 2b. ................................63  
4-28  Hysteretic response of specimen 23 overlaid with the response of the representative 

subgroup model 2b.. .................................................................................................... 63  
4-29  Hysteretic response of specimen 24 overlaid with the response of the representative 

subgroup model 2b. ......................................................................................................64  



xvi 

LIST OF FIGURES (CONT’D) 
 
Figure  Title  Page 
 
4-30  Hysteretic response of specimen 25 overlaid with the response of the representative 

subgroup model 2b. ......................................................................................................64  
4-31  Hysteretic response of specimen 26 overlaid with the response of the representative 

subgroup model 2b. ......................................................................................................65  
4-32  Hysteretic response of specimen 27 overlaid with the response of the representative 

subgroup model 2b.. .................................................................................................... 65  
4-33  Hysteretic response of specimen 28 overlaid with the response of the representative 

subgroup model 2b. ......................................................................................................66  
4-34  Comparison of the model hysteretic area to each of the specimens representing 

subgroup 2b ..................................................................................................................66  
4-35  Percent error comparison showing the model hysteretic area to each of the  

specimens representing subgroup 2b ...........................................................................67  
4-36  Percent error comparison showing the model hysteretic area to each of the  

specimens representing subgroup 2b (clipped y-axis). ................................................67  
4-37  Overlay of each subgroup backbones shown demonstrating a large variability.  ........70  
4-38  Unloading and reloading parameters (highlighted in red) within one element of  

the four parallel material model formulation. ..............................................................70  
4-39  Displacement parameters for each of the parallel materials for each subgroup ..........71  
4-40  Force parameters for each parallel materials used for each subgroup ........................ 71  
 
5-1  Partition wall backbones (force-displacement relations) for subgroups 1b and 2b. ....74  
5-2  Normalized partition wall backbones (force-displacement relations) for subgroups  

1b and 2b. .....................................................................................................................75  
5-3  Absolute valued normalized partition wall backbones considering positive and 

negative behavior .........................................................................................................75  
5-4  Absolute valued normalized backbones showing the mean, mean plus one  

standard deviation and mean minus one standard deviation.. ..................................... 76  
5-5  Hysteretic energy for subgroups 1b and 2b for each of the specimens considered 

along with their respective subgroup averages. ...........................................................77  
5-6  Normalized hysteretic energy for subgroups 1b and 2b. .............................................77  
5-7  Selection of the mean response behavior of the partition wall model. Top shows 

normalized absolute valued hysteretic backbone while the bottom demonstrates  
the tangent stiffness of this backbone. .........................................................................79  

5-8  Selection of the mean plus one standard deviation response behavior of the  
partition wall model. Top shows normalized absolute valued hysteretic backbone 
while the bottom demonstrates the tangent stiffness of this backbone. .......................80  

5-9  Selection of the mean minus one standard deviation response behavior of the  
partition wall model. Top shows normalized absolute valued hysteretic backbone 
while the bottom demonstrates the tangent stiffness of this backbone. .......................81  

5-10  Hysteretic area of the mean model versus the target mean hysteretic area .................82  
5-11  Hysteretic area of the mean plus one standard deviation model versus the target  

mean plus one standard deviation hysteretic area ........................................................82  



xvii 

LIST OF FIGURES (CONT’D) 
 
Figure  Title  Page 
 
5-12  Hysteretic area of the mean minus one standard deviation model versus the target 

mean minus one standard deviation hysteretic area .................................................... 83  
5-13  Hysteretic behavior of the mean response shown with specimen 4 as an example .... 84  
5-14  Hysteretic area of the mean model with specimen 4 as an example ............................84  
5-15  Hysteretic behavior of the mean plus one standard deviation response shown  

with specimen 4 as an example ................................................................................... 85  
5-16  Hysteretic area of the mean plus one standard deviation model with specimen 4  

as an example. ............................................................................................................. 85  
5-17  Hysteretic behavior of the mean minus one standard deviation response shown  

with specimen 4 as an example ................................................................................... 86  
5-18  Hysteretic area of the mean minus one standard deviation model with specimen  

4 as an example ........................................................................................................... 86  
5-19  Overlay of each subgroup backbones shown demonstrating a large variability ..........87  
5-20  Force parameters for each parallel material used for each subgroup. Note the  

fourth parameter of the mean minus one standard deviation model is zero.. ............. 89  
5-21  Displacement parameters for each parallel material used for each subgroup. .............89  
 
6-1  Hysteretic overlap comparison between specimen 23 and the 2b subgroup model ... 92  
6-2  Captured maximum force envelope curve for specimen 23 and the 2b subgroup  

model............................................................................................................................93  
6-3  Difference in maximum attained force level when comparing specimen 23 and  

the 2b subgroup model. ................................................................................................93  
6-4  Hysteretic energy (area) comparison between specimen 23 and the 2b subgroup 

model............................................................................................................................95  
6-5  Hysteretic energy (area) per half cycle comparison between specimen 23 and  

the 2b subgroup model shown against maximum achieved drift level. .......................95  
6-6  Difference in hysteretic energy (area) per half cycle comparison for specimen 23 ....97  
6-7  Overall average of the average force residual comparing the experimental to the  

developed models (subgroup, mean, mean plus one standard deviation and mean 
minus one standard deviation). ....................................................................................98  

6-8  Average force residual comparing the experimental to the developed models by 
damage states: (a) no damage, (b) DS1, (c) DS2 and (d) DS3. .....................................99  

6-9  Average force residual comparing the experimental to the developed models by 
damage states: (a) no damage, (b) DS1, (c) DS2 and (d) DS3. Note just the  
subgroup model and mean model is presented. .........................................................100  

6-10  Overall residual in half-cycle hysteretic energy comparing the experimental to  
the developed models (subgroup, mean, mean plus one standard deviation and  
mean minus one standard deviation) ......................................................................... 101  

6-11  Overall residual in half-cycle hysteretic energy comparing the experimental to  
the developed models by damage states: (a) DS<DS1, (b) DS1≤DS<DS2, (c) 
DS2≤DS<DS3 and (d) DS≥DS3. .................................................................................102  



xviii 

LIST OF FIGURES (CONT’D) 
 
Figure  Title  Page 
 
6-12  Overall residual in half-cycle hysteretic energy comparing the experimental to the 

developed models by damage states: (a) DS<DS1, (b) DS1≤DS<DS2, (c) 
DS2≤DS<DS3 and (d) DS≥DS3. Note just the subgroup model and mean model is 
presented. ...................................................................................................................103  

 
7-1  Partition wall implementation between two adjacent story levels. ............................106  
7-2  Backbone of the normalized partition wall model as implemented in OpenSees. .....106  
7-3  Backbone of the Subgroup type partition wall model as implemented in  

OpenSees....................................................................................................................107  
7-4  Example of partition wall scaling when the target wall is twice the length of the 

original wall with twice the number of vertical studs in the lateral direction. The  
four marked points highlight the points considered for scaling walls of different  
lengths. ...................................................................................................................... 108  

7-5  Normalized plots demonstrating period and mass participations sensitivities for  
RC-2. ..........................................................................................................................117  

7-6  Normalized plots demonstrating period and mass participations sensitivities for  
RC-4 ...........................................................................................................................117  

7-7  Normalized plots demonstrating period and mass participations sensitivities for  
RC-8 ...........................................................................................................................118  

7-8  Normalized plots demonstrating period and mass participations sensitivities for  
RC-12 .........................................................................................................................118  

7-9  Normalized plots demonstrating period and mass participations sensitivities for  
RC-20. ........................................................................................................................119  

7-10  Normalized plots demonstrating period and mass participations sensitivities for  
S-3 ..............................................................................................................................119  

7-11  Normalized plots demonstrating period and mass participations sensitivities for  
S-3H. ......................................................................................................................... 120  

7-12  Normalized plots demonstrating period and mass participations sensitivities for  
S-9. .............................................................................................................................120  

7-13  Normalized plots demonstrating period and mass participations sensitivities for  
S-20 ............................................................................................................................121  

 
8-1  Example usage of light-gauge steel studding and gypsum board system during 

construction. ...............................................................................................................124  
 
 
 



xix 

LIST OF TABLES 
 
Table  Title  Page 
 
1-1  Experimental configurations for Bersofsky's experiment (after Bersofsky et al.,  

2004) ..............................................................................................................................7  
 
2-1  Partition wall test configuration details (from Davies, 2009). .....................................23  
2-2  Damage state classification adopted for partition walls (photos courtesy of UB 

Experimental Team ......................................................................................................26  
2-3  Partition wall test specimens as considered for modeling and damage state  

summary herein. .......................................................................................................... 27  
2-4  Damage and corresponding hysteretic response report for Specimen 20 ................... 29  
2-5  Partition wall classification by subgroup. Only subgroups with full height  

specimens are considered  ............................................................................................30  
 
4-1  Parameters for the subgroup models. ...........................................................................69  
 
5-1  Parameters for the normalized partition wall model. ...................................................88  
 
7-1  Partition wall indices for each building and corresponding wall lengths ..................109  
7-2  Suite of buildings considered. (RC = reinforced concrete. NS=north-south  

direction, EW=east-west direction)  ..........................................................................112  
7-3  Modal periods and mass participation sensitivity for RC-2.......................................113  
7-4  Modal periods and mass participation sensitivity for RC-4.......................................114  
7-5  Modal periods and mass participation sensitivity for RC-8.......................................114  
7-6  Modal periods and mass participation sensitivity for RC-12.....................................114  
7-7  Modal periods and mass participation sensitivity for RC-20.....................................115  
7-8  Modal periods and mass participation sensitivity for S-3 ..........................................115  
7-9  Modal periods and mass participation sensitivity for S-3H .......................................115  
7-10  Modal periods and mass participation sensitivity for S-9 ..........................................116  
7-11  Modal periods and mass participation sensitivity for S-20 ........................................116 

 



 



 

NOMENCLATURE 
 

Symbol Description Units 
DS1 Damage state one; etc. unitless 
EH Hysteretic energy (area) F.L 

∑𝐸𝐸𝐻𝐷𝐼𝐹𝐹 Total half cycle hysteretic energy F.L 

𝐹𝑅𝐸𝑆������ Average residual force F 
SD1 Design spectral acceleration at period of 1.0 sec L/T2 
SDS Design spectral acceleration at short periods L/T2 

Σtstud Total thickness of wall studs in lateral direction L 
µ Mean unitless 
σ Standard deviation unitless 

  

xxi

 



 

  



 

SECTION 1  

INTRODUCTION 
 

1.1 Motivation 

  In recent earthquakes in the United States and some other developed countries, the 

damage to nonstructural components and systems (NCSs) has exceeded the cost of structural 

damage in buildings. Nonstructural systems and components are elements within a building 

either attached to the floors or walls that are not designed nor anticipated to contribute to the 

primary load bearing system of the building. Nonetheless, they will be subjected to the dynamic 

environment of the building undergoing seismic loading. Three broad categories of nonstructural 

components and systems are: 1) architectural elements, such as partition walls, suspended 

ceilings and lighting systems; 2) mechanical and electrical equipment, such as piping systems, 

fire protection systems, storage tanks, computer and data equipment, and power transformers; 

and 3) building contents, such as bookshelves, file cabinets and other furniture (BSSC 2000; 

Villaverde 2009). NCSs support the buildings functionality and as such their damage or loss of 

functionality can be more economically significant than that associated with structural damage. 

Furthermore, secondary damage associated with failure of NCSs has proven highly disruptive to 

businesses and their functionality. Some examples of failures in the past include water damage 

caused by failure of sprinkler systems for fire protection, lack of emergency power, failure of 

suspended ceilings and partition walls (see Figure 1-1). While many of these failures usually 

only affect the building performance after a seismic event, they are capable of causing serious 

injuries or death (Filiatrault et al., 2002; EERI, 2010a; EERI, 2010b). 

NCSs within buildings often have complicated configurations and connections to a 

building making them susceptible to earthquake damage. The majority of NCSs are placed or 

distributed throughout a building, and therefore not subjected to the ground motion generated by 

the earthquake, but rather to an amplified and filtered motion transmitted by the building. The 

response of the NCS depends on its location within the structure, since the demands vary by 

floor level and location in plan. When compared to the structure itself, their mass, stiffness and 

damping characteristics are usually small. However, when the frequency of the NCSs and the 

building are similar, the NCSs are capable of experiencing severe resonance. The NCSs may be 
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connected to multiple attachment locations within the building, inducing differential movements 

on the component. A good example of this situation is distributed piping systems or partition 

walls. When the NCS is stiff and heavy enough, it may modify the response of the building 

structure. As a result, the NCS and the building structure should be considered as a combined 

system to effectively predict response (Villaverde, 2009).  

 

 
Figure 1-1 Examples of nonstructural failures from the 2010 Baja California Earthquake 
(Mw=7.2). Partition wall and pipe failures at El Centro Regional Medical Center (upper) 

and ceiling fallout and HVAC system failure at Universidad Autónoma de Baja California 
in Mexicali, BC (lower).  

 

Given their many complexities, it is also unfortunate that the largest investment in the 

construction of buildings is associated with nonstructural components and systems. Studies of 

the cost breakdown of typical buildings have shown that NCSs are the largest investment for 

offices, hotels and hospitals, shown in Figure 1-2 (Taghavi and Miranda, 2003). The percent cost 

for nonstructural components vary from 48% in hospitals to 70% in hotels. While the building 

contents range from 17% to 44% of the total building cost, they are greatly influenced by the 

performance of the nonstructural systems. Examples of nonstructural components and systems 
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include bookshelves, electronic equipment attached to partition walls and the piping systems 

capable of causing water damage to entire floors. 

  

 
Figure 1-2 Cost breakdown of typical office, hotel and hospital buildings (after Taghavi 

and Miranda, 2003). 
 

1.2 NEES Nonstructural Overview 

The aforementioned discussion highlights the diverse nature of NCSs and as a result the 

complications with their response under seismic loading. Herein, this report presents a portion of 

a larger study whereby one widely used nonstructural system representing significant investment, 

the ceiling-piping-partition (CPP) system, is studied. This complicated system consists of several 

subsystems having complex geometries and boundary conditions, which interact with each other. 

In addition, multiple support attachments throughout the building impose acceleration and 

deformation demands on the various subsystems, which are dependent on their placement 

location. Due to a lack of system-level research on the CPP system, an NSF-NEES1 Grand 

Challenge project was initiated by researchers across the United States. A key goal of the project 

is to understand the seismic performance of the CPP system as it contributes to economic loss, 

loss of functionality, and injury potential within a building. The NEES-Nonstructural2 project 

1 NSF is the National Science Foundation, NEES is the Network for Earthquake Engineering Simulation 
2 In future reference, the NSF-NEES grand challenge project is referred to as the “NEES-Nonstructural” project 
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integrates a multi-disciplinary team of researchers to examine the system level performance of 

the CPP utilizing and developing experimental and simulation tools. A comprehensive 

experimental program is conducted at the University at Buffalo (UB) and the University of 

Nevada, Reno (UNR) and to perform subsystem and system-level full-scale experimental 

studies, respectively. Using data from the experimental studies conducted at UNR and UB, a 

detailed numerical simulation program is undertaken at the University of California, San Diego 

(UCSD), Cornell and North Carolina State University (NCSU). The goal of the numerical 

simulation program is to generate experimentally verified analytical models, establish system 

and subsystem level fragility functions and develop visualization tools for engineering educators, 

researchers and practitioners.  

In this report, the focus is on the development and calibration of a numerical model, for use 

in capturing the in-plane seismic response of partition walls. It is envisioned to be easily 

integrated with the other components of the CPP, and into building models to support coupled 

numerical analysis. As part of the overall NEES-GC project, a 50-specimen test program was 

conducted at UB (Davies, 2009). The wall specimens were placed in the upper level of the 

Nonstructural Component Simulator (UB-NCS), which is a full-scale two-story frame 

mechanism capable of producing realistic floor motions in terms of acceleration, velocity, and 

displacement (Mosqueda et al, 2009). Using these experimental results, an experimentally 

verified partition wall modeling scheme is outlined. It should be noted that the most common 

institutional and commercial partition wall subsystem utilized in the United States is constructed 

of metal studs sheathed with gypsum board, therefore this is the type studied herein. 

 

1.3 Related Partition Wall Studies 

The following discusses past efforts relevant to studying the experimental performance of 

gypsum partition walls. This literature review covers the basics of previously tested gypsum 

partition walls on both light-gauge steel and wood studs. Particular focus is directed towards the 

behavior of the gypsum partition walls and key findings from each study. The review is not 

exhaustive and interested readers are encouraged to review the citations within the mentioned 

literature. 
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1.3.1 Serrette et al. (1996, 1997) 

Serrette et al. tested thirteen full-size walls of 8.0 feet square constructed of light-gauge cold-

formed steel stud walls, with the objective of studying the contribution of flat strap tension x-

bracing, gypsum sheathing, and gypsum wall board to the in-plane shear resistance. For the 

frame setup, 20 gauge studs (30 mil) were placed at 24 inches center-to-center (c/c) with drywall 

screws at 6 inches (c/c) in the perimeter and 12 inches (c/c) in the field. The specimens were then 

loaded in plane incrementally to 25%, 50% and 75% of the estimated maximum load and then to 

failure. The general failure mechanism was breakage of the paper cover of the gypsum sheathing 

and the underlying gypsum. Prior to failure, the drywall screws rotated and pulled through the 

surface of the gypsum. Notable observations included: each of the gypsum panels behaved 

independently of each other, the shear strength of the wall decreased when the edges of the panel 

broke at the screw locations, and the screw edge distance did not have a significant effect on 

shear strength. The main strength of the wall was suggested to be governed by the penetration of 

the screw head.  

In the follow up study in 1997, Serrette et al. tested twenty small-scale tests of 24 inches 

square walls to assess the shear behavior of screw connections along the edge of the panels for 

plywood, oriented strand board, gypsum wallboard and FiberBond wallboard. These smaller 

panels were loaded in tension until failure occurred. The normalized shear strength of these walls 

was comparable to the full-scale specimens, demonstrating that small scale tests provide a simple 

method for estimating the shear resistance.  

 

1.3.2 NAHB Research Center, Inc. (1997) 

A research program developed at the National Association of Home Builders (NAHB) 

Research Center was set up to assess the shear behavior of 40 foot long, cold-formed steel walls 

with openings. Four 8.0 feet by 40 feet shear wall specimens with 33-mil studs at 24 inches on 

center were tested. Oriented strand board (OSB) (7/16” thick) was placed on the exterior and 1/2 

inch gypsum was oriented vertically in the interior with No. 6 screws at 7 inches (c/c) along the 

perimeter with 10 inches (c/c) in the field. The test frame for their study is shown in Figure 1-3. 

Variations explored in the study, included: openings due to doors and windows, percent 

sheathing, anchor bolt spacing and hold downs. The specimens were loaded monotonically until 
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failure. The observations from the test sequence included: initial loading was linear until screw 

pull- through occurred, which reduced the stiffness, and near the ultimate capacity the OSB 

experienced cracking in the perimeter screw connections and usually tore the top track. 

Additionally weak axis bending of the studs approximately 12 inches from the top of the 

specimen was observed, and was followed by OSB tear-out around the screw connections at the 

top of the wall.  

 

  
Figure 1-3 NAHB shear wall configurations (right) and force-displacement results (left) 

(from NAHB, 1997). 
 

1.3.3 Arnold et al. (2003, 2005) 

Arnold et al. tested 12 walls for the California Earthquake Authority (CEA)/Consortium of 

Universities for Research in Earthquake Engineering (CUREE) Woodframe Wall Testing 

Project. The first four walls were for phase I which correspond to walls within the first level of a 

two-story structure with the last eight walls (phase II) representative of a single-story structure. 

The wall specimens were approximately 8.0 feet by 16.0 feet long with either two window 

openings or one window and one door opening using 1/2 inch gypsum sheathing wood studs. 

The loading protocol was the CUREE Abbreviated Loading History for Ordinary Ground 

Motions developed by Krawinkler et al. (2000) for the testing of woodframe structures. This 

protocol was applied to the testing frame in one stage (no repair to the damaged wall specimens) 

and in a staged approach to allow for the repair of the structure between the testing sequence. A 

key observation from the experimental program included the observation that the wall strength of 
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the single story structures (phase II) was approximately 25% less than the two-story structure 

idealization tested in phase I, indicating that the boundary conditions were significant. The 

gypsum experienced little damage at 0.20% drift with small hairline cracks and a few screw 

popping out. At a drift level of 0.40%, the gypsum started to deteriorate which was shown by the 

tearing of the joint tape, corner bead damage and fastener popping. With drift levels up to 0.70%, 

the gypsum sustained significant damage with wider cracks, more significant deterioration and 

screw popping.  

 

1.3.4 Restrepo and Bersofsky (Restrepo et al., 2010; Bersofsky 2004) 

In this experimental program, 16 walls were built to determine the seismic fragility of 

gypsum wallboard partitions on cold-formed steel studs. The specimens were 8.0 feet by 16.0 

feet long and considered different connector spacing, gypsum heights (full height vs. partial 

height), track connections, gypsum thickness, stud mil and stud spacing (see Table 1-1). These 

wall specimens were set up to simulate the interstory drift experienced during a seismic event for 

a typical office building. The loading protocol selected for the study was based on the CUREE 

Abbreviated Loading History for Ordinary Ground Motions protocol for the testing of wood 

frame structures (Krawinkler et al, 2000).  

 

Table 1-1 Experimental configurations for Bersofsky's experiment (after Bersofsky et al., 
2004). 

Test 

No. 
Door 

Connector 

Spacing (in) 

Gypsum 

Height (ft) 

Slip 

Track 

Gypsum 

Thickness (in) 

Stud 

Thickness (mil) 

Stud 

Spacing (in) 

1 Y 8.0 8.0 N 5/8 18 24 

2 Y 8.0 8.0 N 5/8 18 24 

3 N 8.0 8.0 N 5/8 18 24 

4 Y 12.0 8.0 N 5/8 18 24 

5 Y 8.0 6.5 N 5/8 18 24 

6 Y 8.0 8.0 Y 5/8 18 24 

7 Y 8.0 8.0 N 1/2 18 24 

8 Y 8.0 8.0 N 5/8 30 16 
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To develop the fragility curves, three damage states were defined. Damage state 1 was 

minimal damage repairable by gypsum board joint compound (“mud”), tape and paint. Damage 

state 2 was characterized by superficial damage requiring replacement of gypsum sections and 

damage state 3 required full replacement of the wall. The observed drift levels associated with 

these damage states are shown in Figure 1-4. It is noted that, damage state 2 was not always 

obtained, as some specimens progressed directly from DS1 to DS3.  

 

 
Figure 1-4 Damage state fragility functions for Bersofsky's experiment (from Bersofsky, 

2004). 

 

1.3.5 Lang and Restrepo (2007) 

Continuing the work of Bersofsky et al. (2004), Lang and Restrepo (2007) constructed two 

identical specimens with light-gauge cold-formed steel stud gypsum wallboard to represent a 

typical office room. Both rooms had dimensions of 12 feet by 15 feet with additional features of 

a utility cutout, two t-wall (cantilever) configurations and a column wrap (Figure 1-5). The 

specimens were constructed using 20 gauge (30 mil) studs 3-5/8 inch at 24 inches on center. The 

gypsum thickness was 5/8 inch. Specimen 1 used the recommended loading protocol from ATC-

58 and specimen two used a modified version, which reduced the low amplitude cycles while 

increasing the amplitude rate (Figure 1-6).  

This study revealed that the seismic performance of light gauge metal stud construction was 

sensitive to loading protocol. The failure mechanism of the specimens was characterized by track 

slip. Once the track slip occurred, the partition walls were no longer subjected to the imposed 

drift demands and consequently the damage was greatly reduced. The failure of the top track is 

8 

 

 



 

not a defined damage state noted by Bersofsky. The main issue of the track slip is that this 

damage is likely to go unnoticed, since minimal visible wall damage occurred. 

 

 
Figure 1-5 Plan view of test specimen for Lang's experiment (from Lang and Restrepo, 

2007). 
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Figure 1-6 Testing protocols used in Lang's experiment (from Lang and Restrepo, 2007). 

 

1.3.6 Lee et al. (2007) 

Lee et al. (2007) tested four light gauge cold-formed steel framed walls with gypsum board 

to assess the performance and the repair costs associated with seismic demand of typical 

Japanese buildings. Three similar specimens (approximately 9 feet by 13 feet long) were 

constructed with typical installation techniques to assess the sensitivity of quasi-static verses 

dynamic loading protocols and the effect of a window cutout. A common installation technique 

different from US practice is a vertical gap of 0.39 – 0.59 inches (10-15 mm) at the partition and 

return wall connection. This gap is provided to reduce the damage of the partition, since the 

partition is unrestrained by a return wall or column for small deformations. The fourth specimen 

was approximately 9 feet by 9.75 feet with return walls longer than 5.0 feet. The walls saw no 

damage initially due to the gap at the partition ends, however when the partition wall bore on the 

boundary element (return walls), the partition wall sustained damage along the perimeter. When 

the two load protocols were compared, the dynamic loading effect was negligible. When the wall 

drift was less than 1%, the damage was found to be minimal, however with drift values larger 

than 2% the cost of damage was equal to the initial cost (Figure 1-7). The resistance of these 

tested walls was approximately 20% of the structural resistance of a steel moment frame, a value 

which is significant for design and analysis.  
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Figure 1-7 Hysteretic behavior of specimen 1 (left) and damage cost estimate versus story 

drift (right) (from Lee et al., 2007). 
 

1.4 Related Modeling Studies 

The following discusses the discrete hysteretic behavior modeling of wall elements. The 

focus is directed towards idealizing the hysteretic behavior with rules to define loading and 

unloading characteristics in a straight forward strategy to facilitate models readily implementable 

in design-oriented analyses. In what follows, a number of related efforts adopting such a strategy 

are discussed. In this modeling introduction, walls built with both wood and steel studs are 

explored to gather a broad scope of techniques. The review is not exhaustive and interested 

readers are encouraged to review the citations within the mentioned literature. 

 

1.4.1 Ibarra et al. (2004) 

Ibarra et al. postulate that lumped hysteretic models are capable of simulating the main 

characteristics of an experimental specimen. For example, an ideal model selected for capturing 

the hysteretic behavior of a plywood shear wall is a pinching model (Figure 1-8). The authors 

describe the pinching model in two main parts. The reloading branch is directed towards a “break 

point”, which is defined as a function of the maximum permanent deformation and maximum 

load experienced in the direction of loading. The critical break point, where the reloading 

stiffness increases, occurs when the reloading stiffness is directed towards the prior maximum 

deformation experienced earlier for that direction of loading. The pinching model matches the 
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global hysteretic behavior and hysteretic energy for an example woodframe shear wall specimen 

(Figure 1-9). The pinching effect is noted in these example specimens.  

 

 
Figure 1-8 Pinching hysteretic model shown for basic model rules (from Ibarra et al., 

2005). 
 

 
Figure 1-9 Model performance assessment for an example woodframe specimen 

considering a pinching model (from Ibarra et al., 2005).  
 

1.4.2 Dinehart et al. (2000) 

Dinehart et al. derived equations of motion governing the behavior of woodframe shear 

walls. In their approach, a discrete three degree-of-freedom model is developed capable of 

capturing the dominant features of the wall response including the racking, rotation, and 

translation. The model reasonably predicts the low to moderate displacement results, while at 
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larger deformation fails to predict the pinched hysteretic behavior (Figure 1-10). In addition, the 

governing equations are cumbersome due to the nature of solving differential equations. 

 

 
Figure 1-10 Single hysteretic loop comparison for experimental result against theoretical 

result demonstrating the pinching effect (from Dinehart et al., 2000). 
 

1.4.3 Van de Lindt and Walz (2003) 

Van de Lindt and Walz developed a hysteretic model for the dynamic analysis of wood 

shear walls to estimate the seismic reliability of such walls for various sites throughout the US. 

The model was developed using results from testing of ten shear wall specimens. The model was 

developed by applying a displacement at the top of the shear wall through a single degree-of-

freedom oscillator, a piece-wise approximation of the hysteresis, an idealized constant valued 

pinching behavior, and the hysteretic response enveloped by the backbone curve (Figure 1-11).  
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Figure 1-11 Hysteresis model considered with pinching behavior (from Van de Lindt and 

Walz, 2003). 
 

1.4.4 Fülöp and Dubina (2004a) 

Fülöp and Dubina (2004b) examined fifteen experimental wall-stud cold-formed shear 

panels under monotonic and cyclic loading. Using the experimental result, a full nonlinear fiber 

hinge within a single degree-of-freedom bar captured the behavior of shear-wall panels. These 

bars were installed in the model as an equivalent brace, diagonal member connecting beam-

column nodes (Figure 1-12). 

 
Figure 1-12 Wall panel idealization through equivalent braced diagonal bars (from Fülöp 

and Dubina, 2004). 
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1.4.5 Folz and Filiatrault (2004a) 

Folz and Filiatrault developed a numerical model to predict the quasi-static and dynamic 

reversed cyclic response of woodframe buildings. In their approach, model reduction was ideal 

to reduce the computational demands associated within a finite-element model. This 

simplification lead to a shear wall spring element calibrated to represent the strength and 

stiffness degradation characteristics of the shear wall. Their study noted that the global 

deformation of the wood shear wall is very much dominated by the individual sheathing-to-

framing connectors used in the construction of the wall. The cyclic analysis of shear walls 

(CASHEW) model utilized ten parameters to predict the behavior, a modified version of the 

Wayne-Stewart hysteresis model (Stewart 1987) (Figure 1-13). This model takes into account 

reduced load capacity (strength degradation), failure of the wall at a prescribed maximum 

displacement, strength degradation based on the loading history, and the pinching effect. Use of 

the model requires specifications of wall geometry, shear stiffness of the sheathing panels, and 

hysteretic properties of the sheathing-to-framing connections, all outlined in its development 

(Folz and Filiatrault, 2004b).  

 

 
Figure 1-13 CASHEW model developed for woodframe shear walls (from Folz and 

Filiatrault, 2004a). 
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1.4.6 Judd and Fonseca (2005) 

Judd and Fonseca provided a new analytical model representing the sheathing-to-framing 

connections within a wood shear wall as a pair of oriented orthogonal nonlinear springs. When a 

simplified sheathing-to-framing connection is idealized as one nonlinear spring, the displacement 

trajectory of the connection is primarily considered unidirectional. Drawbacks of using only one 

nonlinear spring include a potential displacement trajectory that is bidirectional under reversed 

cyclic loading or highly nonlinear loading and numerical difficulties around the ultimate load. 

Using the oriented spring pair model, the actual connection behavior is more accurately 

represented. 

 

1.4.7 Kanvinde and Deierlein (2006) 

Kanvinde and Deierlein proposed numerical models to determine the strength and 

stiffness of wood-framed gypsum partition walls accounting for the effects of wall geometry, 

door or window openings, connector type and spacing, and boundary conditions. Their focus was 

limited to partition walls constructed of gypsum board on wood framing, while recommending 

broader extension to partition walls framed with light-gauge steel studs. Their study provided 

three relationships to determine the lateral strength and stiffness, the coefficients to describe the 

piecewise linear curve of the nonlinear response, and the coefficients for a peak-oriented 

hysteretic model to detail the nonlinear hysteretic behavior. 

 

1.4.8 Pang et al. (2007) 

Pang et al. outlined an evolutionary parametric hysteretic model (EPHM) based on 

development of the CASHEW model (Folz and Filiatrault, 2001). The CASHEW model includes 

a built-in shear wall parameter estimation tool to develop the parameters needed for the nonlinear 

backbone curve and the linear line segments that control the hysteretic behavior. The EPHM 

model retains the parameter estimation tools while using exponential functions for the backbone, 

the loading path, and the unloading path. This model requires definition of 17 parameters, where 

seven of these parameters are required to define the two exponential functions for the backbone 

curve (Figure 1-14). The loading and unloading curves are modeled using one exponential 

function each with evolutionary parameters and the remaining ten parameters are used in the 
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degradation process by updating the evolutionary parameters. Examples of types of degradation 

considered include backbone force, force-intercept (pinching effect), unloading stiffness, and 

reloading stiffness values. In comparison of the EPHM to the CASHEW model, the EPHM 

performed better for cumulative energy dissipation. 

 

 
Figure 1-14 Shear wall backbone curve (from Pang et al., 2007). 

 

1.4.9 Baird et al. (2011) 

Baird et al. presented the preliminary results of a combined model system of precast 

concrete cladding systems and moment resisting frame buildings. In the study, diagonal springs 

representing compressive struts are used in a lumped fashion; similar to the modeling technique 

applied to infill masonry frames. The hysteretic behavior was modeled using the Crisafulli 

hysteresis rule, a rule validated to model the stiffness and strength degradation of masonry infill 

panels. This simplified methodology demonstrates the effect of the inclusion of cladding 

systems, a strength increase of 10-20%.  

 

1.4.10 Restrepo and Lang (2011) 

Restrepo and Lang examined the influence of two reversed cyclic loading protocols on 

the response of cold-formed light-gauge partition walls. Gypsum board partition response was 

characterized in a linear piecewise function, where the lateral force value of the wall was 

normalized by the wall length (Figure 1-15). These empirical formulae were developed by 

considering the individual components of the backbone responses in their test and a previous test 

conducted by Restrepo and Bersofsky (2010).  
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Figure 1-15 Proposed empirical backbone for gypsum board on light-gauge steel stud 

partition walls (from Restrepo and Lang, 2011). 
 

1.4.11 Davies (2009) 

Davies used regression analysis to analyze 35 partition wall specimens to develop 

representative hysteretic models of the in-plane partition walls. Model parameters were 

determined from each partition wall specimen to represent the Wayne-Stewart model, noted as 

the best fit model within the nonlinear software suite RUAUMOKO (Figure 1-16). Nine 

parameters were characterized to represent this model: initial stiffness, post yield stiffness factor, 

post capping stiffness factor considering strength degradation, unloading stiffness factor, yield 

strength, capping strength, intercept strength, reloading or pinch power factor, and the beta or 

softening factor. In addition, no gap distance was set, and this rule was run with a modified loop 

allowing the post yield stiffness to have a negative value. Hysteretic behavior of the specimens 

followed a tri-linear relationship where the ratcheting effect, noted later as post-peak hardening, 

was not considered in the modeling technique. The post-peak hardening was not considered 

because it was noted to generally occur beyond 2% drift and after strength degradation. Two 

modeling sets were developed, one based on the mean values for each of the individual 

subgroups considered in the experimental program and a second set requiring only the mean 

initial stiffness and capping strength with the remaining seven parameters assigned via statistical 

ratios. Using representative models, a coupled dynamic analysis was conducted for an example 
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hospital building with and without partition walls. The partition wall was implemented into the 

building model via a shear spring. 

 

 
Figure 1-16 Wayne-Stewart hysteretic model with strength degradation (from Carr, 2005) 

 
1.5 Scope of this Work 

The aforementioned experimental and numerical studies provide key insights into the 

behavior and modeling of partition wall subsystems. However, a systematic experimental study 

of these subsystems, when adopting metal studs overlaid by gypsum, considering the broad range 

of details encountered in practice, is lacking. Data from such a test program would be valuable 

for further refinement of modeling tools. A different modeling approach is undertaken in this 

study whereby a strength degrading pinched hysteretic model is sought. Importantly, design-

oriented numerical tools, which can be readily integrated in building structural analysis software, 

which generally utilize beam-column “line-type” finite elements, would be valuable to design 

practitioners and researchers conducting an extensive number of simulations. In this work, such 

an approach is sought. Modeling the partition wall is undertaken via a strength degrading 

pinched hysteretic model, which can be lumped at strategic locations within a building. The 

calibrated partition wall model provides pinching characteristics as a function of displacement, 
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capturing the post-peak hardening experienced in the experimental setup, and uses a set of four 

springs in a parallel configuration to closely capture the cumulative hysteretic energy. 

To this end, the results of a large experimental program conducted by the University at 

Buffalo, State University of New York (UB) are utilized to calibrate a simplified numerical 

model of the in-plane behavior of the metal stud-type partition walls. The model of the partition 

wall focuses on the in-plane behavior of full-height specimens. While this is a subset of the 

partition walls tested, this group of walls is characterized as the stiffest set which is most 

sensitive when placed into realistic building models. The set of partition wall models developed 

are grouped at first by their installation technique as either commercial or institutional grade 

construction and considering either a partial or a fully connected specimen. In this report, an 

overview of the partition wall modeling is presented along with an error assessment of the 

accuracy of the developed models. 

 
1.6 Organization of the Report 

This report is organized as follows. Section 1 provides background to the work presented. 

Section 2 presents an overview of the experiments used in the model development and outlines 

the subgroup classification. Section 3 presents the modeling formulation and determination of 

model parameters. Section 3 also provides a demonstration of the modeling technique applied to 

a single specimen. Section 4 outlines the representative subgroup models. Section 5 presents the 

normalized partition wall models and representative models capturing the input parameter 

statistics. Section 6 demonstrates the effectiveness of the developed models using both a force 

and energy error assessment. Section 7 of this report demonstrates the partition wall 

implementation into numerical building models, including an example of how the walls might be 

scaled when considering different wall lengths. Section 8 provides an overview of the 

accomplished work with some concluding remarks. Appendices A-D illustrate the individual 

comparisons for each of the calibrated models against associated experimental specimens. In 

these appendices, the error metrics for each specimen are presented in full detail. Appendix E 

provides the example script for implementing the partition wall model in OpenSees. 
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SECTION 2  

EXPERIMENTAL PROGRAM OVERVIEW 
 

2.1 Introduction 

The experiments used in the model development are part of a NEES grand challenge project 

led by the University of Nevada, Reno (UNR). Fifty wall specimens were tested at the State 

University of New York, University at Buffalo (UB). These partition walls were approximately 

11.5 feet tall by 12 feet long with return walls (perpendicular to the loading direction) of either 

2.0 feet or 4.0 feet (Davies, 2009). The wall specimens were placed in the upper level of the 

Nonstructural Component Simulator (UB-NCS), shown in Figure 2-1 through Figure 2-3, which 

is a full scale two story frame mechanism capable of producing realistic floor motions in terms of 

acceleration, velocity and displacement (Retamales et al., 2008). The variables considered in the 

various wall configurations included: connectivity of the sheathing and studs to the top and 

bottom tracks (slip track or full connection), spacing of the track-concrete fasteners (12 or 24 

inches on center), presence of return walls, wall intersection detailing, attachments of weights to 

the partition walls (bookshelves, equivalent ceiling), height of the partition wall, stud and track 

thickness (30 mil or 18 mil), spacing of the steel studs, direction of testing (in-plane or out-of-

plane) and test type (quasi-static or dynamic) (Davies, 2009). The various specimen details are 

shown in Table 2-1.  

The loading protocols chosen for this project were developed by Retamales et al. (2008). An 

upward and downward sweeping dynamic protocol was developed specifically for the testing of 

nonstructural components allowing both representative acceleration and drift sensitive loading 

history in the same load sequence. This protocol was developed particularly for the UB-NCS 

allowing for the simulation of two adjacent floors within a building. In the context of this study, 

the seismic demands imposed on the partition walls are consistent with a generic site with 

spectral accelerations of SDS = 1g, SD1 = 0.6g, and a nonstructural component located at the roof 

level. The maximum interstory drift imposed is 3% to ensure all damage stares are observed 

(Figure 2-4). To evaluate the drift sensitive components partition walls in the test program, 

without attached masses, a quasi-static protocol was developed and selected (Figure 2-8). In this 

figure, the donuts identify the locations where detailed inspections were carried out.  
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During testing, extensive instrumentation was employed for the measuring of load and 

response characteristics of the setup. For the in-plane wall setups, load cells were placed 

underneath the wall specimens to measure the forces acting on the wall, while potentiometers 

were used to measure in-plane deformations which include relative displacements between the 

tracks and attached concrete slabs, vertical studs and tracks, perpendicular walls and any 

diagonal wall deformation (Davies, 2009).  

 

 
(a)                  (b) 

Figure 2-1 In-plane partition wall setup: (a) parallel to shaking direction and (b) 
perpendicular to shaking direction, highlighting the shorter return walls (from Davies, 

2009). 
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Figure 2-2 Typical cross section of partition wall (from Davies, 2009). 

 

 

Figure 2-3 Typical in-plane partition wall setup (photo courtesy of Davies, 2009). 
 

Table 2-1 Partition wall test configuration details (from Davies, 2009). 
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Figure 2-4 Dynamic nonstructural fragility testing protocol developed by Retamales et al. 

(2008) (from Davies, 2009). 
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Figure 2-5 Quasi-static drift sensitive protocol developed by Retamales et al. 

(from Davies, 2009). 

 

2.2 Observed Damage States 

Damage states (DS) were defined by UB (Davies, 2009) to describe the physically observed 

damage and the required repair techniques (Tables 2.2 and 2.3). In the classification of damage, 

three damage states were proposed: DS1 referring to light damage, DS2 to moderate damage and 

DS3 to complete or severe damage. Damage within DS1 can be repaired such that the wall 

appears new. DS2 is moderate damage, where the damage is localized, including crushing in the 

wall corners, out-of-plane bending of the wallboard at wall intersections, or damaged boundary 

studs. DS2 can be repaired in local damaged regions with gypsum and boundary stud 

replacement. DS3 is the most severe damage, characterized by track damage or hinging of the 

studs. Walls reaching DS3 would require full replacement. These damage states were adopted by 

the experimental team at the University at Buffalo (UB) in the experimental stages of the project. 

It is noted that similar damage state classifications have been identified by others (e.g. 

Bersofsky, 2004; Restrepo and Lang, 2011). The damage state classification identified at UB has 

been adopted here in the simulation program. Consistent with the approach of the UB 

experimental team, if a higher class damage state was identified before a lower class damage 

state, then the two damage states are set equal. For example, if DS2 occurred at 1.0% interstory 

drift and DS1 occurred at 1.5%, DS1 and DS2 are then both defined at 1.0%. It should also be 

noted that select specimens (for reasons described later) are noted to be outliers (gray specimens 
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in Table 2-3). In this table, the last column “normalized model” indicates for Chapter 5 which 

specimens are considered for the normalized model development. 

 

Table 2-2 Damage state classification adopted for partition walls (photos courtesy of UB 
Experimental Team) 

 
  

Damage 
State Description and Repair Example

1 
Light

Light damage to walls, cracks along 
cornerbeads and joint tape,along with 
screw pullout.  Repair requires cornerbead
and screw replacement with some 
refinishing techniques.

2 
Moderate

Crushing in wall corners, out of plane 
bending, damaged boundary studs.  
Localized repairs of gypsum and 
replacement of boundary studs.

3 
Severe

Track damage (tear, bent), hinges in studs.  
Full replacement.
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Table 2-3 Partition wall test specimens as considered for modeling and damage state 
summary herein. 

Specimen 
No. Subgroup Construction 

Grade 
Connection 

Type 

Damage State 
(drift ratio, %) Normalized 

Model3 
1 2 3 

1 1a Commercial Partial 0.2 0.62 0.62   

2 1a Commercial Partial 0.2 0.62 1   

34 1a Commercial Partial 0.4 0.62 0.62   

4 1b Commercial Full 0.4 0.62 1.16 X 

5 1b Commercial Full 0.2 0.4 2.32 X 

6 1b Commercial Full 0.4 0.62 2.66   

7 1b Commercial Full 0.2 0.62 1   

8 1b Commercial Full 0.4 1 1 X 

9 1b Commercial Full 0.2 0.4 0.62   

10 1b Commercial Full 0.2 0.81 0.81   

20 2a Institutional Partial 0.2 1 2.32   

21 2a Institutional Partial 0.4 0.81 --   

22 2a Institutional Partial 0.62 0.62 1   

23 2b Institutional Full 0.4 0.81 1 X 

24 2b Institutional Full 0.4 0.4 1.16 X 

25 2b Institutional Full 0.4 0.4 0.62 X 

26 2b Institutional Full 0.4 1 1 X 

27 2b Institutional Full 0.4 0.62 0.81 X 

28 2b Institutional Full 0.4 0.81 0.81 X 
 

3 Normalized model refers to whether or not the test specimen is utilized in the model described in Chapter 5. 
4 Gray rows are identified as outliers to the subgroup behavior.  

27 

 

 

                                                 

 



 

2.3 Example Specimen Response 

In order to explore typical damage progression and response of an in-plane wall setup, 

specimen 20 is presented. This specimen corresponds to the first experimental partition wall 

tested from group 2a, institutional style construction with a partially connected boundary 

condition. Subgroup introduction and classification immediately follows in 2.4. Specimen 20 is 

illustrated here as it is used later in section 3 to verify the modeling procedure. Figure 2-6 

presents the experimental hysteretic force-displacement response while Table 2-2 summarizes 

the damage observed as noted by the UB experimental team and its corresponding hysteretic 

response characteristics. The final state of this specimen is characterized by damage located 

primarily in the return walls and its intersection with the longitudinal in-plane walls. 

 

 
Figure 2-6 Experimental force-displacement response for Specimen 20. 
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Table 2-4 Damage and corresponding hysteretic response report for Specimen 20. 

Drift (in) Drift 
(%) 

Load 
Step Observed Damage5 Hysteretic Response 

0.000 0.00 0 - - 

0.279 0.20 7 Slight crack in paint (1' long) in wall corner. No 
additional damage observed 

Initially very stiff corresponding to the 
uncracked stiffness, load cycling is 

primarily elastic. Loading and unloading 
stiffness are similar. 

0.559 0.40 20 Crushing of gypsum board in one corner of longitudinal 
wall. 2' long crack in joint paper tape at wall intersection 

Specimen cracks, stiffness degradation 
initiated, load cycle begins to dissipate 
energy, unloading stiffness degrades. 

0.858 0.62 27 Crack along top 4' in joint paper tape at wall 
intersection. 1/16-1/8" gap (approx.) under bottom track 

Continued response with greater energy 
dissipation. 

1.120 0.81 31 

Large gap observed at longitudinal and transverse wall 
intersection. Joint paper tape destroyed in top 4' at wall 

intersection. Increased gap under longitudinal wall 
bottom track. Out of plane bending of transverse wall 

Specimen dissipates greater energy than 
previously, wall strength value plateaus at 

the peak value. 

1.384 1.00 34 

Damage of top 6' of joint paper tape at wall intersection. 
Screws pulled out from webs of studs located in wall 
corners. Closed gap under longitudinal wall bottom 

track 

Similar to previous. 

1.601 1.16 36 Crushing of gypsum board in one corner of longitudinal 
wall. Increased out of plane bending of transverse walls Similar to previous. 

1.861 1.35 38 
Vertical crack along the center of the return wall. 
Horizontal crack along paper tape covering joints 

between transverse wall gypsum boards 

Specimen continues to dissipate greater 
energy (per cycle) and strength begins to 

degrade. 
2.171 1.57 40 No new damage states triggered Similar to previous. 

2.537 1.84 42 
No global rocking of walls observed, presumably due to 

nails passing through longitudinal wall bottom track 
web 

Similar to previous. 

2.743 1.99 43 No new damage states triggered Extensive strength degradation is 
experienced. 

2.963 2.15 44 Longitudinal wall boundary studs twisted. Bending of 
flanges of transverse wall top track observed. 

Strength degradation plateaus, initiation of 
post-peak hardening due to 'gap closing' 

demonstrated slightly on the positive side. 
Continued increase in energy dissipation. 

3.196 2.32 45 
One nail in the connection of the transverse wall top 

track pulled out of concrete. Global twist of transverse 
wall observed 

Similar to previous. 

3.673 2.66 47 
Longitudinal wall gypsum board detached from 
boundary stud. Transverse wall top track flanges 

completely bent 
Similar to previous. 

3.893 2.82 48 No new damage states triggered Similar to previous. 

4.140 3.00 50 No new damage states triggered Similar to previous. 

Final condition 
Severe damage in transverse walls and along 

intersection between the longitudinal and transverse 
walls. 

- 

5 Observed damage reports provided by the UB experimental research team, taken from Davies, 2009. 
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2.4 Subgroup Classification Overview 

Building occupancy will certainly affect the materials and details used for its partition walls. 

For example, commercial grade partition walls have thinner gauge studs, spaced at larger 

intervals, when compared with partition walls installed in institutional buildings. Likewise, 

stronger connections are required for the institutional configuration (Figure 2-7). Consequently 

four types of partition wall are identified as predominant, namely: 1) commercial, 2) 

institutional, 3) partial height and 4) remedial design (Table 2.5). It is noted that the details 

adopted in these tests were identified via consultation with practicing engineers, architects, and 

construction industry representatives familiar with the most common configurations. 

Accordingly, numerical models are developed for the subgroups 1a, 1b, 2a and 2b. Groups 3 and 

4, not shown here, are not selected for modeling. Group 3 refers to partial height specimens, in 

which the failure mechanism was governed by brace buckling. Due to the buckling nature of the 

braces, the unrestrained length of the studs is critical, and to reasonably capture this, one needs to 

explicitly model the brace. These details may vary substantially in practice. Nonetheless, 

knowledge of the brace characteristics would allow for modification of the developed models 

herein by altering the top boundary condition. Group 4, remedial designs, is also not considered, 

since these are not typical construction practices. 

 

Table 2-5 Partition wall classification by subgroup. Only subgroups with full height 
specimens are considered. 

Subgroup Name Description 
1a 
 

Commercial partially 
connected 

Full-height specimens constructed using 
commercial practice and slip track connections 

1b 
 

Commercial fully 
connected 

Full-height specimens constructed using 
commercial practice and full connections 

2a 
 

Institutional partially 
connected 

Full-height specimens constructed using 
institutional practice and slip track connections 

2b 
 

Institutional fully 
connected 

Full-height specimens constructed using 
institutional practice and full connections 
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 2-7 Sheathing and framing connectivity details: (a-b) bottom and top track 
connections for partially connected specimens (slip track), (c-d) bottom and top track 
connections for fully connected specimens, (e) wall intersection details for commercial 

construction practices and (f) wall intersection details for institutional construction 
practices (from Davies, 2009). 
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While the partition walls are grouped according to their installation techniques, 

specimen-to-specimen variation does exist. The largest contribution for specimen variability lies 

within the installation procedure, and this variation does exist in practice. Accepting this 

variability, initially representative models for each subgroup are targeted for the mean behavior 

and later models developed target an overall group model of all the fully connected specimens. 

The subgroup representative force-displacement curves are averaged before the backbone 

selection procedure is conducted.  

 

2.5 Specimen Outliers in a Subgroup  

In the analysis of the experimental response of all walls, one observes specimens that are 

outliers with respect to other specimens within their subgroup. These may be due to 

uncharacteristic failures. Examples of uncharacteristic failures include connection separation 

where the screws pulled through the partition wall and top track failures including: wall sliding, 

track tearing, and crushing/bending. An example is shown for specimen 10 in Figures 2-8 and 2-

9. For specimen 10, the screws pulled through at a displacement less than 0.86 inches (0.6% 

drift) and crushing/bending of the top track occurred before 1.12 inches (0.8% drift). While this 

behavior is realistic, it is not observed in other specimens within the subgroup 1b and resulted in 

significantly lower lateral load carrying capacity. In identifying this specimen as an outlier to the 

subgroup 1b, it is removed from the averaging of results.  

 

2.5.1 Subgroup 1a 

Subgroup 1a is classified as commercial grade construction, partially connected specimens. 

This subgroup utilizes 18 mil track, 18 mil vertical studs at 24 inches (c/c) with partially 

connected, commercial details illustrated in Figure 2-7. Subgroup 1a originally consisted of 

specimens 1, 2 and 3 for the static in-plane configurations. In a detailed specimen-to-specimen 

inspection of the hysteretic behavior of this subgroup, Specimen 3 is considered an outlier. In the 

damage report of specimen 3 at 1.34 inches, the gypsum panels at the top of the wall detached 

from the studs at the wall boundaries (Davies, 2009). Consequently specimen 3 is not considered 

for the subgroup representative modeling. In Figure 2-10, each of the specimens making up 

subgroup 1a is shown. The dark blue hysteretic curves shown are considered for modeling, while 
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the lighter gray curve is characterized as an outlier. The dashed curve shown on the specimens 

considered for modeling shows that individual specimen backbone while the thicker black curve 

demonstrates the overall subgroup average (mean) backbone, neglecting the specimen (3) 

considered as an outlier. 

 

  
Figure 2-8 Experimental load-displacement of specimen 10 (subgroup 1b). Note the 

anomalous dramatic reduction in load carrying capacity at 0.8% drift. 
 

 
(a) (b) 

Figure 2-9 Photos of damage observed in specimen 10: (a) at 0.6% drift and (b) top track 
damage. 
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Figure 2-10 Subgroup 1a experimental hysteretic behavior showing identified backbone 

and average subgroup backbone. 
 

2.5.2 Subgroup 1b 

Subgroup 1b is classified as commercial grade construction with fully connected detailing. 

This subgroup utilizes 18 mil track, 18 mil vertical studs at 24 inches (c/c) with fully connected, 

commercial details illustrated in Figure 2-7. Subgroup 1b originally consisted of specimens 4 – 

10. In a detailed specimen-to-specimen inspection, specimens 7, 9 and 10 are characterized as 

outliers. The main difference in these specimens in the damage report was top track tearing. 

While removing three out of the original 7 specimens seem significant, the removal of these 

specimens will result in a more conservative model neglecting any installation variance resulting 

in lower strength characteristics. In Figure 2-11, each of the specimens making up subgroup 1b is 

shown. The dark blue hysteretic curves shown are considered for modeling, while the lighter 

gray curves (7, 9 and 10) are characterized as outliers. The dashed curve shown on the specimens 

considered for modeling shows that individual specimen backbone while the thicker black curve 

demonstrates the overall subgroup average backbone, neglecting the specimens (7, 9 and 10) 

considered as an outliers. 
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2.5.3 Subgroup 2a 

Subgroup 2a is classified as institutional grade construction with partially connected 

detailing. This subgroup utilizes 30 mil track, 30 mil vertical studs at 16 inches (c/c) with 

partially connected institutional details illustrated in Figure 2-7. Subgroup 2a consists of 

specimens 20-22. In a detailed specimen-to-specimen inspection, no specimens are characterized 

as outliers. In Figure 2-12, each of the specimens making up subgroup 2a is shown. The dark 

blue hysteretic curves shown are considered for modeling, the dashed curve shows the individual 

specimen backbone while the thicker black curve demonstrates the overall subgroup average 

backbone. 

 

2.5.4 Subgroup 2b 

Subgroup 2b is classified as institutional grade construction with fully connected detailing. 

This subgroup utilizes 30 mil track, 30 mil vertical studs at 16 inches (c/c) with partially 

connected, institutional details illustrated in Figure 2-7. Subgroup 2b consists of specimens 23-

28. In a detailed specimen-to-specimen inspection, no specimens are characterized as outliers. In 

Figure 2-13, each of the specimens making up subgroup 2b is shown. The hysteretic curves 

shown in dark blue are considered for modeling, the dashed curve shows that individual 

specimen backbone while the thicker black curve demonstrates the overall subgroup average 

backbone. It is noted that very consistent hysteretic behavior is observed among the group of six 

specimens forming this subgroup. 

 

35 

 

 



 

 
Figure 2-11 Subgroup 1b experimental hysteretic behavior showing identified backbone 

and average subgroup backbone. 
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Figure 2-12 Subgroup 2a experimental hysteretic behavior showing identified backbone 

and average subgroup backbone. 
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Figure 2-13 Subgroup 2b experimental hysteretic behavior showing identified backbone 

and average subgroup backbone. 
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     SECTION 3  

MODELING OVERVIEW 
 

3.1  Modeling Platform 

The platform selected to model the partition walls is OpenSees, developed by the Pacific 

Earthquake Engineering Research (PEER) Center (Mazzoni et al., 2009). OpenSees is an open-

source numerical platform based on finite element modeling that provides the capabilities to 

perform advanced nonlinear time history analysis of buildings, bridges and other structural 

systems. However to date, it does not have tools available for modeling nonstructural 

components and systems. Nonetheless, one advantage of OpenSees is its open-source nature and 

freely available tools. To capture the nonlinear hysteretic behavior of the various partition wall 

models, a lumped material is created. The motivation for doing so is primarily simplification and 

computational efficiency, as one may envision that partition subsystems are to be distributed 

throughout a building model, and a finely discretized model of partition wall would be 

cumbersome in the computation of larger building-partition system response calculations. 

Moreover, the use of lumped hysteresis is highly compatible with finite element models readily 

used by building analysts in design practice. To this end, the lumped material model is assigned 

to a zero-length one degree-of-freedom, element. The lumped material behavior is created using 

the pinching4 material, which is available in OpenSees (Figure 3-1). Pinching4 is a uniaxial 

material model that allows for a “pinched” load-deformation response with an optional 

degradation contribution. As can be seen in Figure 3-1, the model is flexible enough to capture a 

broad range of backbone and hysteretic characteristics.  

To represent the experimental specimens, this pinching4 material is used in a parallel 

configuration providing better control of the unload and reload parameters as a function of the 

displacement range. As a result, the number of parameters for the partition wall element model is 

24. The first 16 parameters describe the force-displacement envelope or backbone of the model, 

while the remaining eight parameters control the unloading and reloading behavior. By placing 

the materials in a parallel formulation, three additional unloading and reloading relationships are 

required, as compared to the original pinching4 material model.  
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In the use of the material, the partition wall is characterized as a simple spring. This spring 

would be implemented only in the longitudinal direction whereas the out-of-plane behavior of 

the partition walls is not characterized numerically herein. The out-of-plane stiffness of the walls 

is approximately 10% of the in-plane partition wall stiffness and therefore provides negligible 

contribution to the behavior of a building-partition wall system.  

 

 
Figure 3-1 Graphical description of the pinching4 material model.  

(after Mazzoni et al., 2009) 

 

3.2 Model Verification 

Ideally, each experimental specimen should have a detailed numerical model. However 

this would be impractical, alternatively representative groups based on their mechanical 

configuration, which drives their physical behavior. To test this methodology, the evaluation of 

the performance of an individual specimen is first conducted. Specimen 20, specimen within 

group 2a, institutional style construction with a partially connected boundary condition, is 

selected for this exercise.  

 

3.2.1 Partition Wall Backbone Characterization 

The initial step in the modeling approach is to determine the force-displacement 

backbone from the experimental data. This is done by taking the force associated with each 

maximum displacement excursion (Figure 3-2). The idealized force-displacement backbone is 
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characterized by a total of eight points, four positive and four negative (denoted as “backbone 

points” in Figure 3-2). The selection of these points is based upon capturing the overall shape of 

the backbone curve, with some guidance provided by calculating the first derivative of the 

backbone (tangent stiffness, Figure 3-3). The first derivative illustrates the slope of the backbone 

curve and identifies significant changes at given displacements. The selected points for specimen 

20 are shown in Figure 3-2. Note the backbone points are located near sudden changes in the 

slope of the backbone curve (Figure 3-3).  

 

 
Figure 3-2 Force-Displacement backbone for specimen 20 and the selected backbone 

points. 
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Figure 3-3 Tangent stiffness demonstrating sudden changes in the force-displacement 
backbone curve for specimen 20. 

 

3.2.2 Partition Wall Unloading and Reloading Behavior 

After selection of the backbone points, a calibration procedure is executed to determine 

the unloading and reloading parameters. Recall in Figure 3-1, that the numerical values of the 

unload and reload parameters are ratios of force or displacement values as governed in the 

material model. For simplicity in the unloading and reloading parameters, this behavior is 

assumed to be symmetrical, that is for each of the parallel materials, only one force and one 

displacement value is determined and this is the same in positive and negative regions (Figure 3-

1). The remaining eight parameters (two for each individual material) are iterated such that the 

difference in the cumulative hysteretic area (between the model and experiment) is minimized. 

For specimen 20, the final hysteretic model overlay and hysteretic area (energy plots) are shown 

in Figure 3-4 against pseudo-time, representing the time sequence of the quasi-static test. The 

resultant hysteretic behavior and hysteretic area agree well. The comparison of the cumulative 

hysteretic energy provided demonstrates upon the discrete calibration, the numerical model 
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reasonably captures the experimental behavior across the range of damage states until the end of 

test. Consequently, this technique for modeling is utilized throughout. 

 

 
(a) 

 
(b) 

Figure 3-4 Experimental and numerical model comparison for specimen 20: (a) hysteretic 
behavior and (b) hysteretic area. 
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    SECTION 4  

REPRESENTATIVE SUBGROUP MODELS 
 

4.1 Subgroup Modeling Approach 

After removing the subgroup outliers, an average (mean) model representing each 

subgroup can be developed. As a result, four subgroup models are developed: 1) 1a commercial 

partial connection, 2) 1b commercial full connection, 3) 2a institutional partial connection and 4) 

2b institutional full connection. Each of these models is based on the mean response of the 

specimens within the subgroup. To develop the representative models, two details are required: 

(1) force-displacement backbone points and (2) unload and reload parameters. To determine the 

force-displacement backbone points, the mean backbone is calculated from the experimental 

setups. In this calculation, the backbone points are sampled throughout the entire displacement 

range, including the individual dips and valleys from each test. To capture the average force-

displacement backbone, the mean behavior is calculated using each of the specimens in the 

subgroup. Using this average force-displacement backbone curve, the eight backbone points are 

selected to idealize it in a piece-wise function (Figure 4-1). The selection of the backbone points 

is guided by examining the first derivative of the backbone, the tangent stiffness, to demonstrate 

where significant changes occur in the response. Using these displacement values the 

corresponding force values are used in the idealization.  

The second required detail for the subgroup model involves unload and reload 

parameters. These parameters are critical to capture the hysteretic behavior, as they control the 

hysteretic loops using ratios of force or displacement values as governed in the material model. 

Using the 4 materials in a parallel formulation, 16 unload and reload parameters exist. However 

for simplification, the unload and reload parameters are considered to be identical in the positive 

or negative region. Using equal positive and negative unload and reload parameters, a total of 

eight parameters need to be calibrated. Four parameters each relate to force and displacement, as 

a result of considering a four material parallel formulation. These parameters are calibrated to 

match the average experimental hysteretic energy (area) of the subgroup. In what follows, this 

modeling calibration is demonstrated for each of the subgroups of interest. 
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4.1.1 Subgroup 1a Representative Model 

The first subgroup described is subgroup 1a – commercial grade, partially connected 

specimens. Subgroup 1a is developed using the response of test specimens 1 and 2. Figure 4-1 

demonstrates the average backbone calculation and the idealization of this backbone. Figure 4-2 

shows the tangent stiffness of the average backbone, demonstrating the significant changes in 

slopes. Figure 4-2 is used solely as a guide because to capture the overall slope changes, 

smoothing of the average backbone is conducted using a moving average method. After the 

backbone points are identified, the unload and reload parameters are determined such that the 

average hysteretic area between the experimental hysteretic energy average of the subgroup and 

its model are well matched (Figure 4-3).  

 

 
Figure 4-1 Specimen 1 and 2 backbone curves, average backbone and selected backbone 

points for subgroup 1a. 
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Figure 4-2 Tangent stiffness demonstrating sudden changes in the force-displacement 

backbone curve for subgroup 1a. 

 
Figure 4-3 Hysteretic area calculated from the average experimental subgroup average 

(target) compared to the model hysteretic area for subgroup 1a. 
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To assess the robustness of the subgroup model, an individual comparison is made of the 

model to each of the specimens in the subgroup. Figures 4-4 and 4-5 overlay the hysteretic 

behavior of the subgroup model to specimens 1 and 2 respectively. The model behaves as 

expected in terms of the hysteretic response, with some minor discrepancies associated with 

specimen-to-specimen variability between specimens 1 and 2. The second comparison to each 

individual specimen is the ability of the model to capture the hysteretic energy (Figures 4-6 and 

4-7). As expected, the model is sought to capture the subgroup average, thus a specimen level 

differences exist. Figure 4-7 identifies the percent error of the hysteretic area. Initially the model 

performs poorly, however it rebounds to have a percent error within 20% for specimen 1. The 

reason for the seemingly poor performance is in the percent error metric: when the denominator 

is a small value, a large percent error results. The error metric is studied further in Section 6. 

 

 
Figure 4-4 Hysteretic response of specimen 1 overlaid with the response of the 

representative subgroup model 1a. 
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Figure 4-5 Hysteretic response of specimen 2 overlaid with the response of the 

representative subgroup model 1a. 

 
Figure 4-6 Comparison of the model hysteretic area to each of the specimen representing 

subgroup 1a. 
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Figure 4-7 Percent error comparison showing the model hysteretic area to each of the 

specimens representing subgroup 1a. 

 

4.1.2  Subgroup 1b Representative Model 

The second subgroup described is subgroup 1b – commercial grade, fully connected 

specimens. Subgroup 1b is developed using the response of test specimens 4, 5, 6 and 8. Figure 

4-8 demonstrates the average backbone calculation and the idealization of this backbone. Figure 

4-9 shows the tangent stiffness of the average backbone, identifying the significant slope 

changes. After the backbone points are identified, the unload and reload parameters are 

determined such that the average hysteretic area between the experimental hysteretic energy 

average of the subgroup and its model are well matched (Figure 4-10). 
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Figure 4-8 Specimen 4, 5, 6 and 8 backbone curves, average backbone and selected 

backbone points for subgroup 1b. 

 
Figure 4-9 Tangent stiffness demonstrating sudden changes in the force-displacement 

backbone curve for subgroup 1b. 
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Figure 4-10 Hysteretic area calculated from the average experimental subgroup average 

(target) compared to the model hysteretic area for subgroup 1b. 
 

To assess the robustness of the subgroup model, an individual comparison is made of the 

model to each of the specimens in the subgroup. Figure 4-11 through Figure 4-14 overlay the 

hysteretic behavior of the subgroup model to specimens 4, 5, 6 and 8 respectively. The model 

behaves as expected in terms of the hysteretic response, with some minor discrepancies 

associated with specimen-to-specimen variability. The second comparison for each specimen is 

the ability of the model to capture the hysteretic energy (Figures 4-15 and 4-16). As expected, 

the model is sought to capture the subgroup average, thus a specimen level differences exist. 

Figure 4-16 identifies the percent error of the hysteretic area. As in subgroup 1a, for subgroup 1b 

large variance exists in the hysteretic energy between specimens. Specimen 6 seemingly 

performs poorly when compared with the representative average model. This might be due to the 

fact that this specimen was a reused specimen. In other words, specimen 6 was subject to 

existing damage from an earlier experiment and consequently could not dissipate energy as well 

as a virgin un-damaged specimen.  
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Figure 4-11 Hysteretic response of specimen 4 overlaid with the response of the 

representative subgroup model 1b. 

 
Figure 4-12 Hysteretic response of specimen 5 overlaid with the response of the 

representative subgroup model 1b. 
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Figure 4-13 Hysteretic response of specimen 6 overlaid with the response of the 

representative subgroup model 1b. 

 
Figure 4-14 Hysteretic response of specimen 8 overlaid with the response of the 

representative subgroup model 1b. 
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Figure 4-15 Comparison of the model hysteretic area to each of the specimen representing 

subgroup 1b. 

 
Figure 4-16 Percent error comparison showing the model hysteretic area to each of the 

specimens representing subgroup 1b. 
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4.1.3 Subgroup 2a Representative Model 

The third subgroup described is subgroup 2a – institutional grade, partially connected 

specimens. Subgroup 2a is developed using the response of test specimens 20-22. Figure 4-17 

demonstrates the average backbone calculation and the idealization of this backbone. Figure 4-18 

shows the tangent stiffness of the average backbone, identifying the significant slope changes. 

After the backbone points are identified, the unload and reload parameters are determined such 

that the average hysteretic area between the experimental hysteretic energy average of the 

subgroup and its model are well matched (Figure 4-19). 

 

 
Figure 4-17 Specimen 20-22 backbone curves, average backbone and selected backbone 

points for subgroup 2a. 
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Figure 4-18 Tangent stiffness demonstrating sudden changes in the force-displacement 

backbone curve for subgroup 2a. 

 
Figure 4-19 Hysteretic area calculated from the average experimental subgroup average 

(target) compared to the model hysteretic area for subgroup 2a. 
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To assess the robustness of the subgroup model, an individual comparison is made of the 

model to each of the specimens in the subgroup. Figure 4-20 through Figure 4-22 overlay the 

hysteretic behavior of the subgroup model to specimens 20-22, respectively. The model behaves 

as expected in terms of the hysteretic response, with some minor discrepancies associated with 

specimen-to-specimen variability between specimens. The second comparison for each specimen 

is the ability of the model to capture the hysteretic energy (Figures 4-23 and 4-24). As expected, 

the model is sought to capture the subgroup average, thus a specimen level differences exist. 

Figure 4-24 identifies the percent error of the hysteretic area with an overall percent error, where 

a large variance exists in the hysteretic energy between specimens.  

 

 
Figure 4-20 Hysteretic response of specimen 20 overlaid with the response of the 

representative subgroup model 2a. 
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Figure 4-21 Hysteretic response of specimen 21 overlaid with the response of the 

representative subgroup model 2a. 

 
Figure 4-22 Hysteretic response of specimen 22 overlaid with the response of the 

representative subgroup model 2a. 
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Figure 4-23 Comparison of the model hysteretic area to each of the specimen representing 

subgroup 2a. 

 
Figure 4-24 Percent error comparison showing the model hysteretic area to each of the 

specimens representing subgroup 2a. 
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4.1.4 Subgroup 2b Representative Model 

The last subgroup described is subgroup 2b – institutional grade, fully connected 

specimens. Subgroup 2b is developed using the response of test specimens 23-28. Figure 4-25 

demonstrates the average backbone calculation and the idealization of this backbone. Figure 4-26 

shows the tangent stiffness of the average backbone, identifying the significant slope changes. 

After the backbone points are identified, the unload and reload parameters are determined such 

that the average hysteretic area between the experimental hysteretic energy average of the 

subgroup and its model are well matched (Figure 4-27). 

To assess the robustness of the subgroup model, an individual comparison is made of the 

model to each of the specimens in the subgroup. Figure 4-28 through Figure 4-33 overlay the 

hysteretic behavior of the subgroup model to specimens 23-28, respectively. The model behaves 

as expected in terms of the hysteretic response, with some minor discrepancies associated with 

specimen-to-specimen variability between specimens. The second comparison for each specimen 

is the ability of the model to capture the hysteretic energy (Figures 4-34 through 4-36). As 

expected, the model is sought to capture the subgroup average, thus a specimen level differences 

exist. Figures 4-35 and 4-36 identify the percent error of the hysteretic area with a percent error 

within 2% after the first 10 cycles (20 steps). The first few cycle steps experience large spikes in 

the percent error associated with the small denominators, particularly in specimens 23, 26 and 

28. This is due to the specimen-to-specimen variability in which these specimens have lower 

hysteretic energies than compared to the average response. However after the first few 

excursions, the model rebounds and the hysteretic area percent area behaves better despite the 

large variance that exists in hysteretic energy between specimens.  

 

61 

 

 



 

 
Figure 4-25 Specimen 23-28 backbone curves, average backbone and selected backbone 

points for subgroup 2b. 

 
Figure 4-26 Tangent stiffness demonstrating sudden changes in the force-displacement 

backbone curve for subgroup 2b. 
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Figure 4-27 Hysteretic area calculated from the average experimental subgroup average 

(target) compared to the model hysteretic area for subgroup 2b. 

 
Figure 4-28 Hysteretic response of specimen 23 overlaid with the response of the 

representative subgroup model 2b. 
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Figure 4-29 Hysteretic response of specimen 24 overlaid with the response of the 

representative subgroup model 2b. 

 
Figure 4-30 Hysteretic response of specimen 25 overlaid with the response of the 

representative subgroup model 2b. 

-4 -3 -2 -1 0 1 2 3 4
-8

-6

-4

-2

0

2

4

6

8

 Displacement (in) 

 F
or

ce
 (k

ip
) 

 

 
 Specimen 24 (experimental)
Model (subgroup 2b)

-4 -3 -2 -1 0 1 2 3 4
-8

-6

-4

-2

0

2

4

6

8

10

 Displacement (in) 

 F
or

ce
 (k

ip
) 

 

 
 Specimen 25 (experimental)
Model (subgroup 2b)

64 

 

 



 

 
Figure 4-31 Hysteretic response of specimen 26 overlaid with the response of the 

representative subgroup model 2b. 

 
Figure 4-32 Hysteretic response of specimen 27 overlaid with the response of the 

representative subgroup model 2b. 
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Figure 4-33 Hysteretic response of specimen 28 overlaid with the response of the 

representative subgroup model 2b. 

 
Figure 4-34 Comparison of the model hysteretic area to each of the specimen representing 

subgroup 2b. 
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Figure 4-35 Percent error comparison showing the model hysteretic area to each of the 

specimens representing subgroup 2b. 

 
Figure 4-36 Percent error comparison showing the model hysteretic area to each of the 

specimens representing subgroup 2b (clipped y-axis). 
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4.2 Subgroup Model Discussion 

 In the development of the four representative subgroup models, a comparison is made 

between the groups. First, the subgroup backbones are compared in Table 4-1 and Figure 4-37. 

In this figure, subgroups 1a, 1b and 2a are somewhat similar in their force-displacement 

characteristics. However subgroup 2b stands out as the strongest and stiffest type of wall 

subsystem. One reason subgroup 2b is the strongest and stiffest wall is related to the institutional 

installation details and the thicker vertical studs used. One may also note to that subgroups 1a, 1b 

and 2b exhibit a post-peak hardening at around 1% drift (in general). This may be attributed to 

closure of a gap between the wall and the top track. This behavior is not significantly noted in 

the response of specimens within subgroup 2a, moreover it is less pronounced in the negative 

drift direction of subgroup 1b. The second comparison between the representative subgroup 

models lies within the calibrated unload and reload parameters, highlighted in Figure 4-38. 

Figures 4-39 and 4-40 identify the numerical values (ratio values) calibrated for force and 

displacement parameters, respectively. Considerable variability exists when comparing the 

numerical value of a given parameter for the various subgroups. One notes that the largest 

variation for the subgroup type is within the displacement and force parameter which controlls 

the pre-peak behavior, relating to the initial stiffness of the various subgroups as well. When 

connection detailing, subgroup 1a to 2a and 1b to 2b, the relationship is strong for the full 

connection specimens, this is perhaps due to more uniform detailing techniques.  

 Backbone response for subgroups 1a, 1b, 2a and 2b are created using data from two, four, 

three and six specimens, respectively. With the number of specimens at most under six per 

subgroup, a variability assessment is difficult to justify due to the low specimen count. 

Therefore, only the mean (average) response is characterized. In the next section, a normalized 

approach is adopted with the goal of capturing the variability inherent in the partition wall 

response. 
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Table 4-1 Parameters for the subgroup models. 

Model 
Backbone Points Unload/Reload 

  Disp (in) Force (kip) Disp (in) Force (kip) Force Disp 

1a 

1 0.204 1.270 -0.214 -1.328     
0.70      0.10  

2 1.196 1.680 -0.549 -1.770     
0.10      0.70  

3 1.695 1.538 -1.572 -2.218     
0.15      0.90  

4 4.000 6.650 -4.000 -5.060     
0.08      0.93  

1b 

1 0.237 1.790 -0.216 -1.666     
0.55      0.30  

2 0.599 2.645 -0.555 -2.810     
0.06      0.92  

3 1.098 2.008 -1.451 -2.756     
0.09      0.86  

4 4.000 6.620 -4.000 -3.080     
0.08      0.90  

2a 

1 0.400 1.810 -0.356 -2.060     
0.18      0.40  

2 1.100 2.550 -0.930 -2.900     
0.18      0.85  

3 2.370 1.840 -1.984 -2.220     
0.20      0.80  

4 4.000 2.100 -4.000 -2.510     
0.20      0.99  

2b 

1 0.412 5.807 -0.336 -5.265     
0.15      0.40  

2 0.694 6.912 -0.650 -6.900     
0.01      0.90  

3 2.676 4.080 -2.433 -4.389     
0.15      0.55  

4 4.000 6.650 -4.000 -5.850     
0.01      0.99  

 

 

 

69 

 

 



 

 
Figure 4-37 Overlay of each subgroup backbones shown demonstrating a large variability. 
 

 
Figure 4-38 Unloading and reloading parameters (highlighted in red) within one element of 

the four parallel material model formulation. 
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Figure 4-39 Displacement parameters for each of the parallel materials for each subgroup. 

 
Figure 4-40 Force parameters for each parallel materials used for each subgroup. 
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    SECTION 5  

NORMALIZED MODELS 
 

5.1 Introduction 

To further simplify the modeling approach, subgroups 1b and 2b are combined and used 

to develop the normalized models. These subgroups involved only the fully connected 

specimens. Subgroups 1a and 2a, partially connected specimens, are not considered for the 

normalized models due to different failure mechanisms developed during testing. Namely, since 

the gypsum board was not connected to the top track resulting in damage primarily in the return 

walls. One may note that the strength of the walls in subgroup 2b is much greater than that for 

walls in subgroup 1b (Figure 4-37). For this reason, wall strength is normalized and hence 

removed as a variable in the following analyses. By characterizing a normalized model, the 

analyst need only provide wall length and building occupancy (commercial or institutional). 

With knowledge of the building occupancy, the selected wall stud type and spacing will dictate 

the performance of the wall, by characterization into the respective subgroup.  

 

5.2 Force Normalization 

Using the plan details of each wall specimen, the sum of the thickness of the stud webs in 

the in-plane direction, denoted as Σtstud is calculated. The actual value used for the thickness of 

the studs is the minimum required thickness as determined by the manufacturing standards. The 

commercial studs are SSMA 350S123-18, which corresponds to a stud thickness of 18 mil with a 

design thickness of 0.0188 inches. The institutional studs are SSMA 350S125-30 which 

corresponds to a stud thickness of 30 mil with a design thickness of 0.0312 inches (S,SMA, 

2010). Seven studs were used for the commercial configuration resulting in a total thickness of 

0.1316 inches, while 10 studs were used in the institutional configuration for a total thickness of 

0.3120 inches. In Figure 5-1, the backbones are repeated prior to normalization. In this figure, it 

is clearly visible that the institutional specimens are stiffer and stronger than those of the 

commercial specimens. By normalizing the force at each displacement by the sum of the stud 

thickness Σtstud, the backbones collapse to a similar range as shown in Figure 5-2. After the 
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normalization has been conducted on the backbone, variability is less significant within the less 

than 1% drift range. Considering the normalized partition wall model, it is feasible to consider 

the model as symmetric in push and pull directions, since there is no physical justification for 

different positive and negative values. Consequently, Figure 5-3 shows the specimens in 

subgroups 1b and 2b with the absolute valued normalized backbones. One may note that only 

those specimens used in the subgroup model development are considered here (i.e. excluding the 

outliers). One difference from the subgroup model is noted where, specimen 6 is excluded from 

this analysis due to the lower energy dissipation associated with a reused specimen. Using the 

nine specimens of subgroups 1b and 2b, 18 backbone curves (one positive and one negative per 

specimen) are then used to characterize (µ) and standard deviation (σ) of the specimens (Figure 

5-4). The mean, mean plus one standard deviation and mean minus one standard deviation of the 

normalized backbone curves provides a mechanism to characterize the variability experienced in 

the experiments.  

 

 
Figure 5-1 Partition wall backbones (force-displacement relations) for subgroups 1b and 

2b.  
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Figure 5-2 Normalized partition wall backbones (force-displacement relations) for 

subgroups 1b and 2b.  

 
Figure 5-3 Absolute valued normalized partition wall backbones considering positive and 

negative behavior. 
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Figure 5-4 Absolute valued normalized backbones showing the mean, mean plus one 
standard deviation and mean minus one standard deviation.  

 

5.3 Hysteretic Energy Normalization 

In like fashion, the calculated hysteretic area should agree in a normalized fashion (Figure 5-

5) with that of the experimental model. In the same approach as the force-normalization, the 

hysteretic area (energy) is also normalized by the sum of the thickness of the studs in the lateral 

direction. When the normalization is conducted, agreement in the normalized hysteretic energy 

supports the normalization procedure (Figure 5-6). The hysteretic area showing the mean plus 

one standard deviation and the mean minus one standard deviation will be provided later during 

the calibration exercise. 
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Figure 5-5 Hysteretic energy for subgroups 1b and 2b for each of the specimens considered 

along with their respective subgroup averages. 

 
Figure 5-6 Normalized hysteretic energy for subgroups 1b and 2b.  
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5.4 Normalized Model Calibration 

Similar to the subgroup model characterization, two key parameters involved in developing 

the representative models are the idealized backbone curve and unload and reload parameters. 

Each of these is calibrated such that the hysteretic energy of the model matches that of the target 

experimental specimens. In this approach three representative models are sought, namely: 1) 

mean response, 2) mean response plus one standard deviation and 3) mean response minus one 

standard deviation, where the standard deviation responses are considered to explore the 

experimental variability. The force-displacement backbone idealization is shown in Figure 5-7 

through Figure 5-9. In this procedure, the backbone points are selected based on significant 

backbone slope changes shown in the tangent stiffness plots. Identifying the locations of 

significant slope change, the corresponding y-value pertaining to the normalized force quantity is 

iterated to minimize the difference between the target backbone and the idealized piece-wise 

backbone curve. Consequently, for the (x-values) displacement, the selected normalized force 

quantity is the closest match to the curve. The downside of this method sometimes is 

overestimation or underestimation of values than what was experimentally determined. For the 

selection of the unload and reload parameters, these are calibrated for each of the normalized 

models (Figure 5-10 through Figure 5-12). 
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Figure 5-7 Selection of the mean response behavior of the partition wall model. Top shows 

normalized absolute valued hysteretic backbone while the bottom demonstrates the tangent 
stiffness of this backbone. 
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Figure 5-8 Selection of the mean plus one standard deviation response behavior of the 

partition wall model. Top shows normalized absolute valued hysteretic backbone while the 
bottom demonstrates the tangent stiffness of this backbone. 
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Figure 5-9 Selection of the mean minus one standard deviation response behavior of the 

partition wall model. Top shows normalized absolute valued hysteretic backbone while the 
bottom demonstrates the tangent stiffness of this backbone. 
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Figure 5-10 Hysteretic area of the mean model versus the target mean hysteretic area. 

 
Figure 5-11 Hysteretic area of the mean plus one standard deviation model versus the 

target mean plus one standard deviation hysteretic area. 
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Figure 5-12 Hysteretic area of the mean minus one standard deviation model versus the 

target mean minus one standard deviation hysteretic area. 
 
5.5 Normalized Model Verification 

To assess the variability among the different statistical values of the normalized models, an 

individual comparison can be made. In Figure 5-13 through Figure 5-18, the model mean 

(average, µ), mean plus one standard deviation (µ+σ) and mean minus one standard deviation 

(µ−σ) are compared against test results for specimen 4 as an example. Comparisons are provided 

for the hysteretic force-displacement response and the hysteretic energy (area). Complete error 

metrics assessment will be conducted in the following sections. For this particular specimen, the 

backbone is best characterized by the mean minus one standard deviation, while the hysteretic 

area by the mean response. For hysteretic force-displacement response and hysteretic energy 

comparisons of the responses from each test specimen, refer to the appendices section of the 

report. 
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Figure 5-13 Hysteretic behavior of the mean response shown with specimen 4 as an 

example.  

 
Figure 5-14 Hysteretic area of the mean model with specimen 4 as an example. 
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Figure 5-15 Hysteretic behavior of the mean plus one standard deviation response shown 

with specimen 4 as an example. 

 
Figure 5-16 Hysteretic area of the mean plus one standard deviation model with specimen 4 

as an example. 
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Figure 5-17 Hysteretic behavior of the mean minus one standard deviation response shown 

with specimen 4 as an example.  

 
Figure 5-18 Hysteretic area of the mean minus one standard deviation model with 

specimen 4 as an example. 
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5.6 Normalized Model Discussion 

In the development of the normalized models, a comparison is made between the various 

statistical levels. The first comparison is made between the various backbones (Table 5-1 and 

Figure 5-19). In this figure, the mean and plus/minus standard deviations are somewhat similar in 

their initial stiffness, however their peak and post-peak behavior do vary. The maximum force 

value also is not at a stable displacement value, identifying that specimens experience their 

maximum force over a range. The post-peak hardening is noted in all variations, however it is 

most pronounced in the standard plus a standard deviation model.  

 

 
Figure 5-19 Overlay of each subgroup backbones shown demonstrating a large variability. 
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Table 5-1 Parameters for the normalized partition wall model. 

Model 
Backbone Points Unload/Reload 

  Disp (in) Force/Σtstud (kip/in) Force Disp 

µ 

1 0.225 13.95 0.15 0.4 
2 0.637 24.28 0.01 0.95 
3 1.945 16.04 0.13 0.62 
4 4.100 24.28 0.03 0.97 

µ+σ 

1 0.212 15.92 -0.03 1.1 
2 0.622 26.43 0.01 0.99 
3 1.734 23.61 0.55 0.6 
4 2.338 26.43 0 1 

µ−σ 

1 0.221 10.81 0.15 0.4 
2 0.545 21.07 0.03 0.91 
3 2.291 8.22 0.11 0.89 
4 7.258 21.07 0.07 0.93 

 

The second comparison between the normalized models lies within the calibrated unload 

and reload parameters which are ratios of force or displacement values in the material model, as 

described in Figure 4-38. Figures 5-20 and 5-21 identify the numerical values calibrated for force 

and displacement parameters, respectively. A larger range of selected parameters exist for the 

force parameters, which indicates more variablity in the force parameters than in the 

displacement parameters. One note regarding the unload and reload parameters (ratio values)on 

the mean minus one standard deviation model, f1 and f4 are set at -0.03 and 0.0, respectively. 

These two parameters do not relate physically to the model or specimen, however they are 

required numerically to match the hysteretic energy. The displacement parameters have similar 

values between different statistical variations, indicating less variablity in displacement point 

selection.  
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Figure 5-20 Force parameters for each parallel material used for each subgroup. Note the 

fourth parameter of the mean minus one standard deviation model is zero. 
 

 
Figure 5-21 Displacement parameters for each parallel material used for each subgroup. 
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5.7 Concluding Remarks 

Herein the development of normalized models and their calibration is presented. Three 

representative models of mean, mean plus standard deviation, and mean minus standard 

deviation are calibrated for the considered fully connected specimens. These models are 

developed with the intention to capture and assess the variability between the specimens. In this 

attempt of assessing the variability of the partition wall modeling, it is not evident as to which 

model performs best overall. Thus the analysis of model performance has largely been limited to 

visual inspection. In order to determine which model most closely captures the experimental 

behavior a more rigorous error analysis is needed. In the next section, two different error metrics 

are used to determine which model is most robust while closely capturing the experimental 

results.  
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    SECTION 6  

ERROR METRICS ASSESSMENT 
 

6.1 Introduction 

To characterize the model performance, error metrics and individual specimen level 

comparisons are conducted using all of the developed models. In the previous two sections, the 

development of four representative subgroup models (1a, 1b, 2a and 2b) and three normalized 

models for the fully connected walls (µ, µ+σ, µ−σ) were presented. To justify the use of any of 

the developed models, particular attention to how successful the models are in the prediction of 

the experimental behavior must be assessed. In this section, two error metrics are adopted, 

namely, the average error in maximum force and total half-cycle hysteretic energy. It should be 

mentioned that these models were implemented in displacement control, therefore displacement 

error metrics are not meaningful.  

 

6.2 Average Error in Maximum Force 

The first error metric is the error associated with the maximum force. This error metric is a 

measure of how well the particular model backbone estimates the changing strength of the 

specimen. To illustrate this error metric, specimen 23 is shown as an example. For complete 

specimen comparisons and error metrics of the remaining specimens and models, see 

Appendices A -D. In Figure 6-1, the hysteretic behavior of subgroup 2b (institutional fully 

connected) model is shown along with specimen 23. In this figure, the damage states identified 

by the experimental team are also overlaid. While this hysteretic plot demonstrates a decent 

match, it is particularly hard to quantify visually. In order to identify the model’s ability to 

capture the force, the maximum attained force for a given displacement is evaluated. Identifying 

the maximum force attained throughout the displacement range is similar to comparing the 

“backbone points”.  Backbone points are traditionally identified at the turning points associated 

with a load reversal, whereas in this case the maximum force attained is enveloped at all 

displacement levels, not just load reversals. Figure 6-2 illustrates the maximum force envelope 

for both specimen 23 and the 2b subgroup model. This figure highlights how the maximum force 
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obtained is particularly low in the model around specimen attainment of DS2 and DS3 and the 

estimation of the post-peak hardening behavior at larger displacements (approximately 2.5 in) is 

better in the negative direction in comparison to the positive direction.  

Using the maximum force envelope, the residual force difference is calculated as Fmodel - 

Fexperimental (Figure 6-3). In this figure for positive displacements, values greater than zero 

demonstrate that the model is over-predicting the maximum force value attained at a given 

displacement. Likewise a value less than zero indicates under-prediction. Using the 

experimentally identified damage states to quantify the model’s performance, an average force 

residual is calculated over each damage state range (i.e. beginning of test, namely: 1) DS<DS1 

(no damage), 2) DS1≤DS<DS2 (minor), 3) DS2≤DS<DS3 (moderate) and 4) DS≥DS3 (severe)). 

When no damage was noted in the experiment, the average force residual is a mere 0.4 kip (or 

5% of the maximum value of the specimen). Comparing the force residuals for the walls when 

damage occurred, for displacements greater than DS1, but less than DS2 (moderate) the average 

force residual is 1.19 kip (or 15% of the maximum value of the specimen). 

 

Figure 6-1 Hysteretic overlap comparison between specimen 23 and the 2b subgroup 
model. 
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Figure 6-2 Captured maximum force envelope curve for specimen 23 and the 2b subgroup 

model. 

 
Figure 6-3 Difference in maximum attained force level when comparing specimen 23 and 

the 2b subgroup model. 
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 For displacements greater than DS2, but less than DS3 (severe), the average force 

residual is 1.53 kip (or 19% of the maximum value of the specimen). For drift levels where 

damage exceeded DS3, the average force residual is 0.45 kip (or 6% of the maximum value of 

the specimen). It is noted that for this test specimen, the maximum force is achieved within DS1-

DS2 and has a magnitude average force residual of 1.19 kips. Therefore, the percent error is 

approximately 14% within the windows of DS1-DS2. Using this strategy, a modeling assessment 

is conducted Reference Appendices A - D for complete details on the error metrics as they are 

conducted for all seven model variations. As one may notice in Appendices A - D, not all 

damage states are shown. This is either due to the lack of damage state identification in the 

experiments or two damage states occurring at the same location. When two damage states occur 

at the same location, i.e. displacement of DS2 is the displacement of DS3, DS3 is used for 

comparing the error metrics.  

 
6.3 Total Half-Cycle Hysteretic Energy 

 The second error metric is associated with the hysteretic energy (area under the hysteretic 

curve). In the model calibration, the cumulative hysteretic energy (Figure 6-4) was used to 

characterize the unloading parameters (Figure 4-38), describing the relationship between the 

unloading and reloading. However, the cumulative hysteretic energy does not explicitly 

demonstrate the model’s performance for one individual displacement cycle or load reversal. By 

evaluating the hysteretic energy on a per half-cycle basis, some bias introduced with the use of 

one loading protocol can be avoided. To identify the half-cycle energy, the total hysteretic 

energy is calculated from a zero displacement location to an absolute extremum associated with 

the peak (target) displacement and then to the immediate next zero crossing. The half-cycle 

hysteretic energy is then reported versus the target displacement, as demonstrated in Figure 6-5 

again for specimen 23. Figure 6-5 shows the target displacement in units of interstory drift (%). 

In this particular loading protocol, the displacement values are on an upward sweep from 0 to 3% 

interstory drift, where the negative excursion is slightly larger after the previous positive 

excursion. As a result, no target drift values are identical.  
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Figure 6-4 Hysteretic energy (area) comparison between specimen 23 and the 2b subgroup 

model. 

 
Figure 6-5 Hysteretic energy (area) per half cycle comparison between specimen 23 and the 

2b subgroup model shown against maximum achieved drift level. 

95 

 

 



 

Using the experimentally identified damage states to quantify the model’s performance, 

the total half-cycle energy residual is calculated over each damage state range. The residual is 

defined in this case as the total difference in half cycle energy at a target displacement between 

the experiment and model. The sum is also calculated and reported in the legend, normalized by 

the cumulative experimental hysteretic energy for the same range, to evaluate the performance 

over the defined damage level intervals When no damage was noted in the experiment, the 

normalized (cumulative) half-cycle hysteretic energy is 2.36, approximately 230% higher than 

what was observed in the physical specimen, due to normalization by a small number. When DS1 

was achieved and before DS2 onset, the total (cumulative) normalized half-cycle hysteretic 

energy residual is 0.16. For damage levels between DS2 and DS3 and for damage levels greater 

than DS3, the normalized (cumulative) half-cycle hysteretic energy residual is 0.29 and 0.01 

respectively. It is noted for this text specimen, the maximum difference in target half cycle 

hysteretic energies is found before DS1 is achieved. As the specimen progresses the ability of the 

model to capture the hysteretic model improves. In the calculation of the total half-cycle 

hysteretic energy residual, the positive and negative signs are retained, as the model can either 

underestimate (negative values) or overestimate (positive values). Using the normalized half-

cycle energy error metric, a modeling assessment will be made further in this section between the 

subgroup and normalized models. Reference Appendices A - D for complete details on the error 

metrics.  
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Figure 6-6 Difference in hysteretic energy (area) per half cycle comparison for specimen 23. 
 

6.4 Error Metrics and Modeling Assessment 

 Using the error metrics of residual force and half-cycle hysteretic area, an overall 

assessment of the model performance for all various types developed is conducted. In Figure 6-7 

the overall average force residual between the experiment and the model is shown. The “overall” 

average is taken in this case as the average of the associated four average force residuals 

pertaining to each damage interval, 1) DS<DS1 (no damage), 2) DS1≤DS<DS2 (minor), 3) 

DS2≤DS<DS3 (moderate) and 4) DS≥DS3 (severe). Figures 6-8 and 6-9 demonstrate the average 

force residuals per particular damage interval. When one compares the various formulations for 

the subgroup models and the normalized statistical models, it is noted that the mean normalized 

model performs just as well as the detailed subgroup models. When moderate damage (<DS2) 

has occurred to each of the specimens, the mean normalized model performed better, as 

characterized by a smaller average force residual. The normalized statistical models considering 

either plus or minus one standard deviation perform generally worse than the average model. In 

analyzing the plus one standard deviation model for damage exceeding DS3, it is clear that an 
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overestimation is made due to the post-peak hardening behavior considered, particularly when 

observing the predictions for specimens 23-28.  

 
Figure 6-7 Overall average of the average force residual comparing the experimental to the 
developed models (subgroup, mean, mean plus one standard deviation and mean minus one 

standard deviation). 
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                                            (a)                                                               (b) 

 
                                            (c)                                                               (d) 

 

Figure 6-8 Average force residual comparing the experimental to the developed models by 
damage states: (a) no damage, (b) DS1, (c) DS2 and (d) DS3. 
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                                            (a)                                                               (b) 

 
                                            (c)                                                               (d) 

 
 

Figure 6-9 Average force residual comparing the experimental to the developed models by 
damage states: (a) no damage, (b) DS1, (c) DS2 and (d) DS3. Note just the subgroup model 

and mean model is presented. 
 

  

0 5 20 25 30
0

0.5

1

1.5

2
DS ≤ DS1

0 5 20 25 30
0

1

2

3
DS1 ≤ DS < DS2

0 5 20 25 30
0

1

2

3
DS2 ≤ DS < DS3

0 5 20 25 30
0

2

4

6
DS ≥ DS3

Specimen Number

 

 
   
   

 

Specimen Number

 

 
   
   

 

 

 

 
1a & 2a models
1b & 2b models
µ model

100 

 

 



 

In analyzing the second error metric, Figure 6-10 illustrates the overall summation of the 

difference in half-cycle hysteretic energy for the developed models considering the entire 

displacement range. In addition, Figures 6-11 and 6-12 illustrate the difference in half-cycle 

hysteretic energy for the developed models on a per damage interval. When one compares the 

various formulations for the subgroup models and the normalized statistical models, it is noted 

that the average statistical model performs almost as well as the detailed subgroup models. When 

moderate damage has occurred to each of the specimens (DS1 to DS2), the mean normalized 

statistical model actually (µ) performs better for a few specimens. The mean normalized 

statistical model (µ) overestimates the half-cycle hysteretic energy for displacement values 

greater than DS3. 

 

Figure 6-10 Overall residual in half-cycle hysteretic energy comparing the experimental to 
the developed models (subgroup, mean, mean plus one standard deviation and mean minus 

one standard deviation).  
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                                            (a)                                                                     (b) 

 

 
                                             (c)                                                                   (d) 

 
Figure 6-11 Overall residual in half-cycle hysteretic energy comparing the experimental to 

the developed models by damage states: (a) DS<DS1, (b) DS1≤DS<DS2, (c) DS2≤DS<DS3 
and (d) DS≥DS3. 
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                                                  (a)                                                            (b) 

 

 
                                                  (c)                                                            (d) 

 
Figure 6-12 Overall residual in half-cycle hysteretic energy comparing the experimental to 

the developed models by damage states: (a) DS<DS1, (b) DS1≤DS<DS2, (c) DS2≤DS<DS3 
and (d) DS≥DS3. Note just the subgroup model and mean model is presented. 
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6.5 Concluding Remarks 

 A specimen level comparison for each model is conducted for all of the specimens 

considered in the modeling technique. Using two error metrics of average force residual and 

overall difference in half-cycle hysteretic energy, performance of each model is assessed. 

Appendices A – D provide the entire performance evaluation for each model and each wall 

specimen. Relating the error metrics to observed damage states, a justification can be made for 

use of either the subgroup or normalized statistical models when considering fully connected 

partition wall specimens. In terms of the statistical models considering either plus/minus one 

standard deviation, the performance of the models degrade as expected, nonetheless the effect of 

the partition walls can be later assessed through its implementation into building models.  
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    SECTION 7  

PARTITION WALL IMPLEMENTATION 
 

7.1 Introduction 

In this section, the partition wall model is now implemented into larger numerical models 

of buildings, with the goal of evaluating the partition wall impact on the building dynamic 

characteristics and producing the response of the partition wall itself to earthquake motions 

imparted on the building. The later data are useful for generating fragility plots of the building-

partition wall system. The first issue explored is how the partition wall is implemented in the 

building model. To integrate the lumped partition wall into a large building model, scaling the 

partition wall model characteristics is needed to account for walls of different lengths. In this 

work due to its broader coverage, the preferred partition wall model type is the normalized model 

(statistical mean value). Appendix E presents the procedure as used in this implementation of the 

partition wall model in OpenSees.  

 

7.2 Partition Wall Implementation within a Building Model 

The model as implemented is envisioned to be utilized with beam and beam-column 

elements in a finite element context. The typical configuration for example as shown in Figure 7-

1, where the partition wall is connected to the structural model, spanning the beam midpoints 

between adjacent floor levels using slaved degrees-of-freedom (equalDOF command) simulating 

rigid members. The boundary conditions for the intersections at the beam midpoints for the fully 

connected partition wall models are modeled by restraining the two lateral displacement and one 

rotational degrees of freedom at both the top and bottom nodes (Figure 7-1) for a two 

dimensional model. This simplistic model allows for the partition wall to be lumped at the story 

mid-height and bay width, neglecting any torsional effect if placed in a three dimensional model. 

The force-displacement relations of the implemented walls are shown in Figure 7-2 and Figure 7-

3.  
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Figure 7-1 Partition wall implementation between two adjacent story levels.  

In this example, a 12.2 ft wall is placed within a bay width of 30 ft. 

 
Figure 7-2 Backbone of the normalized partition wall model as implemented in OpenSees.  
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Figure 7-3 Backbone of the Subgroup type partition wall model as implemented in 

OpenSees. 
 

7.3 Scaling Rules and Recommended Wall Lengths 

After the walls are placed between the building floor levels, the actual length of the partition 

wall to be carried by a given frame bay in the building model needs to be determined. One 

method to determine representative wall lengths is based on partition indices. French and Xu 

(2010) determined partition indices by analyzing three model building blueprints and compared 

their findings to that proposed in ATC-58 (ATC, 2009). The partition index is a takeoff quantity 

defined as the total lineal feet of partition walls per floor divided by the floor area (L/L2 = 1/L). 

To explore the full range of partition wall lengths, commonly observed, herein the upper and 

lower bound values are utilized.  

Knowing the details of each of the building plans, the corresponding partition wall lengths 

are estimated assuming the walls are proportional to the building geometry and the tributary area 

of an interior frame. Using these partition indices results, two partition wall lengths Lmin and Lmax 

are calculated. The scaling of the partition walls is primarily based on the number of studs for a 

given partition wall configuration, which is a linear relation of the wall length (Figure 7-4). 
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Considering an example building suite, the corresponding maximum and minimum values for 

partition lengths are demonstrated in Table 7-1 ).  

 

 
Figure 7-4 Example of partition wall scaling when the target wall is twice the length of the 

original wall with twice the number of vertical studs in the lateral direction. The four 
marked points highlight the points considered for scaling walls of different lengths. 

 

7.3.1 Stiffness 

 The initial stiffness is directly controlled through the first backbone point of the model. 

When walls are scaled for different lengths, the number of studs considered when using the 

normalized partition wall model will adjust the initial stiffness accordingly. Recall Figure 5-1 

shows the experimental backbones prior to conducting normalization. In this figure, it is clearly 

visible that the institutional specimens are stiffer and stronger. However, when normalizing the 

strength by the thickness of the studs, the backbones collapse to similar values as shown in 

Figure 5-2. This observation supports use of a simple linear scaling according to the number of 

studs along a wall length to calculate  the initial stiffness of the partition walls model. 

 

1 

2 

3 

4 
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Table 7-1 Partition wall indices for each building and corresponding wall lengths. 

Building 
Type6 

Partition Wall Characteristics 

Classification7 

Partition Index 
(1/ft)         [lower 

bound, upper 
bound]8 

Number of Walls 
and Length (ft) 

RC-2 1 0.07              0.13 56 ft        
104 ft 

RC-4 1 0.07              0.13 56 ft         
104 ft 

RC-8 1 0.07              0.13 56 ft         
104 ft 

RC-12 1 0.07              0.13 56 ft         
104 ft 

RC-20 1 0.07              0.13 56 ft         
104 ft 

ST-3 1 0.07              0.13 50 ft         
94ft 

ST-9 1 0.07              0.13 63 ft         117 ft  

ST-20 1 0.07              0.13 25 ft          
48 ft  

ST-3 2 0.06              0.14 43 ft              101 ft  

 

7.3.2 Maximum Force (Yielding) 

The maximum force obtained by the walls, the 2nd backbone point, is demonstrated in 

Figure 5-1. Once again, Figure 5-2 normalizes this quantity for the stud thickness without 

introducing any additional scatter in the data up until the yielding point. Since no significant 

difference is noted for the displacement occurrences it is justifiable to idealize in a linear fashion 

the maximum force by the total number of studs for a given partition wall length. 

6 Refer to table 7-2 for building details, RC-X is a reinforced concrete building with X number of stories, and ST-X 
is a steel building with X number of stories. ST-3H is a three story steel hospital building. 
7 Classification is defined by building occupancy, 1 refers to office and 2 refers to hospital usage. 
8 Partition index values were obtained by French and Xu (2010). 
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7.3.3 Post-Yield Degradation 

 The post-peak behavior (backbone point 3) of the partition wall system is not well 

behaved for most of the tested partition wall systems. Degradation of the wall load carry capacity 

does occur for displacement values in excess of the maximum force. However whether this 

degradation continues or experiences a post-peak hardening is ill-defined and is demonstrated by 

comparing the differences between the mean and standard deviation variants of the model. Since 

no better method can be determined to assess the post-yield degradation, it is assumed to be 

linearly scaled by the total number of studs for a given partition wall length. This is considered 

reasonable, conservative, and consistent with experimental observations given the lack of 

information regarding the behavior in this region of response. 

 

7.3.4 Post-Yield Hardening and Capping Force 

 Post-yield hardening characterized by 4th backbone point is largely governed by the 

damage characteristics of the specimens. The post-yield hardening is envisioned to physically 

occur if the gap between the ceiling and drywall panel, or return wall and drywall panel, closes. 

This post-yield hardening does not always occur, but this physical behavior is realistic and 

observed in two specimens without the presence of return walls, namely specimens 5 and 6. 

Consequently this behavior is not neglected in the model. This post-yield hardening has not been 

considered in previous studies (Davies, 2009 and Restrepo and Lang, 2011).  

Herein capping force is selected as the force value when the partition wall specimens are 

pushed beyond the testing limit of 3% interstory drift. This maximum force is capped at the yield 

force to assure that undue excess strength is not realized by the model (note the mean plus one 

standard deviation model in Figure 7-2). However this capping force limitation is not placed on 

the developed subgroup models, because force values greater than the yield strength were 

observed in the experiments. Consequently the maximum force value obtained in the subgroup 

models experiments are set as the capping force for these models (1a and 1b). These maximum 

force values obtained in the subgroup 1a and 1b may reach the physical limit in which the 

gypsum experiences crushing.  
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7.3.5 Limitation in Wall Length 

 In the scaling of partition walls for different lengths, this method is most ideal for walls 

near the same length as those tested (H/L is approximately 1). The failure mode of extremely 

long walls may change, and this is an important feature to consider in future experimental setups. 

However when one considers the total length of walls, it should be noted that the partition index 

is defined as the sum of all individual walls rather than the length of a single wall. Many 

partition walls of smaller lengths, as tested, would combine in series. Many walls on the same 

floor in series would be justified for use in the linearly scaling method by the number of vertical 

studs in the lateral direction. 

 

7.4 Example Building Suite Considered 

 To demonstrate the partition wall implementation and study its impact on buildings, a 

suite of buildings with a range of characteristics (floor heights, construction types, occupancies, 

periods, etc.) is selected and modeled in OpenSees. The proposed suite of building model 

includes nine buildings (Table 7-2). These nine buildings are either steel or reinforced concrete 

style construction, have either an occupancy use of general office or hospital; and range from 2-

20 stories in height. These building models details are presented in Table 7-2. Within each 

building model, the interior partition wall characteristics will be varied due to the different 

possible configurations in practice. The first 5 buildings, concrete special moment frames were 

developed in a study by Wood et al. (2009) denoted as RC-X (i.e. RC-2, RC-4, etc.), a three-

story steel hospital is a redesigned SAC building by Wieser (2011) denoted as S-3H, and the last 

three buildings are sample buildings taken from the 1999 SAC Steel Project (Gupta et al., 1999) 

denoted as S-X (S-3, S-9 and S-20). 
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Table 7-2 Suite of buildings considered. (RC = reinforced concrete. NS=north-south 
direction, EW=east-west direction) 

 
 

7.5 Sample Building Sensitivity 

 To quickly gather a sense of the sensitivity in the partition wall placement in various 

buildings considered in the example building suite, an eigenvalue analysis is conducted. In the 

eigenvalue analysis, the parameters collected and compared are the modal frequencies (periods) 

and mass participation estimates for the first four modes, when appropriate. Table 7-3 through 

Table 7-11 display the period and mass participation estimates for the first four modes by 

building type. In each table, the periods and mass participation estimates are shown for bare 

structure (no wall) and the short and long wall placements considering each of the normalized 

models: mean, mean minus one standard deviation, and mean plus one standard deviation. 

Furthermore to simplify the comparison, two normalized parameters are calculated 

demonstrating the dynamic shift when considering the addition of partition walls to the bare 

frame system (no wall) in equations 7-1 and 7-2: 

 

𝑇𝑖∗ = 𝑇𝑖
𝑛

𝑇𝑖
𝑏𝑎𝑟𝑒                          (7-1) 

  𝑀𝑃𝑖∗ = 𝑀𝑃𝑖
𝑛

𝑀𝑃𝑖
𝑏𝑎𝑟𝑒                                  (7-2) 

 

where the period of the structure with the wall is divided by the period of structure without any 

wall (bare frame) placements in the ith mode. In addition, the mass participation of the structure 

with the wall is divided by the mass participation of structure without any wall placements in the 

ith mode. The illustration of these normalized parameters is shown in Figure 7-5 through Figure 

7-13. As expected, when the wall length is increased, the vibration period of the building 

Period
NS EW First (ft) Second (ft) Upper (ft) Ss (g) S1 (g) T1 (s)

RC-2 IBC 2006, ACI 318-08 Office Bldg 2 5 @ 30ft 5 @ 30ft 12.0 12.0 12.0 2.00 0.77 C 0.24
RC-4 IBC 2006, ACI 318-08 Office Bldg 4 5 @ 30ft 5 @ 30ft 12.0 12.0 12.0 2.00 0.77 C 0.47
RC-8 IBC 2006, ACI 318-08 Office Bldg 8 5 @ 30ft 5 @ 30ft 12.0 12.0 12.0 2.00 0.77 C 0.89
RC-12 IBC 2006, ACI 318-08 Office Bldg 12 5 @ 30ft 5 @ 30ft 12.0 12.0 12.0 2.00 0.77 C 1.33
RC-20 IBC 2006, ACI 318-08 Office Bldg 20 5 @ 30ft 5 @ 30ft 12.0 12.0 12.0 2.00 0.77 C 2.07
S-3H IBC 2006 Hospital 3 4 @ 30ft 6 @ 30ft 20.0 16.0 16.0 1.508 0.75 D 0.28

Period
NS EW First (ft) Second (ft) Upper (ft) Zone Effective PGA (g) T1 (s)

S-3 UBC 1994 Office Bldg 3 4 @ 30ft 6 @ 30ft 13.0 13.0 13.0 4 0.40 s2 0.34
S-9 UBC 1994 Office Bldg 9 5 @ 30ft 5 @ 30ft 12.0 18.0 13.0 4 0.40 s2 0.82

S-20 UBC 1994 Office Bldg 20 5 @ 20ft 6 @ 20ft 24.0 18.0 13.0 4 0.40 s2 1.79

Site Classification 
(UBC 1994)

Building Design Code Occupancy/Use Number 
of Stories

Floor Plan Story Heights Seismic Design

Building Design Code Occupancy/Use Number 
of Stories

Site Classification 
(ASCE 7-05)

Floor Plan Story Heights Design Accelerations
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decreases. Similarly, when one considers use of the mean minus a standard deviation, the 

dynamic shift on the building is reduced, as the strength and the stiffness of the wall is reduced 

in the modeling formulation. This statement holds true as well when considering the mean plus a 

standard deviations, as the dynamic shift is increased due to a greater stiffness and strength of the 

partition wall. However the degree to which this dynamic shift occurs is most influenced by 

length of the wall rather than which of the normalized walls are used. The greatest period shift is 

found in the three story hospital, which is the only building model which considered use of 

institutional partition walls (group 2). The shift is on the order of 14% when considering the 

longest wall and the mean plus one standard deviation representative model. The smallest period 

shift is found in the 20 story steel model (SAC building) almost an obscure effect, due to the 

reduced wall lengths. The largest change in the mass participation is noted in RC-9, where the 

second mode is increased by approximately 40%. However, this change in mass participation is 

not a significant change because the bare structure has a mass participation in the second mode 

of 0.4% and this increased to 0.6%, demonstrating one disadvantage of the selected normalized 

parameter.  

 

Table 7-3 Modal periods and mass participation sensitivity for RC-2. 

 
 

 

 

 

 

 

 

 

56 ft 104 ft 56 ft 104 ft 56 ft 104 ft

1 0.203 0.196 0.192 0.198 0.194 0.195 0.190

2 0.051 0.050 0.050 0.050 0.050 0.050 0.050

1 0.843 0.846 0.848 0.845 0.847 0.846 0.849

2 0.157 0.154 0.152 0.155 0.153 0.154 0.151M
P 

(%
)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)
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Table 7-4 Modal periods and mass participation sensitivity for RC-4. 

 
 

Table 7-5 Modal periods and mass participation sensitivity for RC-8. 

 
 

Table 7-6 Modal periods and mass participation sensitivity for RC-12. 

 
 

 

 

 

 

56 ft 104 ft 56 ft 104 ft 56 ft 104 ft
1 0.419 0.400 0.387 0.403 0.393 0.396 0.381
2 0.116 0.113 0.111 0.114 0.112 0.113 0.110
3 0.056 0.056 0.055 0.056 0.055 0.055 0.055
4 0.037 0.037 0.037 0.037 0.037 0.037 0.037
1 0.792 0.797 0.800 0.796 0.799 0.798 0.801
2 0.140 0.137 0.135 0.137 0.136 0.136 0.134
3 0.053 0.052 0.051 0.052 0.052 0.052 0.051
4 0.015 0.015 0.014 0.015 0.014 0.014 0.014

M
P 

(%
)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)

56 ft 104 ft 56 ft 104 ft 56 ft 104 ft
1 0.784 0.748 0.724 0.755 0.735 0.742 0.714
2 0.241 0.233 0.226 0.234 0.229 0.231 0.224
3 0.126 0.122 0.120 0.123 0.121 0.122 0.119
4 0.079 0.077 0.076 0.078 0.077 0.077 0.076
1 0.784 0.787 0.789 0.787 0.788 0.788 0.790
2 0.106 0.105 0.105 0.106 0.105 0.105 0.105
3 0.043 0.042 0.041 0.042 0.042 0.042 0.041
4 0.027 0.026 0.026 0.026 0.026 0.026 0.026

M
P 

(%
)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)

56 ft 104 ft 56 ft 104 ft 56 ft 104 ft
1 1.190 1.137 1.101 1.147 1.117 1.127 1.086
2 0.380 0.364 0.353 0.367 0.358 0.361 0.349
3 0.207 0.199 0.194 0.201 0.196 0.198 0.191
4 0.134 0.130 0.127 0.131 0.128 0.129 0.126
1 0.778 0.779 0.780 0.779 0.779 0.779 0.780
2 0.097 0.098 0.099 0.098 0.098 0.098 0.099
3 0.040 0.040 0.039 0.040 0.040 0.040 0.039
4 0.024 0.023 0.023 0.023 0.023 0.023 0.023

M
P 

(%
)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)
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Table 7-7 Modal periods and mass participation sensitivity for RC-20. 

 
 

Table 7-8 Modal periods and mass participation sensitivity for S-3. 

 
 

Table 7-9 Modal periods and mass participation sensitivity for S-3H. 

 
 

 

 

 

 

 

 

56 ft 104 ft 56 ft 104 ft 56 ft 104 ft
1 2.067 1.984 1.929 1.999 1.953 1.969 1.907
2 0.710 0.672 0.649 0.679 0.659 0.666 0.639
3 0.394 0.372 0.358 0.376 0.364 0.368 0.353
4 0.262 0.250 0.242 0.252 0.245 0.247 0.238
1 0.738 0.740 0.740 0.739 0.740 0.740 0.740
2 0.131 0.132 0.133 0.132 0.133 0.132 0.134
3 0.027 0.027 0.027 0.027 0.027 0.027 0.027
4 0.030 0.029 0.029 0.029 0.029 0.029 0.029

M
P 

(%
)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)

50 ft 94 ft 50 ft 94 ft 50 ft 94 ft

1 0.343 0.328 0.317 0.331 0.322 0.325 0.313
2 0.119 0.114 0.111 0.115 0.112 0.113 0.109
3 0.071 0.069 0.068 0.070 0.069 0.069 0.067
1 0.868 0.873 0.876 0.872 0.875 0.874 0.878
2 0.081 0.077 0.075 0.078 0.076 0.077 0.075
3 0.031 0.030 0.029 0.030 0.029 0.030 0.028M

P 
(%

)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)

43 ft 101 ft 43 ft 101 ft 43 ft 101 ft
1 0.280 0.263 0.246 0.266 0.252 0.259 0.241
2 0.082 0.079 0.075 0.079 0.076 0.078 0.074
3 0.042 0.041 0.040 0.041 0.041 0.041 0.040
4 0.000 0.000 0.000 0.000 0.000 0.000 0.000
1 0.903 0.906 0.908 0.905 0.907 0.906 0.909
2 0.056 0.054 0.053 0.055 0.053 0.054 0.053
3 0.020 0.019 0.018 0.019 0.019 0.019 0.018M

P 
(%

)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)
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Table 7-10 Modal periods and mass participation sensitivity for S-9. 

 
 

Table 7-11 Modal periods and mass participation sensitivity for S-20. 

 
 

 

63 ft 117 ft 56 ft 104 ft 56 ft 104 ft
1 0.820 0.783 0.757 0.790 0.768 0.776 0.746
2 0.286 0.272 0.262 0.275 0.267 0.270 0.258
3 0.168 0.160 0.154 0.161 0.156 0.158 0.152
4 0.115 0.110 0.107 0.111 0.108 0.109 0.106
1 0.880 0.878 0.877 0.879 0.878 0.878 0.876
2 0.004 0.005 0.006 0.005 0.006 0.005 0.006
3 0.087 0.085 0.084 0.085 0.085 0.085 0.084
4 0.010 0.009 0.008 0.009 0.009 0.009 0.008

M
P 

(%
)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)

25 ft 48 ft 25 ft 48 ft 25 ft 48 ft
1 1.397 1.387 1.378 1.389 1.382 1.385 1.374
2 0.413 0.408 0.404 0.409 0.406 0.407 0.402
3 0.217 0.214 0.211 0.214 0.212 0.213 0.210
4 0.151 0.149 0.147 0.149 0.147 0.148 0.146
1 0.738 0.737 0.736 0.737 0.736 0.737 0.735
2 0.164 0.166 0.167 0.166 0.167 0.166 0.168
3 0.042 0.042 0.043 0.042 0.043 0.042 0.043
4 0.016 0.016 0.016 0.016 0.016 0.016 0.017

M
P 

(%
)

Average Minus Std Plus Std
Mode No wall

Pe
rio

d 
(s

)
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Figure 7-5 Normalized plots demonstrating period and mass participations sensitivities for 

RC-2. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 

 
Figure 7-6 Normalized plots demonstrating period and mass participations sensitivities for 

RC-4. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 
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Figure 7-7 Normalized plots demonstrating period and mass participations sensitivities for 

RC-8. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 

 
Figure 7-8 Normalized plots demonstrating period and mass participations sensitivities for 

RC-12. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 
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Figure 7- 9 Normalized plots demonstrating period and mass participations sensitivities for 

RC-20. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 

 
Figure 7-10 Normalized plots demonstrating period and mass participations sensitivities 

for S-3. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 
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Figure 7-11 Normalized plots demonstrating period and mass participations sensitivities 

for S-3H. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 

 
Figure 7-12 Normalized plots demonstrating period and mass participations sensitivities 

for S-9. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 
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Figure 7-13 Normalized plots demonstrating period and mass participations sensitivities 

for S-20. 
Note in the period illustration, the right and left bars refer to the short and long wall lengths. 

Similarly for the mass participations, the immediate three bars to the right and left refer to the 
short and long wall lengths, for each statistical level. 

 
7.6 Implementation Conclusion and Further Studies 

In this section, the model implementation is explored. Model implementation whereby the 

partition wall spans two adjacent floor beams is illustrated. Using the developed models, rules 

for scaling of the partition walls of different lengths are required and detailed. The scaling of the 

partition walls is based on the number of vertical studs for a known partition wall type. However 

this type of linear scaling should not be adopted for walls of considerable lengths, which may 

experience a change of failure mode and significant behavioral change is anticipated. Knowledge 

of the behavior of partition walls of various lengths must be explored in future experiments.  

Using the normalized partition wall models, an example suite of buildings is considered to 

understand the dynamic sensitivity when one considers wall placement. Nine representative 

building models considering both concrete and steel moment frame structures are demonstrated 

with various partition wall placements. Knowing the dynamic shifts introduced by inclusion of 

the partition wall is critical in the model assessment for future studies. The follow-up report to 
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this study documents the fragility development of these buildings in an uncoupled (no partition 

walls) and coupled (with partition walls) analyses.  
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    SECTION 8  

CONCLUSIONS 
 

8.1 Motivation and Scope of Work 

In numerous earthquakes, the damage to nonstructural components and systems (NCSs) 

has exceeded the cost of structural damage in buildings. NCSs within buildings may have 

complicated configurations and connections to a building making them susceptible to earthquake 

damage. The majority of NCSs are placed or distributed throughout a building, and therefore not 

subjected to the ground motion generated by the earthquake, but rather to an amplified and 

filtered motion transmitted by the building. NCSs can affect the building performance after a 

seismic event and they are capable of causing serious injuries or death (e.g. Filiatrault et al., 

2002). 

In practice, NCSs are diverse, however this report focuses on a portion of a larger study 

whereby one widely used nonstructural system representing significant investment, namely, the 

ceiling-piping-partition (CPP) system, is studied. A major component of this three piece 

subsystem is the partition wall subsystem. The focus herein is on the development and 

calibration of a numerical model for capturing the in-plane seismic response of full-height 

partition walls. Prior to this effort, a detailed 50 specimen test program was conducted at the 

State University of New York, University at Buffalo (Davies, 2009). Using these experimental 

results, a partition wall modeling scheme is outlined. It should be noted that the most common 

partition wall subsystem utilized in the United States for buildings other than houses is the metal 

stud-gypsum board type (Figure 8-1), and therefore this is the type of material and construction 

considered herein. 

 

8.2 Model Summary 

The platform selected to model the partition walls is Open System for Earthquake 

Engineering Simulation (OpenSees) (Mazzoni et al., 2009). OpenSees is an open-source 

simulation and modeling software platform developed by the Pacific Earthquake Engineering 

Research (PEER) Center. The partition wall is developed as a lumped model, which is  

discretized using a zero-length element coupled with the pinching4 material. Pinching4 is a 
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uniaxial material model that allows for a “pinched” load-deformation response with an optional 

degradation contribution. To represent the experimental specimens, this pinching4 material is 

used in a parallel configuration providing better control of the unload and reload parameters as a 

function of the displacement range. Robust performance of the model is sought across the drift 

levels associated with three commonly observed damage states of minor, moderate and major. 

 

 
Figure 8-1 Example usage of light-gauge steel studding and gypsum board system during 

construction.  
 

In the use of the material, the partition wall is characterized as a simple uniaxial spring. This 

spring is implemented only in the in-plane direction whereas the out–of-plane behavior of the 

partition walls is not characterized numerically herein. The out-of-plane behavior of the walls is 

approximately 10% of the in-plane partition wall stiffness and therefore negligible when 

considered their placement in potential building models.  

Two different classes of models were developed: subgroup and normalized models. The four 

subgroup models are: 1) 1a commercial partial connection, 2) 1b commercial full connection, 3) 

2a institutional partial connection and 4) 2b institutional full connection. Each of these models 

are based the mean response of the specimens within the subgroup. To simplify the modeling 

approach, subgroups 1b and 2b are combined into a normalized model and the variability in 
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model response, as compared with the experiment, evaluated. Subgroups 1a and 2a, 

corresponding to partially connected specimens, are not considered for the normalized models 

due to different mechanisms developed during testing. Three different normalized partition wall 

models are developed: 1) mean (µ), 2) mean plus one standard deviation (µ+σ) and 3) mean 

minus one standard deviation (µ−σ). The chosen backbone force-displacement points and the 

unload and reloading parameters for each set of models are shown in Tables 4-1 and 5-1. 

 

8.3 Model Use and Future Work 

 The developed models are evaluated using two error metrics in section 6, force residual 

and difference in half cycle energy. For a fully connected specimen, use of the normalized mean 

model is shown to represent the partition wall subsystem well. For a partially connected partition 

wall, the subgroup model 1b or 2b (commercial or institutional) would represent this partition 

wall subsystem. In the end either representation provides for fruitful assessment of the walls 

behavior, particularly within the drift ratios of interest, i.e. those linked with physical damage 

states of interest to qualify for repair or replacement of the wall. Using these developed models, 

guidelines for implementation within OpenSees are presented in Section 7. The sensitivity of 

including partition walls within numerical building models are demonstrated in terms of period 

and modal participation changes in Section 7. The greatest period shift is observed in a model of 

a three-story hospital, which is the only building model which considered use of institutional 

partition walls (group 2). In a follow-up report, the building models with partition walls are 

subjected to suite of nonlinear time history analyses to develop fragility functions representing 

the various damage levels.  
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Figure A1.  Hysteretic overlap comparison between specimen 1 and the representative 1a 

subgroup model. 

 

Figure A2.  Force time history comparison for specimen 1 and the representative 1a 

subgroup model against pseudo-time. 
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Figure A3.  Captured maximum force envelope curve for specimen 1 and the 

representative 1a subgroup model. 

 

Figure A4.  Difference in maximum attained force level when comparing specimen 1 and 

the representative 1a subgroup model. 
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Figure A5.  Hysteretic energy (area) comparison between specimen 1 and the 

representative 1a subgroup model. 

 

Figure A6.  Percent error difference in hysteretic area for specimen 1 and the 

representative 1a subgroup model. 
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Figure A7.  Hysteretic energy (area) per half cycle comparison between specimen 1 and the 

representative 1a subgroup model shown against maximum achieved drift level. 

 

Figure A8.  Difference in hysteretic energy (area) per half cycle comparison for specimen 1. 
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Figure A9.  Hysteretic overlap comparison between specimen 2 and the representative 1a 

subgroup model. 

 

Figure A10.  Force time history comparison for specimen 2 and the representative 1a 

subgroup model against pseudo-time. 
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Figure A11.  Captured maximum force envelope curve for specimen 2 and the 

representative 1a subgroup model. 

 

Figure A12.  Difference in maximum attained force level when comparing specimen 2 and 

the representative 1a subgroup model. 
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Figure A13.  Hysteretic energy (area) comparison between specimen 2 and the 

representative 1a subgroup model. 

 

Figure A14.  Percent error difference in hysteretic area for specimen 2 and the 

representative 1a subgroup model. 
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Figure A15.  Hysteretic energy (area) per half cycle comparison between specimen 2 and 

the representative 1a subgroup model shown against maximum achieved drift level. 

 

Figure A16.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

2. 
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Figure A17.  Hysteretic overlap comparison between specimen 4 and the representative 1b 

subgroup model. 

 

Figure A18.  Force time history comparison for specimen 4 and the representative 1b 

subgroup model against pseudo-time. 
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Figure A19.  Captured maximum force envelope curve for specimen 4 and the 

representative 1b subgroup model. 

 

Figure A20.  Difference in maximum attained force level when comparing specimen 4 and 

the representative 1b subgroup model. 
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Figure A21.  Hysteretic energy (area) comparison between specimen 4 and the 

representative 1b subgroup model. 

 

Figure A22.  Percent error difference in hysteretic area for specimen 4 and the 

representative 1b subgroup model. 
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Figure A23.  Hysteretic energy (area) per half cycle comparison between specimen 4 and 

the representative 1b subgroup model shown against maximum achieved drift level. 

 

Figure A24.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

4. 
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Figure A25.  Hysteretic overlap comparison between specimen 5 and the representative 1b 

subgroup model. 

 

Figure A26.  Force time history comparison for specimen 5 and the representative 1b 

subgroup model against pseudo-time. 
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Figure A27.  Captured maximum force envelope curve for specimen 5 and the 

representative 1b subgroup model. 

 

Figure A28.  Difference in maximum attained force level when comparing specimen 5 and 

the representative 1b subgroup model. 



A23 
 

 

Figure A29.  Hysteretic energy (area) comparison between specimen 5 and the 

representative 1b subgroup model. 

 

Figure A30.  Percent error difference in hysteretic area for specimen 5 and the 

representative 1b subgroup model. 
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Figure A31.  Hysteretic energy (area) per half cycle comparison between specimen 5 and 

the representative 1b subgroup model shown against maximum achieved drift level. 

 

Figure A32.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

5. 



A25 
 

 

Figure A33.  Hysteretic overlap comparison between specimen 6 and the representative 1b 

subgroup model. 

 

Figure A34.  Force time history comparison for specimen 6 and the representative 1b 

subgroup model against pseudo-time. 
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Figure A35.  Captured maximum force envelope curve for specimen 6 and the 

representative 1b subgroup model. 

 

Figure A36.  Difference in maximum attained force level when comparing specimen 6 and 

the representative 1b subgroup model. 
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Figure A37.  Hysteretic energy (area) comparison between specimen 6 and the 

representative 1b subgroup model. 

 

Figure A38.  Percent error difference in hysteretic area for specimen 6 and the 

representative 1b subgroup model. 
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Figure A39.  Hysteretic energy (area) per half cycle comparison between specimen 6 and 

the representative 1b subgroup model shown against maximum achieved drift level. 

 

Figure A40.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

6. 
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Figure A41.  Hysteretic overlap comparison between specimen 8 and the representative 1b 

subgroup model. 

 

Figure A42.  Force time history comparison for specimen 8 and the representative 1b 

subgroup model against pseudo-time. 



A30 
 

 

Figure A43.  Captured maximum force envelope curve for specimen 8 and the 

representative 1b subgroup model. 

 

Figure A44.  Difference in maximum attained force level when comparing specimen 8 and 

the representative 1b subgroup model. 
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Figure A45.  Hysteretic energy (area) comparison between specimen 8 and the 

representative 1b subgroup model. 

 

Figure A46.  Percent error difference in hysteretic area for specimen 8 and the 

representative 1b subgroup model. 
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Figure A47.  Hysteretic energy (area) per half cycle comparison between specimen 8 and 

the representative 1b subgroup model shown against maximum achieved drift level. 

 

Figure A48.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

8. 



A33 
 

 

Figure A49.  Hysteretic overlap comparison between specimen 20 and the representative 2a 

subgroup model. 

 

Figure A50.  Force time history comparison for specimen 20 and the representative 2a 

subgroup model against pseudo-time. 
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Figure A51.  Captured maximum force envelope curve for specimen 20 and the 

representative 2a subgroup model. 

 

Figure A52.  Difference in maximum attained force level when comparing specimen 20 and 

the representative 2a subgroup model. 



A35 
 

 

Figure A53.  Hysteretic energy (area) comparison between specimen 20 and the 

representative 2a subgroup model. 

 

Figure A54.  Percent error difference in hysteretic area for specimen 20 and the 

representative 2a subgroup model. 
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Figure A55.  Hysteretic energy (area) per half cycle comparison between specimen 20 and 

the representative 2a subgroup model shown against maximum achieved drift level. 

 

Figure A56.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

20. 
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Figure A57.  Hysteretic overlap comparison between specimen 21 and the representative 2a 

subgroup model. 

 

Figure A58.  Force time history comparison for specimen 21 and the representative 2a 

subgroup model against pseudo-time. 
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Figure A59.  Captured maximum force envelope curve for specimen 21 and the 

representative 2a subgroup model. 

 

Figure A60.  Difference in maximum attained force level when comparing specimen 21 and 

the representative 2a subgroup model. 
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Figure A61.  Hysteretic energy (area) comparison between specimen 21 and the 

representative 2a subgroup model. 

 

Figure A62.  Percent error difference in hysteretic area for specimen 21 and the 

representative 2a subgroup model. 
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Figure A63.  Hysteretic energy (area) per half cycle comparison between specimen 21 and 

the representative 2a subgroup model shown against maximum achieved drift level. 

 

Figure A64.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

21. 
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Figure A65.  Hysteretic overlap comparison between specimen 22 and the representative 2a 

subgroup model. 

 

Figure A66.  Force time history comparison for specimen 22 and the representative 2a 

subgroup model against pseudo-time. 
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Figure A67.  Captured maximum force envelope curve for specimen 22 and the 

representative 2a subgroup model. 

 

Figure A68.  Difference in maximum attained force level when comparing specimen 22 and 

the representative 2a subgroup model. 
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Figure A69.  Hysteretic energy (area) comparison between specimen 22 and the 

representative 2a subgroup model. 

 

Figure A70.  Percent error difference in hysteretic area for specimen 22 and the 

representative 2a subgroup model. 
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Figure A71.  Hysteretic energy (area) per half cycle comparison between specimen 22 and 

the representative 2a subgroup model shown against maximum achieved drift level. 

 

Figure A72.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

22. 
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Figure A73.  Hysteretic overlap comparison between specimen 23 and the representative 2b 

subgroup model. 

 

Figure A74.  Force time history comparison for specimen 23 and the representative 2b 

subgroup model against pseudo-time. 
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Figure A75.  Captured maximum force envelope curve for specimen 23 and the 

representative 2b subgroup model. 

 

Figure A76.  Difference in maximum attained force level when comparing specimen 23 and 

the representative 2b subgroup model. 
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Figure A77.  Hysteretic energy (area) comparison between specimen 23 and the 

representative 2b subgroup model. 

 

Figure A78.  Percent error difference in hysteretic area for specimen 23 and the 

representative 2b subgroup model. 
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Figure A79.  Hysteretic energy (area) per half cycle comparison between specimen 23 and 

the representative 2b subgroup model shown against maximum achieved drift level. 

 

Figure A80.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

23. 
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Figure A81.  Hysteretic overlap comparison between specimen 24 and the representative 2b 

subgroup model. 

 

Figure A82.  Force time history comparison for specimen 24 and the representative 2b 

subgroup model against pseudo-time. 
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Figure A83.  Captured maximum force envelope curve for specimen 24 and the 

representative 2b subgroup model. 

 

Figure A84.  Difference in maximum attained force level when comparing specimen 24 and 

the representative 2b subgroup model. 
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Figure A85.  Hysteretic energy (area) comparison between specimen 24 and the 

representative 2b subgroup model. 

 

Figure A86.  Percent error difference in hysteretic area for specimen 24 and the 

representative 2b subgroup model. 



A52 
 

 

Figure A87.  Hysteretic energy (area) per half cycle comparison between specimen 24 and 

the representative 2b subgroup model shown against maximum achieved drift level. 

 

Figure A88.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

24. 
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Figure A89.  Hysteretic overlap comparison between specimen 25 and the representative 2b 

subgroup model. 

 

Figure A90.  Force time history comparison for specimen 25 and the representative 2b 

subgroup model against pseudo-time. 
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Figure A91.  Captured maximum force envelope curve for specimen 25 and the 

representative 2b subgroup model. 

 

Figure A92.  Difference in maximum attained force level when comparing specimen 25 and 

the representative 2b subgroup model. 
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Figure A93.  Hysteretic energy (area) comparison between specimen 25 and the 

representative 2b subgroup model. 

 

Figure A94.  Percent error difference in hysteretic area for specimen 25 and the 

representative 2b subgroup model. 
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Figure A95.  Hysteretic energy (area) per half cycle comparison between specimen 25 and 

the representative 2b subgroup model shown against maximum achieved drift level. 

 

Figure A96.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

25. 
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Figure A97.  Hysteretic overlap comparison between specimen 26 and the representative 2b 

subgroup model. 

 

Figure A98.  Force time history comparison for specimen 26 and the representative 2b 

subgroup model against pseudo-time. 
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Figure A99.  Captured maximum force envelope curve for specimen 26 and the 

representative 2b subgroup model. 

 

Figure A100.  Difference in maximum attained force level when comparing specimen 26 

and the representative 2b subgroup model. 
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Figure A101.  Hysteretic energy (area) comparison between specimen 26 and the 

representative 2b subgroup model. 

 

Figure A102.  Percent error difference in hysteretic area for specimen 26 and the 

representative 2b subgroup model. 
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Figure A103.  Hysteretic energy (area) per half cycle comparison between specimen 26 and 

the representative 2b subgroup model shown against maximum achieved drift level. 

 

Figure A104.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

26. 
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Figure A105.  Hysteretic overlap comparison between specimen 27 and the representative 

2b subgroup model. 

 

Figure A106.  Force time history comparison for specimen 27 and the representative 2b 

subgroup model against pseudo-time. 
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Figure A107.  Captured maximum force envelope curve for specimen 27 and the 

representative 2b subgroup model. 

 

Figure A108.  Difference in maximum attained force level when comparing specimen 27 

and the representative 2b subgroup model. 
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Figure A109.  Hysteretic energy (area) comparison between specimen 27 and the 

representative 2b subgroup model. 

 

Figure A110.  Percent error difference in hysteretic area for specimen 27 and the 

representative 2b subgroup model. 
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Figure A111.  Hysteretic energy (area) per half cycle comparison between specimen 27 and 

the representative 2b subgroup model shown against maximum achieved drift level. 

 

Figure A112.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

27. 
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Figure A113.  Hysteretic overlap comparison between specimen 28 and the representative 

2b subgroup model. 

 

Figure A114.  Force time history comparison for specimen 28 and the representative 2b 

subgroup model against pseudo-time. 
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Figure A115.  Captured maximum force envelope curve for specimen 28 and the 

representative 2b subgroup model. 

 

Figure A116.  Difference in maximum attained force level when comparing specimen 28 

and the representative 2b subgroup model. 
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Figure A117.  Hysteretic energy (area) comparison between specimen 28 and the 

representative 2b subgroup model. 

 

Figure A118.  Percent error difference in hysteretic area for specimen 28 and the 

representative 2b subgroup model. 
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Figure A119.  Hysteretic energy (area) per half cycle comparison between specimen 28 and 

the representative 2b subgroup model shown against maximum achieved drift level. 

 

Figure A120.  Difference in hysteretic energy (area) per half cycle comparison for specimen 

28. 
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Figure B1.  Hysteretic overlap comparison between specimen 4 and the mean normalized model. 

 

Figure B2.  Force time history comparison for specimen 4 and the mean normalized model against 

pseudo-time. 
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Figure B3.  Captured maximum force envelope curve for specimen 4 and the mean normalized 

model. 

 

Figure B4.  Difference in maximum attained force level when comparing specimen 4 and the mean 

normalized model. 
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Figure B5.  Hysteretic energy (area) comparison between specimen 4 and the mean normalized 

model. 

 

Figure B6.  Percent error difference in hysteretic area for specimen 4 and the mean normalized 

model. 
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Figure B7.  Hysteretic energy (area) per half cycle comparison between specimen 4 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B8.  Difference in hysteretic energy (area) per half cycle comparison for specimen 4. 
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Figure B9.  Hysteretic overlap comparison between specimen 5 and the mean normalized model. 

 

Figure B10.  Force time history comparison for specimen 5 and the mean normalized model against 

pseudo-time. 
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Figure B11.  Captured maximum force envelope curve for specimen 5 and the mean normalized 

model. 

 

Figure B12.  Difference in maximum attained force level when comparing specimen 5 and the mean 

normalized model. 



B11 
 

 

Figure B13.  Hysteretic energy (area) comparison between specimen 5 and the mean normalized 

model. 

 

Figure B14.  Percent error difference in hysteretic area for specimen 5 and the mean normalized 

model. 
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Figure B15.  Hysteretic energy (area) per half cycle comparison between specimen 5 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B16.  Difference in hysteretic energy (area) per half cycle comparison for specimen 5. 
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Figure B17.  Hysteretic overlap comparison between specimen 8 and the mean normalized model. 

 

Figure B18.  Force time history comparison for specimen 8 and the mean normalized model against 

pseudo-time. 



B14 
 

 

Figure B19.  Captured maximum force envelope curve for specimen 8 and the mean normalized 

model. 

 

Figure B20.  Difference in maximum attained force level when comparing specimen 8 and the mean 

normalized model. 
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Figure B21.  Hysteretic energy (area) comparison between specimen 8 and the mean normalized 

model. 

 

Figure B22.  Percent error difference in hysteretic area for specimen 8 and the mean normalized 

model. 
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Figure B23.  Hysteretic energy (area) per half cycle comparison between specimen 8 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B24.  Difference in hysteretic energy (area) per half cycle comparison for specimen 8. 
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Figure B25.  Hysteretic overlap comparison between specimen 23 and the mean normalized model. 

 

Figure B26.  Force time history comparison for specimen 23 and the mean normalized model 

against pseudo-time. 
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Figure B27.  Captured maximum force envelope curve for specimen 23 and the mean normalized 

model. 

 

Figure B28.  Difference in maximum attained force level when comparing specimen 23 and the 

mean normalized model. 
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Figure B29.  Hysteretic energy (area) comparison between specimen 23 and the mean normalized 

model. 

 

Figure B30.  Percent error difference in hysteretic area for specimen 23 and the mean normalized 

model. 
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Figure B31.  Hysteretic energy (area) per half cycle comparison between specimen 23 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B32.  Difference in hysteretic energy (area) per half cycle comparison for specimen 23. 
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Figure B33.  Hysteretic overlap comparison between specimen 24 and the mean normalized model. 

 

Figure B34.  Force time history comparison for specimen 24 and the mean normalized model 

against pseudo-time. 
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Figure B35.  Captured maximum force envelope curve for specimen 24 and the mean normalized 

model. 

 

Figure B36.  Difference in maximum attained force level when comparing specimen 24 and the 

mean normalized model. 
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Figure B37.  Hysteretic energy (area) comparison between specimen 24 and the mean normalized 

model. 

 

Figure B38.  Percent error difference in hysteretic area for specimen 24 and the mean normalized 

model. 
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Figure B39.  Hysteretic energy (area) per half cycle comparison between specimen 24 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B40.  Difference in hysteretic energy (area) per half cycle comparison for specimen 24. 
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Figure B41.  Hysteretic overlap comparison between specimen 25 and the mean normalized model. 

 

Figure B42.  Force time history comparison for specimen 25 and the mean normalized model 

against pseudo-time. 
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Figure B43.  Captured maximum force envelope curve for specimen 25 and the mean normalized 

model. 

 

Figure B44.  Difference in maximum attained force level when comparing specimen 25 and the 

mean normalized model. 
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Figure B45.  Hysteretic energy (area) comparison between specimen 25 and the mean normalized 

model. 

 

Figure B46.  Percent error difference in hysteretic area for specimen 25 and the mean normalized 

model. 
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Figure B47.  Hysteretic energy (area) per half cycle comparison between specimen 25 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B48.  Difference in hysteretic energy (area) per half cycle comparison for specimen 25. 
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Figure B49.  Hysteretic overlap comparison between specimen 26 and the mean normalized model. 

 

Figure B50.  Force time history comparison for specimen 26 and the mean normalized model 

against pseudo-time. 
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Figure B51.  Captured maximum force envelope curve for specimen 26 and the mean normalized 

model. 

 

Figure B52.  Difference in maximum attained force level when comparing specimen 26 and the 

mean normalized model. 
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Figure B53.  Hysteretic energy (area) comparison between specimen 26 and the mean normalized 

model. 

 

Figure B54.  Percent error difference in hysteretic area for specimen 26 and the mean normalized 

model. 
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Figure B55.  Hysteretic energy (area) per half cycle comparison between specimen 26 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B56.  Difference in hysteretic energy (area) per half cycle comparison for specimen 26. 
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Figure B57.  Hysteretic overlap comparison between specimen 27 and the mean normalized model. 

 

Figure B58.  Force time history comparison for specimen 27 and the mean normalized model 

against pseudo-time. 
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Figure B59.  Captured maximum force envelope curve for specimen 27 and the mean normalized 

model. 

 

Figure B60.  Difference in maximum attained force level when comparing specimen 27 and the 

mean normalized model. 
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Figure B61.  Hysteretic energy (area) comparison between specimen 27 and the mean normalized 

model. 

 

Figure B62.  Percent error difference in hysteretic area for specimen 27 and the mean normalized 

model. 
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Figure B63.  Hysteretic energy (area) per half cycle comparison between specimen 27 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B64.  Difference in hysteretic energy (area) per half cycle comparison for specimen 27. 
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Figure B65.  Hysteretic overlap comparison between specimen 28 and the mean normalized model. 

 

Figure B66.  Force time history comparison for specimen 28 and the mean normalized model 

against pseudo-time. 
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Figure B67.  Captured maximum force envelope curve for specimen 28 and the mean normalized 

model. 

 

Figure B68.  Difference in maximum attained force level when comparing specimen 28 and the 

mean normalized model. 
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Figure B69.  Hysteretic energy (area) comparison between specimen 28 and the mean normalized 

model. 

 

Figure B70.  Percent error difference in hysteretic area for specimen 28 and the mean normalized 

model. 
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Figure B71.  Hysteretic energy (area) per half cycle comparison between specimen 28 and the mean 

normalized model shown against maximum achieved drift level. 

 

Figure B72.  Difference in hysteretic energy (area) per half cycle comparison for specimen 28. 
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Figure C1.  Hysteretic overlap comparison between specimen 4 and the mean plus one standard 

deviation normalized model. 

 

Figure C2.  Force time history comparison for specimen 4 and the mean plus one standard 

deviation normalized model against pseudo-time. 
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Figure C3.  Captured maximum force envelope curve for specimen 4 and the mean plus one 

standard deviation normalized model. 

 

Figure C4.  Difference in maximum attained force level when comparing specimen 4 and the mean 

plus one standard deviation normalized model. 
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Figure C5.  Hysteretic energy (area) comparison between specimen 4 and the mean plus one 

standard deviation normalized model. 

 

Figure C6.  Percent error difference in hysteretic area for specimen 4 and the mean plus one 

standard deviation normalized model. 
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Figure C7.  Hysteretic energy (area) per half cycle comparison between specimen 4 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C8.  Difference in hysteretic energy (area) per half cycle comparison for specimen 4. 
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Figure C9.  Hysteretic overlap comparison between specimen 5 and the mean plus one standard 

deviation normalized model. 

 

Figure C10.  Force time history comparison for specimen 5 and the mean plus one standard 

deviation normalized model against pseudo-time. 
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Figure C11.  Captured maximum force envelope curve for specimen 5 and the mean plus one 

standard deviation normalized model. 

 

Figure C12.  Difference in maximum attained force level when comparing specimen 5 and the mean 

plus one standard deviation normalized model. 
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Figure C13.  Hysteretic energy (area) comparison between specimen 5 and the mean plus one 

standard deviation normalized model. 

 

Figure C14.  Percent error difference in hysteretic area for specimen 5 and the mean plus one 

standard deviation normalized model. 
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Figure C15.  Hysteretic energy (area) per half cycle comparison between specimen 5 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C16.  Difference in hysteretic energy (area) per half cycle comparison for specimen 5. 
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Figure C17.  Hysteretic overlap comparison between specimen 8 and the mean plus one standard 

deviation normalized model. 

 

Figure C18.  Force time history comparison for specimen 8 and the mean plus one standard 

deviation normalized model against pseudo-time. 
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Figure C19.  Captured maximum force envelope curve for specimen 8 and the mean plus one 

standard deviation normalized model. 

 

Figure C20.  Difference in maximum attained force level when comparing specimen 8 and the mean 

plus one standard deviation normalized model. 
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Figure C21.  Hysteretic energy (area) comparison between specimen 8 and the mean plus one 

standard deviation normalized model. 

 

Figure C22.  Percent error difference in hysteretic area for specimen 8 and the mean plus one 

standard deviation normalized model. 
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Figure C23.  Hysteretic energy (area) per half cycle comparison between specimen 8 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C24.  Difference in hysteretic energy (area) per half cycle comparison for specimen 8. 
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Figure C25.  Hysteretic overlap comparison between specimen 23 and the mean plus one standard 

deviation normalized model. 

 

Figure C26.  Force time history comparison for specimen 23 and the mean plus one standard 

deviation normalized model against pseudo-time. 
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Figure C27.  Captured maximum force envelope curve for specimen 23 and the mean plus one 

standard deviation normalized model. 

 

Figure C28.  Difference in maximum attained force level when comparing specimen 23 and the 

mean plus one standard deviation normalized model. 
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Figure C29.  Hysteretic energy (area) comparison between specimen 23 and the mean plus one 

standard deviation normalized model. 

 

Figure C30.  Percent error difference in hysteretic area for specimen 23 and the mean plus one 

standard deviation normalized model. 
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Figure C31.  Hysteretic energy (area) per half cycle comparison between specimen 23 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C32.  Difference in hysteretic energy (area) per half cycle comparison for specimen 23. 
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Figure C33.  Hysteretic overlap comparison between specimen 24 and the mean plus one standard 

deviation normalized model. 

 

Figure C34.  Force time history comparison for specimen 24 and the mean plus one standard 

deviation normalized model against pseudo-time. 
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Figure C35.  Captured maximum force envelope curve for specimen 24 and the mean plus one 

standard deviation normalized model. 

 

Figure C36.  Difference in maximum attained force level when comparing specimen 24 and the 

mean plus one standard deviation normalized model. 
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Figure C37.  Hysteretic energy (area) comparison between specimen 24 and the mean plus one 

standard deviation normalized model. 

 

Figure C38.  Percent error difference in hysteretic area for specimen 24 and the mean plus one 

standard deviation normalized model. 
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Figure C39.  Hysteretic energy (area) per half cycle comparison between specimen 24 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C40.  Difference in hysteretic energy (area) per half cycle comparison for specimen 24. 



C26 
 

 

Figure C41.  Hysteretic overlap comparison between specimen 25 and the mean plus one standard 

deviation normalized model. 

 

Figure C42.  Force time history comparison for specimen 25 and the mean plus one standard 

deviation normalized model against pseudo-time. 
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Figure C43.  Captured maximum force envelope curve for specimen 25 and the mean plus one 

standard deviation normalized model. 

 

Figure C44.  Difference in maximum attained force level when comparing specimen 25 and the 

mean plus one standard deviation normalized model. 
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Figure C45.  Hysteretic energy (area) comparison between specimen 25 and the mean plus one 

standard deviation normalized model. 

 

Figure C46.  Percent error difference in hysteretic area for specimen 25 and the mean plus one 

standard deviation normalized model. 
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Figure C47.  Hysteretic energy (area) per half cycle comparison between specimen 25 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C48.  Difference in hysteretic energy (area) per half cycle comparison for specimen 25. 
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Figure C49.  Hysteretic overlap comparison between specimen 26 and the mean plus one standard 

deviation normalized model. 

 

Figure C50.  Force time history comparison for specimen 26 and the mean plus one standard 

deviation normalized model against pseudo-time. 



C31 
 

 

Figure C51.  Captured maximum force envelope curve for specimen 26 and the mean plus one 

standard deviation normalized model. 

 

Figure C52.  Difference in maximum attained force level when comparing specimen 26 and the 

mean plus one standard deviation normalized model. 
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Figure C53.  Hysteretic energy (area) comparison between specimen 26 and the mean plus one 

standard deviation normalized model. 

 

Figure C54.  Percent error difference in hysteretic area for specimen 26 and the mean plus one 

standard deviation normalized model. 
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Figure C55.  Hysteretic energy (area) per half cycle comparison between specimen 26 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C56.  Difference in hysteretic energy (area) per half cycle comparison for specimen 26. 
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Figure C57.  Hysteretic overlap comparison between specimen 27 and the mean plus one standard 

deviation normalized model. 

 

Figure C58.  Force time history comparison for specimen 27 and the mean plus one standard 

deviation normalized model against pseudo-time. 
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Figure C59.  Captured maximum force envelope curve for specimen 27 and the mean plus one 

standard deviation normalized model. 

 

Figure C60.  Difference in maximum attained force level when comparing specimen 27 and the 

mean plus one standard deviation normalized model. 
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Figure C61.  Hysteretic energy (area) comparison between specimen 27 and the mean plus one 

standard deviation normalized model. 

 

Figure C62.  Percent error difference in hysteretic area for specimen 27 and the mean plus one 

standard deviation normalized model. 
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Figure C63.  Hysteretic energy (area) per half cycle comparison between specimen 27 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C64.  Difference in hysteretic energy (area) per half cycle comparison for specimen 27. 
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Figure C65.  Hysteretic overlap comparison between specimen 28 and the mean plus one standard 

deviation normalized model. 

 

Figure C66.  Force time history comparison for specimen 28 and the mean plus one standard 

deviation normalized model against pseudo-time. 
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Figure C67.  Captured maximum force envelope curve for specimen 28 and the mean plus one 

standard deviation normalized model. 

 

Figure C68.  Difference in maximum attained force level when comparing specimen 28 and the 

mean plus one standard deviation normalized model. 
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Figure C69.  Hysteretic energy (area) comparison between specimen 28 and the mean plus one 

standard deviation normalized model. 

 

Figure C70.  Percent error difference in hysteretic area for specimen 28 and the mean plus one 

standard deviation normalized model. 



C41 
 

 

Figure C71.  Hysteretic energy (area) per half cycle comparison between specimen 28 and the mean 

plus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure C72.  Difference in hysteretic energy (area) per half cycle comparison for specimen 28. 
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APPENDIX E 

PARTITION WALL PROCEDURE FOR IMPLEMENTATION INTO 

OPENSEES 

 

PROCEDURE PWALL.TCL 

proc pwall { eleTag iNode jNode IDPW PWType lenwall recorderFlag dir} { 

# ################################################################################## 

# Partition wall implementation scheme and procedure designed for use into OpenSees 

# Reference http://opensees.berkeley.edu 

# Units are prescibed as kips and inches exclusively throughout this procedure 

#  

# Developed by: Richard L. Wood, University of California, San Diego 

# Latest revision:  July 19 2011  

# 

# First script pwall.tcl is the initial procedure file for the beginning of the partition wall implementation 

# Second script pwall_parameters.tcl is file containing all the calibrated parameters which should not be 

changed 

# 

# Explanation of General Procedure Parameters: 

# eleTag - unique element object tag for created partition wall element 

#   Note: created internal partitions node will take the form as "eleTag+1" or "eleTag+2"  

#  (i.e. eleTag=1000 creates nodes 10001 and 10002 where 1 is lower-story and 2 upper-

story) 

# iNode - created upper-story node of partition wall 

# jNode - created lower-story node of partition wall 

# recorderFlag - toggle for partition wall element-by-element output (1 = on) 

# dir - string input referring to created directory folder for recorder output 

# 

# Explanation of Partition Wall Specific Parameters: 

# IDPW – partition wall identifier signifying statistical value represented 

#  IDPW = -1 refers to average minus standard deviation force-displacement response 

#  IDPW = 0 refers to average force-displacement response 

#  IDPW = 1 refers to average plus standard deviation force-displacement response 

# PWType – partition wall type construction grade 

#  PWType = 0 is classified as commercial grade construction (18 guage placed 24 inches on center) 
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#  PWType = 1 is classified as institutional grade construction (30 guage placed 16 inches on center) 

# lenwall – partition wall length (feet) 

# 

# Advanced User Input: 

# PWType– partition wall type identifying subgroup models.  Note that the wall scaling for the 

#    subgroup models is completely based on linear length where the original length of  

#    the wall (experimentally tested) is 11.5 feet excluding return walls 

#  PWType = 11 is classified as subgroup 1a (commercial, partially connected) 

#  PWType = 12 is classified as subgroup 1b (commercial, fully connected) 

#  PWType = 13 is classified as subgroup 2a (institutional, partially connected) 

#  PWType = 14 is classified as subgroup 2b (institutional, fully connected) 

 

# Example Input: 

# The average response of a 43.0 ft long instittuional partition wall spanning between nodes 2 and 5 

# set dir FolderName 

# pwall 1000 5 2 0 1 43.0 1 $dir; 

# ################################################################################## 

# End User Document --------------------------------------------------------------- 

 

source proc/RUNpwall.tcl 

}  

# End PWall Procedure 
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RUNPWALL.TCL 

# ################################################################################## 

# Developed by: Richard L. Wood, University of California, San Diego 

# Latest revision:  July 19 2011  

# Use in conjunction with pwall.tcl 

# Reference pwall.tcl for details and explanations 

# ################################################################################## 

 

# Calibrated partition wall parameters are identifed here. Warning changing of parameters is not 

recommended. 

 

# Create Internal Partition Wall Nodes 

set Xpw [nodeCoord $iNode 1]; # location of the created partition wall node in x 

set Ypw [expr [expr [nodeCoord $iNode 2] + [nodeCoord $jNode 2]] * 0.5]; # location of the created 

partition wall node in y 

set NodeB [expr $eleTag*10 + 1]; # created partition wall node for the bottom floor 

set NodeT [expr $eleTag*10 + 2]; # created partition wall node for the top floor 

node $NodeB $Xpw $Ypw; # lower-story node (NodeB)  

node $NodeT $Xpw $Ypw; # upper-story node (NodeT) 

 

# #################### Determination of scaling factors: ################################## 

# Commercial grade (18 guage/0.0188 in), 24" o.c. (2.0 ft) 

if {$PWType == 0} { set corr_wl [expr [expr [expr ceil([expr $lenwall/2]) + 1] * 0.0188]] 

puts "total thickness of partition wall studs is:" 

} 

# Institutional grade (30 guage/0.0312 in), 16" o.c. (1.3333 ft) 

if {$PWType == 1} {set corr_wl [expr [expr [expr ceil([expr $lenwall/1.3333]) + 1] *0.0312]] 

puts "total thickness of partition wall studs is:" 

} 

# Use of subgroup models, only considering length of wall 

if {$PWType == 10} { 

set originalwall 11.5;  # wall length in lateral direction(ft) 

set corr_wl [expr ($lenwall/$originalwall)]; 

puts "correction factor for wall length is:" 

} 

puts $corr_wl 
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# ######################## Normalized Models: 

############################################### 

# Typical variable explanation 

# pForce - positive force values for each respective model (in kips) 

# nForce - negative force values for each respective model (in kips) 

# pDisp  - positive displacement values for each respective model (in kips) 

# nDisp  - negative displacement values for each respective model (in kips) 

# rD     - displacement unloading and reloading parameters for each of the elements used in the parallel 

formulation 

# rF     - force unloading and reloading parameters for each of the elements used in the parallel 

formulation 

# IDPW   - statistical variation flag for modeling type where [-1,0,1] refer to minus one, zero and plus one 

standard deviations 

#   when the default value here is 0 

if {$IDPW == -1} { 

set pForce [list [expr $corr_wl*10.82] [expr $corr_wl*21.07] [expr $corr_wl*8.22] [expr 

$corr_wl*21.07] [expr $corr_wl*21.07]]; 

set nForce [list [expr $corr_wl*-10.82] [expr $corr_wl*-21.07] [expr $corr_wl*-8.22] [expr $corr_wl*-

21.07] [expr $corr_wl*-21.07]]; 

set pDisp [list 0.221 0.545 2.291 7.258 200.0]; 

set nDisp [list -0.221 -0.545 -2.291 -7.258 -200.0]; 

set rD [list 1.10 0.99 0.60 1.00 1.0]; 

set rF [list -0.03 0.01 0.55 0.00 0.00]; 

} 

if {$IDPW == 0} { 

set pForce [list [expr $corr_wl*13.95] [expr $corr_wl*24.28] [expr $corr_wl*16.04] [expr 

$corr_wl*24.28] [expr $corr_wl*24.28]]; 

set nForce [list [expr $corr_wl*-13.95] [expr $corr_wl*-24.28] [expr $corr_wl*-16.04] [expr $corr_wl*-

24.28] [expr $corr_wl*-24.28]]; 

set pDisp [list 0.225 0.637 1.945 4.1 200.0]; 

set nDisp [list -0.225 -0.637 -1.945 -4.1 -200.0]; 

set rD [list 0.40 0.95 0.62 0.97 0.97]; 

set rF [list 0.15 0.01 0.13 0.03 0.03]; 

} 

if {$IDPW == 1} { 

set pForce [list [expr $corr_wl*15.92] [expr $corr_wl*26.43] [expr $corr_wl*23.61] [expr 

$corr_wl*26.43] [expr $corr_wl*26.43]]; 

set nForce [list [expr $corr_wl*-15.92] [expr $corr_wl*-26.43] [expr $corr_wl*-23.61] [expr $corr_wl*-

26.43] [expr $corr_wl*-26.43]]; 
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set pDisp [list 0.212 0.622 1.734 2.338 200.0]; 

set nDisp [list -0.212 -0.622 -1.734 -2.338 -200.0]; 

set rD [list 0.40 0.91 0.89 0.93 0.93]; 

set rF [list 0.15 0.03 0.11 0.07 0.07]; 

} 

# ##################### Subgroup Models (Advanced Input Options: 

###################################### 

# Use of these models is qualified when interest directs the assessment of a particular type of wall and 

connection 

# PWType – partition wall type identifying subgroup models.  Note that the wall scaling for the 

#    subgroup models is completely based on linear length with the original length of  

#    the wall (experimentally tested) is 11.5 feet excluding return walls 

#  PWType = 11 is classified as subgroup 1a (commercial, partially connected) 

#  PWType = 12 is classified as subgroup 1b (commercial, fully connected) 

#  PWType = 13 is classified as subgroup 2a (institutional, partially connected) 

#  PWType = 14 is classified as subgroup 2b (institutional, fully connected) 

if {$IDPW == 11} { 

set pForce [list [expr $corr_wl*1.27] [expr $corr_wl*1.68] [expr $corr_wl*1.538] [expr $corr_wl*6.65] 

[expr $corr_wl*6.65]]; 

set pDisp [list 0.204 1.196 1.695  4.0 200.0]; 

set nForce [list [expr $corr_wl*-1.328] [expr $corr_wl*-1.777] [expr $corr_wl*-2.218] [expr $corr_wl*-

5.06] [expr $corr_wl*-5.06]]; 

set nDisp [list -0.214 -0.549 -1.572 -4.0 -200.0]; 

set rD [list 0.1 0.7 0.9 0.93 0.93]; 

set rF [list 0.7 0.1 0.15 0.08 0.08]; 

} 

if {$IDPW == 12} { 

set pForce [list [expr $corr_wl*1.79] [expr $corr_wl*2.645] [expr $corr_wl*2.008]  [expr $corr_wl*6.62] 

[expr $corr_wl*6.62]]; 

set pDisp [list 0.237 0.599 1.098   4.0 200.0]; 

set nForce [list [expr $corr_wl*-1.666] [expr $corr_wl*-2.81] [expr $corr_wl*-2.756] [expr $corr_wl*-

3.08] [expr $corr_wl*-3.08]]; 

set nDisp [list -0.216 -0.555 -1.451  -4.0 -200]; 

set rD [list 0.30 0.92 0.86 0.90 0.90]; 

set rF [list 0.55 0.06 0.09 0.08 0.08]; 

} 

if {$IDPW == 13} { 
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set pForce [list [expr $corr_wl*1.81] [expr $corr_wl* 2.55] [expr $corr_wl*1.84]  [expr $corr_wl*2.55] 

[expr $corr_wl*2.55]]; 

set pDisp [list 0.40 1.10 2.37 6.821 200.0]; 

set nForce [list [expr $corr_wl*-2.06] [expr $corr_wl*-2.90] [expr $corr_wl*-2.22] [expr $corr_wl*-2.90] 

[expr $corr_wl*-2.90]]; 

set nDisp [list -0.3559 -0.93 -1.984 -6.711 -200.0]; 

set rD [list 0.40 0.85 0.80 0.99 0.99]; 

set rF [list 0.18 0.18 0.20 0.20 0.20]; 

} 

if {$IDPW == 14} { 

set pForce [list [expr $corr_wl*5.807] [expr $corr_wl*6.912] [expr $corr_wl*4.080] [expr 

$corr_wl*6.6912] [expr $corr_wl*6.6912]]; 

set pDisp [list 0.412 0.694 2.676 6.912 200.0]; 

set nForce [list [expr $corr_wl*-5.265] [expr $corr_wl*-6.900] [expr $corr_wl*-4.389] [expr $corr_wl*-

6.900] [expr $corr_wl*-6.900]]; 

set nDisp [list -0.336 -0.65 -2.433 -5.126 -200.0]; 

set rD [list 0.40 0.90 0.55 0.99 0.99]; 

set rF [list 0.15 0.01 0.15 0.01 0.01]; 

} 

# ############################ General Terms 

####################################################### 

# Now setting up the Sub-materials for a 5 piece material combination: 

# eps and neps essentially zero terms used in the parallel formulation and combination 

# uForce, gammaD, gammaF, gammaE, damage - additional unloading and reloading behavior term not 

varied through parallel combination (reference pinchig4 documentation) 

# gammaK - unloading stiffness set to be stiff based on the initial formulation 

set eps 0.00000001;  

set neps -0.00000001; 

set uForce [list -0.01 -0.01]  

set gammaD [list 0.0 0.0 0.0 0.0 0.0] 

set gammaF [list 0.0 0.0 0.0 0.0 0.0] 

set gammaE 100.0; 

set gammaK [list -10000.0 -10000.0 -10000.0 -10000.0 -100000.0 ] 

set damage "cycle"; 

# ############################ SubMaterial 1 

####################################################### 

# Creating each of the submaterials to be used in the parallel formulation 

# refernce pinching4 script for complete details on its use 
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set matID1 [expr $eleTag*100 + 1]; 

set pEnvelopeStress [list [expr [lindex $pForce 0]] $eps $eps $eps $eps] 

set nEnvelopeStress [list [expr [lindex $nForce 0]] $neps $neps $neps $neps] 

set rDisp [list [expr [lindex $rD 0]] [expr [lindex $rD 0]]] 

set rForce [list [expr [lindex $rF 0]] [expr [lindex $rF 0]]] 

uniaxialMaterial Pinching4 $matID1 [lindex $pEnvelopeStress 0] [lindex $pDisp 0] [lindex 

$pEnvelopeStress 1] [lindex $pDisp 1] [lindex $pEnvelopeStress 2] [lindex $pDisp 2] [lindex 

$pEnvelopeStress 3] [lindex $pDisp 3] [lindex $nEnvelopeStress 0] [lindex $nDisp 0] [lindex 

$nEnvelopeStress 1] [lindex $nDisp 1] [lindex $nEnvelopeStress 2] [lindex $nDisp 2] [lindex 

$nEnvelopeStress 3] [lindex $nDisp 3] [lindex $rDisp 0] [lindex $rForce 0] [lindex $uForce 0] [lindex 

$rDisp 1] [lindex $rForce 1] [lindex $uForce 1] [lindex $gammaK 0] [lindex $gammaK 1] [lindex 

$gammaK 2] [lindex $gammaK 3] [lindex $gammaK 4] [lindex $gammaD 0] [lindex $gammaD 1] 

[lindex $gammaD 2] [lindex $gammaD 3] [lindex $gammaD 4] [lindex $gammaF 0] [lindex $gammaF 1] 

[lindex $gammaF 2] [lindex $gammaF 3] [lindex $gammaF 4] $gammaE $damage 

# ############################ SubMaterial 2 

####################################################### 

set matID2 [expr $eleTag*100 + 2]; 

set pEnvelopeStress [list $eps [expr [lindex $pForce 1]] $eps $eps $eps] 

set nEnvelopeStress [list $neps [expr [lindex $nForce 1]] $neps $neps $neps] 

set rDisp [list [expr [lindex $rD 1]] [expr [lindex $rD 1]]] 

set rForce [list [expr [lindex $rF 1]] [expr [lindex $rF 1]]] 

uniaxialMaterial Pinching4 $matID2 [lindex $pEnvelopeStress 0] [lindex $pDisp 0] [lindex 

$pEnvelopeStress 1] [lindex $pDisp 1] [lindex $pEnvelopeStress 2] [lindex $pDisp 2] [lindex 

$pEnvelopeStress 3] [lindex $pDisp 3] [lindex $nEnvelopeStress 0] [lindex $nDisp 0] [lindex 

$nEnvelopeStress 1] [lindex $nDisp 1] [lindex $nEnvelopeStress 2] [lindex $nDisp 2] [lindex 

$nEnvelopeStress 3] [lindex $nDisp 3] [lindex $rDisp 0] [lindex $rForce 0] [lindex $uForce 0] [lindex 

$rDisp 1] [lindex $rForce 1] [lindex $uForce 1] [lindex $gammaK 0] [lindex $gammaK 1] [lindex 

$gammaK 2] [lindex $gammaK 3] [lindex $gammaK 4] [lindex $gammaD 0] [lindex $gammaD 1] 

[lindex $gammaD 2] [lindex $gammaD 3] [lindex $gammaD 4] [lindex $gammaF 0] [lindex $gammaF 1] 

[lindex $gammaF 2] [lindex $gammaF 3] [lindex $gammaF 4] $gammaE $damage 

# ############################ SubMaterial 3 

####################################################### 

set matID3 [expr $eleTag*100 + 3]; 

set pEnvelopeStress [list $eps $eps [expr [lindex $pForce 2]] $eps $eps] 

set nEnvelopeStress [list $neps $neps [expr [lindex $nForce 2]] $neps $neps] 

set rDisp [list [expr [lindex $rD 2]] [expr [lindex $rD 2]]] 

set rForce [list [expr [lindex $rF 2]] [expr [lindex $rF 2]]] 

uniaxialMaterial Pinching4 $matID3 [lindex $pEnvelopeStress 0] [lindex $pDisp 0] [lindex 

$pEnvelopeStress 1] [lindex $pDisp 1] [lindex $pEnvelopeStress 2] [lindex $pDisp 2] [lindex 

$pEnvelopeStress 3] [lindex $pDisp 3] [lindex $nEnvelopeStress 0] [lindex $nDisp 0] [lindex 

$nEnvelopeStress 1] [lindex $nDisp 1] [lindex $nEnvelopeStress 2] [lindex $nDisp 2] [lindex 

$nEnvelopeStress 3] [lindex $nDisp 3] [lindex $rDisp 0] [lindex $rForce 0] [lindex $uForce 0] [lindex 

$rDisp 1] [lindex $rForce 1] [lindex $uForce 1] [lindex $gammaK 0] [lindex $gammaK 1] [lindex 
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$gammaK 2] [lindex $gammaK 3] [lindex $gammaK 4] [lindex $gammaD 0] [lindex $gammaD 1] 

[lindex $gammaD 2] [lindex $gammaD 3] [lindex $gammaD 4] [lindex $gammaF 0] [lindex $gammaF 1] 

[lindex $gammaF 2] [lindex $gammaF 3] [lindex $gammaF 4] $gammaE $damage 

# ############################ SubMaterial 4 

####################################################### 

set matID4 [expr $eleTag*100 + 4]; 

set pEnvelopeStress [list $eps $eps $eps [expr [lindex $pForce 3]] $eps] 

set nEnvelopeStress [list $neps $neps $neps [expr [lindex $nForce 3]] $neps] 

set rDisp [list [expr [lindex $rD 3]] [expr [lindex $rD 3]]] 

set rForce [list [expr [lindex $rF 3]] [expr [lindex $rF 3]]] 

uniaxialMaterial Pinching4 $matID4 [lindex $pEnvelopeStress 0] [lindex $pDisp 0] [lindex 

$pEnvelopeStress 1] [lindex $pDisp 1] [lindex $pEnvelopeStress 2] [lindex $pDisp 2] [lindex 

$pEnvelopeStress 3] [lindex $pDisp 3] [lindex $nEnvelopeStress 0] [lindex $nDisp 0] [lindex 

$nEnvelopeStress 1] [lindex $nDisp 1] [lindex $nEnvelopeStress 2] [lindex $nDisp 2] [lindex 

$nEnvelopeStress 3] [lindex $nDisp 3] [lindex $rDisp 0] [lindex $rForce 0] [lindex $uForce 0] [lindex 

$rDisp 1] [lindex $rForce 1] [lindex $uForce 1] [lindex $gammaK 0] [lindex $gammaK 1] [lindex 

$gammaK 2] [lindex $gammaK 3] [lindex $gammaK 4] [lindex $gammaD 0] [lindex $gammaD 1] 

[lindex $gammaD 2] [lindex $gammaD 3] [lindex $gammaD 4] [lindex $gammaF 0] [lindex $gammaF 1] 

[lindex $gammaF 2] [lindex $gammaF 3] [lindex $gammaF 4] $gammaE $damage 

# ############################ SubMaterial 5 

####################################################### 

set matID5 [expr $eleTag*100 + 5]; 

set pEnvelopeStress [list $eps $eps $eps $eps [expr [lindex $pForce 4]]] 

set nEnvelopeStress [list $neps $neps $neps $neps [expr [lindex $nForce 4]] ] 

set rDisp [list [expr [lindex $rD 4]] [expr [lindex $rD 4]]] 

set rForce [list [expr [lindex $rF 4]] [expr [lindex $rF 4]]] 

uniaxialMaterial Pinching4 $matID5 [lindex $pEnvelopeStress 0] [lindex $pDisp 0] [lindex 

$pEnvelopeStress 1] [lindex $pDisp 1] [lindex $pEnvelopeStress 2] [lindex $pDisp 2] [lindex 

$pEnvelopeStress 3] [lindex $pDisp 3] [lindex $nEnvelopeStress 0] [lindex $nDisp 0] [lindex 

$nEnvelopeStress 1] [lindex $nDisp 1] [lindex $nEnvelopeStress 2] [lindex $nDisp 2] [lindex 

$nEnvelopeStress 3] [lindex $nDisp 3] [lindex $rDisp 0] [lindex $rForce 0] [lindex $uForce 0] [lindex 

$rDisp 1] [lindex $rForce 1] [lindex $uForce 1] [lindex $gammaK 0] [lindex $gammaK 1] [lindex 

$gammaK 2] [lindex $gammaK 3] [lindex $gammaK 4] [lindex $gammaD 0] [lindex $gammaD 1] 

[lindex $gammaD 2] [lindex $gammaD 3] [lindex $gammaD 4] [lindex $gammaF 0] [lindex $gammaF 1] 

[lindex $gammaF 2] [lindex $gammaF 3] [lindex $gammaF 4] $gammaE $damage 

 

# ############################ Lumped Material 

####################################################### 

# creation of the target partition wall material using the uniaxial parallel command 

set matID [expr $eleTag*100 + 11];; # material identification assigned to the developed partition wall 

material, used internally herein 

uniaxialMaterial Parallel $matID $matID1 $matID2 $matID3 $matID4 $matID5 
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# ###################### Partition Wall Implementation 

############################################# 

# establishment of the slaved partition wall nodes and placement of the partition wall material as a 

zerolength element in the x-direction 

equalDOF $iNode $NodeT 1 2 3;   # slaving the top beam node to the top internal partition wall node 

equalDOF $jNode $NodeB 1 2 3;   # slaving the bottom beam node to the bottom internal partition wall 

node 

element zeroLength $eleTag $NodeB $NodeT -mat $matID -dir 1 ;  # placement of the partition wall 

element in the x-direction (direction 1) 

 

# ############################ Recorder Output 

###################################################### 

# if the recorderFLag is 1, seperate folders named by partition wall element number are created to output 

the acceleartion, displacement and force resposne 

if {$recorderFlag == 1} { 

file mkdir $dir/$eleTag 

recorder Node -file $dir/$eleTag/pw_acc.txt -time -node $NodeB $NodeT -dof 1 accel; # record 

acceleration values in the x-direction (lateral) (in/s^2) 

recorder Node -file $dir/$eleTag/pw_disp.txt -time -node $NodeB $NodeT -dof 1 disp; # record 

displacement values in the x-direction (inches) 

recorder Element -file $dir/$eleTag/partion_forces.txt -time -ele $eleTag force; # record internal partition 

wall developed (kip) 

} 
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Figure D1.  Hysteretic overlap comparison between specimen 4 and the mean minus one standard 

deviation normalized model. 

 

Figure D2.  Force time history comparison for specimen 4 and the mean minus one standard 

deviation normalized model against pseudo-time. 
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Figure D3.  Captured maximum force envelope curve for specimen 4 and the mean minus one 

standard deviation normalized model. 

 

Figure D4.  Difference in maximum attained force level when comparing specimen 4 and the mean 

minus one standard deviation normalized model. 
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Figure D5.  Hysteretic energy (area) comparison between specimen 4 and the mean minus one 

standard deviation normalized model. 

 

Figure D6.  Percent error difference in hysteretic area for specimen 4 and the mean minus one 

standard deviation normalized model. 
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Figure D7.  Hysteretic energy (area) per half cycle comparison between specimen 4 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D8.  Difference in hysteretic energy (area) per half cycle comparison for specimen 4. 
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Figure D9.  Hysteretic overlap comparison between specimen 5 and the mean minus one standard 

deviation normalized model. 

 

Figure D10.  Force time history comparison for specimen 5 and the mean minus one standard 

deviation normalized model against pseudo-time. 
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Figure D11.  Captured maximum force envelope curve for specimen 5 and the mean minus one 

standard deviation normalized model. 

 

Figure D12.  Difference in maximum attained force level when comparing specimen 5 and the mean 

minus one standard deviation normalized model. 
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Figure D13.  Hysteretic energy (area) comparison between specimen 5 and the mean minus one 

standard deviation normalized model. 

 

Figure D14.  Percent error difference in hysteretic area for specimen 5 and the mean minus one 

standard deviation normalized model. 
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Figure D15.  Hysteretic energy (area) per half cycle comparison between specimen 5 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D16.  Difference in hysteretic energy (area) per half cycle comparison for specimen 5. 
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Figure D17.  Hysteretic overlap comparison between specimen 8 and the mean minus one standard 

deviation normalized model. 

 

Figure D18.  Force time history comparison for specimen 8 and the mean minus one standard 

deviation normalized model against pseudo-time. 
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Figure D19.  Captured maximum force envelope curve for specimen 8 and the mean minus one 

standard deviation normalized model. 

 

Figure D20.  Difference in maximum attained force level when comparing specimen 8 and the mean 

minus one standard deviation normalized model. 
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Figure D21.  Hysteretic energy (area) comparison between specimen 8 and the mean minus one 

standard deviation normalized model. 

 

Figure D22.  Percent error difference in hysteretic area for specimen 8 and the mean minus one 

standard deviation normalized model. 
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Figure D23.  Hysteretic energy (area) per half cycle comparison between specimen 8 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D24.  Difference in hysteretic energy (area) per half cycle comparison for specimen 8. 
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Figure D25.  Hysteretic overlap comparison between specimen 23 and the mean minus one 

standard deviation normalized model. 

 

Figure D26.  Force time history comparison for specimen 23 and the mean minus one standard 

deviation normalized model against pseudo-time. 



D19 
 

 

Figure D27.  Captured maximum force envelope curve for specimen 23 and the mean minus one 

standard deviation normalized model. 

 

Figure D28.  Difference in maximum attained force level when comparing specimen 23 and the 

mean minus one standard deviation normalized model. 
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Figure D29.  Hysteretic energy (area) comparison between specimen 23 and the mean minus one 

standard deviation normalized model. 

 

Figure D30.  Percent error difference in hysteretic area for specimen 23 and the mean minus one 

standard deviation normalized model. 
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Figure D31.  Hysteretic energy (area) per half cycle comparison between specimen 23 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D32.  Difference in hysteretic energy (area) per half cycle comparison for specimen 23. 
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Figure D33.  Hysteretic overlap comparison between specimen 24 and the mean minus one 

standard deviation normalized model. 

 

Figure D34.  Force time history comparison for specimen 24 and the mean minus one standard 

deviation normalized model against pseudo-time. 



D23 
 

 

Figure D35.  Captured maximum force envelope curve for specimen 24 and the mean minus one 

standard deviation normalized model. 

 

Figure D36.  Difference in maximum attained force level when comparing specimen 24 and the 

mean minus one standard deviation normalized model. 
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Figure D37.  Hysteretic energy (area) comparison between specimen 24 and the mean minus one 

standard deviation normalized model. 

 

Figure D38.  Percent error difference in hysteretic area for specimen 24 and the mean minus one 

standard deviation normalized model. 
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Figure D39.  Hysteretic energy (area) per half cycle comparison between specimen 24 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D40.  Difference in hysteretic energy (area) per half cycle comparison for specimen 24. 
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Figure D41.  Hysteretic overlap comparison between specimen 25 and the mean minus one 

standard deviation normalized model. 

 

Figure D42.  Force time history comparison for specimen 25 and the mean minus one standard 

deviation normalized model against pseudo-time. 
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Figure D43.  Captured maximum force envelope curve for specimen 25 and the mean minus one 

standard deviation normalized model. 

 

Figure D44.  Difference in maximum attained force level when comparing specimen 25 and the 

mean minus one standard deviation normalized model. 
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Figure D45.  Hysteretic energy (area) comparison between specimen 25 and the mean minus one 

standard deviation normalized model. 

 

Figure D46.  Percent error difference in hysteretic area for specimen 25 and the mean minus one 

standard deviation normalized model. 
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Figure D47.  Hysteretic energy (area) per half cycle comparison between specimen 25 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D48.  Difference in hysteretic energy (area) per half cycle comparison for specimen 25. 
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Figure D49.  Hysteretic overlap comparison between specimen 26 and the mean minus one 

standard deviation normalized model. 

 

Figure D50.  Force time history comparison for specimen 26 and the mean minus one standard 

deviation normalized model against pseudo-time. 
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Figure D51.  Captured maximum force envelope curve for specimen 26 and the mean minus one 

standard deviation normalized model. 

 

Figure D52.  Difference in maximum attained force level when comparing specimen 26 and the 

mean minus one standard deviation normalized model. 
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Figure D53.  Hysteretic energy (area) comparison between specimen 26 and the mean minus one 

standard deviation normalized model. 

 

Figure D54.  Percent error difference in hysteretic area for specimen 26 and the mean minus one 

standard deviation normalized model. 
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Figure D55.  Hysteretic energy (area) per half cycle comparison between specimen 26 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D56.  Difference in hysteretic energy (area) per half cycle comparison for specimen 26. 
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Figure D57.  Hysteretic overlap comparison between specimen 27 and the mean minus one 

standard deviation normalized model. 

 

Figure D58.  Force time history comparison for specimen 27 and the mean minus one standard 

deviation normalized model against pseudo-time. 



D35 
 

 

Figure D59.  Captured maximum force envelope curve for specimen 27 and the mean minus one 

standard deviation normalized model. 

 

Figure D60.  Difference in maximum attained force level when comparing specimen 27 and the 

mean minus one standard deviation normalized model. 
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Figure D61.  Hysteretic energy (area) comparison between specimen 27 and the mean minus one 

standard deviation normalized model. 

 

Figure D62.  Percent error difference in hysteretic area for specimen 27 and the mean minus one 

standard deviation normalized model. 
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Figure D63.  Hysteretic energy (area) per half cycle comparison between specimen 27 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D64.  Difference in hysteretic energy (area) per half cycle comparison for specimen 27. 
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Figure D65.  Hysteretic overlap comparison between specimen 28 and the mean minus one 

standard deviation normalized model. 

 

Figure D66.  Force time history comparison for specimen 28 and the mean minus one standard 

deviation normalized model against pseudo-time. 
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Figure D67.  Captured maximum force envelope curve for specimen 28 and the mean minus one 

standard deviation normalized model. 

 

Figure D68.  Difference in maximum attained force level when comparing specimen 28 and the 

mean minus one standard deviation normalized model. 
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Figure D69.  Hysteretic energy (area) comparison between specimen 28 and the mean minus one 

standard deviation normalized model. 

 

Figure D70.  Percent error difference in hysteretic area for specimen 28 and the mean minus one 

standard deviation normalized model. 
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Figure D71.  Hysteretic energy (area) per half cycle comparison between specimen 28 and the mean 

minus one standard deviation normalized model shown against maximum achieved drift level. 

 

Figure D72.  Difference in hysteretic energy (area) per half cycle comparison for specimen 28. 

 



 

  


	MCEER 12-0007 [Unlocked by www.freemypdf.com]
	SECTION 1  INTRODUCTION
	1.1 Motivation
	1.2 NEES Nonstructural Overview
	1.3 Related Partition Wall Studies
	1.3.1 Serrette et al. (1996, 1997)
	1.3.2 NAHB Research Center, Inc. (1997)
	1.3.3 Arnold et al. (2003, 2005)
	1.3.4 Restrepo and Bersofsky (Restrepo et al., 2010; Bersofsky 2004)
	1.3.5 Lang and Restrepo (2007)
	1.3.6 Lee et al. (2007)
	1.4 Related Modeling Studies
	1.4.1 Ibarra et al. (2004)
	1.4.2 Dinehart et al. (2000)
	1.4.3 Van de Lindt and Walz (2003)
	1.4.4 Fülöp and Dubina (2004a)
	1.4.5 Folz and Filiatrault (2004a)
	1.4.6 Judd and Fonseca (2005)
	1.4.7 Kanvinde and Deierlein (2006)
	1.4.8 Pang et al. (2007)
	1.4.9 Baird et al. (2011)
	1.4.10 Restrepo and Lang (2011)
	1.4.11 Davies (2009)
	1.5 Scope of this Work
	1.6 Organization of the Report

	SECTION 2  Experimental program Overview
	2.1 Introduction
	2.2 Observed Damage States
	2.3 Example Specimen Response
	2.4  Subgroup Classification Overview
	2.5 Specimen Outliers in a Subgroup
	2.5.1 Subgroup 1a
	2.5.2 Subgroup 1b
	2.5.3 Subgroup 2a
	2.5.4 Subgroup 2b

	SECTION 3  Modeling Overview
	3.1  Modeling Platform
	3.2 Model Verification
	3.2.1 Partition Wall Backbone Characterization
	3.2.2 Partition Wall Unloading and Reloading Behavior

	SECTION 4  Representative Subgroup Models
	4.1 Subgroup Modeling Approach
	4.1.1 Subgroup 1a Representative Model
	4.1.2  Subgroup 1b Representative Model
	4.1.3 Subgroup 2a Representative Model
	4.1.4 Subgroup 2b Representative Model
	4.2 Subgroup Model Discussion

	SECTION 5  Normalized Models
	5.1 Introduction
	5.2 Force Normalization
	5.3 Hysteretic Energy Normalization
	5.4 Normalized Model Calibration
	5.5 Normalized Model Verification
	5.6 Normalized Model Discussion
	5.7 Concluding Remarks

	SECTION 6  Error Metrics Assessment
	6.1 Introduction
	6.2 Average Error in Maximum Force
	6.3 Total Half-Cycle Hysteretic Energy
	6.4 Error Metrics and Modeling Assessment
	6.5 Concluding Remarks

	SECTION 7  Partition Wall Implementation
	7.1 Introduction
	7.2 Partition Wall Implementation within a Building Model
	7.3 Scaling Rules and Recommended Wall Lengths
	7.3.1 Stiffness
	7.3.2 Maximum Force (Yielding)
	7.3.3 Post-Yield Degradation
	7.3.4 Post-Yield Hardening and Capping Force
	7.3.5 Limitation in Wall Length
	7.4 Example Building Suite Considered
	7.5 Sample Building Sensitivity
	7.6 Implementation Conclusion and Further Studies

	SECTION 8   Conclusions
	8.1 Motivation and Scope of Work
	8.2 Model Summary
	8.3 Model Use and Future Work

	SECTION 9    References

	MCEER 12-0007-Appendices
	Appendix_A
	Appendix_B
	Appendix_C
	Appendix_E
	Appendix_D




