DAMAGE RESISTANT DESIGN
METHODOLOGY FOR MULTI-HAZARD
RESILIENT BUILDINGS

AISC Milek Fellowship Final Report

Michael Pollino!, Derek Slovenec?, Laura Rendos®, Gwen Evans*

LAssociate Professor, Case Western Reserve University, mcp70@case.edu
2Graduate Research Assistant, PhD Candidate, Case Western Reserve University
3Engineer, Magnusson Klemencic Associates, Seattle, WA (Former MS Student, CWRU)
“*Engineer, Kellermeyer Godfryt Hart, Chicago, IL (Former MS Student, CWRU)

January 2019


mailto:mcp70@case.edu

Table of Contents

1. Introduction and Research ObjeCtiVES........ccccuieeiuiieiiiiieiiie e 1-1
2. Background and Literature ReVIEW ..........c.cccvieriieiiieiiieiieeii et 2-1
2.1.  Overview of Fagade CONNECHIONS ........c.eeeeuiiieiuieeeiieeeiee et eeevee e e vee e 2-1
2.2.  Building Envelope Systems Practice ..........cccoeeveeeeiieriiieeiieecieeciie e 2-3
2.2.1.  Typical Details for Masonry Cavity Wall Systems............cccceeverieercreeencreeennen. 2-4
2.2.2.  Typical Details for Precast Concrete Wall Panels ............ccccoeevcviiinciiinniennnen. 2-5
2.2.3.  Typical Details for EIFS Panel System..........cccccecuerieniriiiniiniiienieenieseeens 2-5
2.3.  Blast Design and Testing of Building Facades.............cccccoevieniiiniiniiienieeieeee 2-6
2.4.  Overview of Energy Dissipating DevVICES........ccceeeviiieciieriiieeiieeeiee e 2-8
2.5.  Overview of A500 Hollow Structural Steel Material Properties........................ 2-11
3. Multi-hazard Facade System (MHFS) Loading and Performance Objectives......... 3-1
3.1.  Background and Definitions ...........ccceccueeiiieriieiienieciieie e 3-1
3.2. Fagade System Loading and Performance Objectives..........cccceeeeuieriierieenieennnnne. 3-3

3.2.1. Thermal/Moisture Effects and Temperature/Shrinkage Panel Reinforcement . 3-5
3.2.2. Dead Load (D; Self-Weight) .......ccooviieriieeiieeeeeeeeeeee e 3-7

323, Seismic (E=Ei+ Ed+ Ec) ittt 3-8

il



3.2.3.1.  Inertia Effects (Ei)....coooiiiiiiciieeee ettt 3-9

3.2.3.2.  In-Plane Drift Accommodation (Eq)......cccceeevviemriieeiiieniieeieeeiee e, 3-10
3.2.3.3.  Corner Panel Contact Accommodation (Ec).......cccccocoveeviiiiniiiiniiieciieee. 3-12
3.2:40  WINA ittt e 3-13
3.2.4.1.  Basic Wind Speed Pressures (W) ......ccoeoeeeiieiieniieiieeieeieeeee e 3-13
3242, Tornado WIndS (Tw)..cceeeeeieeiieeeiieeeiie ettt eiee et e e vee e e 3-13
3.2.4.3.  Tornado Suction due to Atmospheric Pressure Drop (P1)....cccccecvveeeveeeneen. 3-14
3.2.5.  Impulsive Loading (I).....ccceeoieeiiiieeiieeeiee et e 3-14
3.2.5.1.0 AIr-BIASt (In) ceverveeieiieiieieeierieeee e 3-16
32,520 IMPACE (1) ceverieeiieiieieee e e e 3-17
3.3, Load CombINatiONS .........cceueeiiiiiiiiiieeiiesiee ettt ettt 3-18
4. Behavior and Mechanics of COMPONENLS.........cccevvieeruiieeiiieeeieeeiie e 4-1
4.1, Fagade Panel .........ccooiiiiiiiiiiiceeeeeeee e e 4-2
4.2. Plastic Mechanics of Round Hollow Structural Section (HSS) Tubes................. 4-3
4.2.1. Radial Force-Deformation Relationship ..........cccceevieriieniieniienienieeieeieeee 4-4
4.2.1.1.  Elastic BERaVIOT........coiiiiiiiiiiiiieee et 4-4
4.2.1.2.  Crushing Behavior.......c.cccecuiieiiiiiiieeciee et 4-5
4.2.1.3.  Pulling BEhavior.......ccocuiiieiiieiie ettt e 4-6
4.2.2.  Longitudinal Shearing of HSS Tube .........cccoeoiiriiiiiiniieiieeeeieceeeeeeee 4-9

il



4.2.3. Rolling Force-Deformation Relationship...........ccceeveveirciiienciieniiieiee e, 4-12

4.2.3.1.  Elastic Rolling BEhavior..........ccccoovuiieiiiieiiieeiieceeeeeee e 4-12
4.2.3.2.  Large Rolling Deformations............cccceereeeuienieeiiieniieeieeiie e eee e 4-14
4.3. U-Shaped Flexural Plate (UFP) Connector Mechanics ............ccccceevverieenennee. 4-15
4.3.1.  UFP Rolling MEChaNICS ........ccccuiriiiriiiiiieniieciieieee et 4-16
4.3.2.  UFP Crushing MechaniCs..........ccccueeriieeiiieeiiieeiie ettt 4-18
4.3.3.  UFP Pulling MeChanics.........c..ceovuiieriieiiiieeiee et 4-19
4.4. Simplified Dynamic Model for Impulsive Load Design .........cccccccvveeieeennnennnne. 4-22
4.4.1. Panel Shape Function and Equivalent Mass and Stiffness.............ccccceenuenee. 4-22
4.4.2. Panel Kinetic, Elastic Potential, and Plastic Work Energies..............ccc......... 4-24
4.43. MDC and UFP Elastic Potential and Plastic Work Energies.......................... 4-27

4.44. Simplified Nonlinear Dynamic Response under Uniform Impulsive Pressure

Loading 4-29

5. Design of Components to Achieve Performance Objectives .........cccevvevienieniennnene. 5-1
5.1, Selection of Cross Section GEOMELIY .........ccveeiierieeiiieniieeieeiee et eiee e 5-2
5.2.  U-Shaped Flexural Plates (UFPS) ........ccccoiiiiiiiiiiieiieeceeeeee e 5-4
5.2.1.  Total Width of UFPs along Panel EAge ..........ccccovviiiiiiiiiiiiiiie e 5-5

5.2.2. Maximum UFP Forces for Connection Detailing and MDC Capacity Design. 5-8

5.2.3.  Connection Detailing Considerations............cccccveeerveeeiireereieeniieenieeesveeenenens 5-10

v



5.2.3.1.  Design Force ECCentriCIti€s .......cccueeruieeriieeiiieeiiieeieeeeiieeeieeeevee e e 5-12

5.2.3.2. Bolted UFP-to-Plate COnnections ...........ccecueevueeniiiiiienieeiienieeiee e 5-13
5.2.3.3. Welded UFP-to-Plate COnnections............ccoeevuerienieerienienennienienieeeeseeee 5-13
5.3.  Multi-Hazard Ductile Connectors (MDCS) ........ccceeeeuieeeciieeeiiieeieeeeiee e 5-14
5.3.1.  Lateral in-Plane Load-Carrying MDC: MDC-L ........ccccoectiiviiiniiiiieniieieeee. 5-15
5.3.2.  Vertical Load-Carrying MDCs: MDC-V .......ccooiiiiiiieiiieeieeeeeeeee e 5-16
5.3.3.  Minimum Total MDC HSS Length for Non-Impulsive Demands.................. 5-17

5.3.4. Controlling MDC-L and Total HSS Length per Panel Edge for Non-Impulsive

DIMANAS ...ttt ettt eb e enees 5-18
5.3.5. Design for Impulsive OP Demands...........ccceecueeviieniieiiieniieiieeieeieeeie e 5-19
53510 AI-BIASE .ot 5-20
5.3.5.20  IMPACT .eiiiiiiiiie ettt e et e e et e e e e e e e e ennnes 5-22
5.3.6.  OP Bearing-Only MDC: MDC-B .......cccoiiiiiiiiieeiieeeeeeeee e 5-22
5.3.7.  Connection Detailing Considerations............cceccveeerveeeireereieeniieesieeesveeenenens 5-23
5.3.7.1.  Design Force ECCENtIiCILY ......cccuieviieriiiiiiiiiieiieeie ettt 5-24
5.3.7.2. HSS-t0-Plate Welds.......ccovviiriiiiiiiiieieiieecceeeeeseee e 5-26
5.3.7.3.  End Plate Dimensions and Bolted Connections ..............cccceeeveeriierreenneennen. 5-27
5.4. Capacity Design of Fagade Panels..........cccceeviieeriieeciiieieecieeeeecee e, 5-28
5.5. Building Frame INteraction...........cceeecvieeriieeiiie et 5-29



6. Integrated Design ProCedUIE ..........cccviiiiiiiiiieeiieeeeeee e e 6-1

6.1.  Step-by-Step Design GUIdElINe.........cccveeeiieeiiieeiiie e 6-1
6.2. Example Design of Reinforced Concrete (RC) Facade Panel System ................. 6-7
6.3. Viability of Design Methodology for Alternate Fagade Panel Systems............... 6-8
7.  Multi-hazard Design Connector (MDC) Experimental Testing...........cccceeevveeennennn. 7-1
7.1.  Experimental Testing Phase I: MDC Pulling, Crushing, Shearing Tests.............. 7-1
7.1.1.  MDCI1 and MDC2 EXPErimMeNnts..........cccveerueeerreeeiieeeiieeeirieesseeesseeesseessseeens 7-3
T L1 L. TESHNG SELUP oottt ettt ettt ettt beeesbeeseeeeeeenee 7-3
7.1.1.2. Loading ProtoCOLS.......c.cccuieriiiiieiieeiieciie ettt 7-5
7.1.1.3. INStrUMENTALION ....ooutiiiiiiiiiiie ettt sttt e 7-8
7.1.2. MDC3 EXPEITMENT ....eeeeiiieiiieeeiieeeiieeeieeesieeesiteeeaveeeeeeessaeessseeesseeessseeenssens 7-11
7 0 T KT A 1111 o USSR 7-11
7.1.2.2.  Loading ProtocCol ........c.oooiiiiiiiiiieiieeeeeee e 7-12
7.1.2.3.  INStUMENTAION ..c.viiiiiiieiiiieieeieeecee e 7-12
7.1.3.  Experimental Test RESUILS..........ccceeiiiiriiiiiiiieiiee e 7-14
7.1.3.1.  Material Coupon Tension Test Results .........cccccccvveviiieniiiiniiiecieecee e, 7-14
7.1.3.2.  MDCI1 Specimen Test ReSUILS........ccccuveeviieeriiieeiiecieecie e 7-16
7.1.3.3. MDC2 Specimen Test ReSUILS.........cccvieriieeiiieeiieeieeceeeee e 7-16
7.1.3.4. MDC3 Specimen Test ReSults.........ccceeiieiiieiiiniiiiiecieeteceee e 7-18

vi



7.1.4.  Summary of Phase I TeStS......cccciuieriiiieriieeiie et 7-19

7.2.  Experimental Testing Phase II: MDC Rolling Tests (Seismic In-plane Drift Load

Case) 7-20

72,1, INEFOAUCHION c..eeniiiiieieiitet ettt s 7-20
7.2.2. TSt SPECIMEN ....covvieiieeiiieiie ettt ettt ettt et eesabe et e e esbeenseeenseenbeennnas 7-21
7.2.3. Deformation Protocol........cccoeoiiriiiiiiiniiiiiienieceeeeeceee e 7-22
7.2.4.  Test Setup and InStrumMeENtation..........cecvveerieeeriieeriiieeiee e 7-23
T.2.5. RESUILS .ottt e 7-27
7.2.6. Summary of Phase IT TeStS ......cccceeviiiieriiieiiie e 7-30
8. Development and Validation of MDC Finite Element Model .............cccccoveienene. 8-1
8.1, INIrOAUCTION......eiiiiiiiiiie et ettt 8-1
8.2, Base MOdEl ..o e 8-1
8.2.1. MoOdel DESCIIPLION.....ccciieiiiieeiiieeiieeeieeeetee et e et e e e etaeesaeeeebeeeenreeesnseeennns 8-1
8.2.2.  Verification of Base Model ReSults ..........ccceeiiniiiiiiiniiniiiiicccieneceee 8-3
8.3.  MDC Models of Experimental SPECIMENS .........cccueevuieeiiierieiriienieeiieeee e 8-4
8.3. 1. INTOAUCHION ..ottt ettt st 8-4
8.3.2. MDC Material MOdEIS ........coouiiiiiiiiiiieiee e 8-5
8.3.3.  MDC Type 1 Model (MDCI) ....covieiieiiiieeeeeee et 8-6
8.3.3.1.  MoOdel DESCIIPLIONS. ....eeeierieeiireeiiieeiieeeieeeeieeesreeesereeeaaeesseeeeseeesaseeensseeennns 8-6

vii



8.3.3.2.  Convergence StUAY.......cccuieeriieeiieeeiieeeieeeeiee et e e sreeeraeeeaeeeere e e eareeeseaee e 8-7

8.3.3.3.  RESUILS .ot 8-8
8.3.4. MDC Type 2 Model (MDC2) ....cccueriiniiiiiiieieeieeiienieee sttt 8-10
8.3.4. 1. MoOdel DeSCIIPLION ..cc..veeuiieeiiieiieeiie ettt ettt ettt et siae e e sereense s 8-10
8.3.4.2. Convergence StUAY ........cceevuieriiiiiieiieeie ettt et 8-11
8.3.4.3.  RESUILS et sttt ne e 8-12
8.3.5.  MDC Type 3 Model (MDC3) ....oouieiieiieieeienieeie et 8-13
8.3.5.1.  MoOdel DESCIIPLION .....veeeiiieeiiieeiieeeiieeeieeeeteeeeetee et eeaeeeeaeeesreeesseeensseeens 8-13
8.3.5.2. Convergence StUAY ........cceeevuieriiiriiiiieeie ettt ettt 8-14
8.3.5.3.  RESUILS tueeiiiiiiieiieecee et 8-14
B, SUMMATY ..eeiiiiiiiie ettt e ettt e e e et ee e e satbeeeeentaeeeeensaeeesennnes 8-15
9. MHFS Component and Building System Confirmation Analyses............c.cccceuveen. 9-1
0.1, INErOAUCTION ....eoutiiieiiiiecitete ettt ettt sttt st 9-1
9.2. Multi-hazard Fagade System (MHFS) Connectors..........cccceevverieeniienieenieennnnene. 9-1
9.2.1.  Multi-hazard Ductile Connectors (MDCS)........c..coeviieeieeeiieeeiieeeiee e 9-3
90.2.1.1.  Radial CruShing .......ccccvieeiiiiieiiieeiieeeee ettt e e eeaeeeas 9-4
0.2.1.2.  Radial PUIIING ...oeoiiiiiiiieeeeeee ettt eaaee e 9-7
9.2.1.3.  Longitudinal SREATING ........cccvviiriiiieeiieeciie et 9-8
0.2.1.4.  ROIING ettt ettt ettt et st e e abe e e ennas 9-11

viii



9.2.2.  U-shaped Flexural Plates (UFPS) ........cccouveviiieiiiieiieeeeeeeeeeeee e 9-12

0.2.2.1. ROING ettt ettt et es 9-13
0.2.2.2.  Radial Crushing .........cccooviiiiiiiiiieiieeie ettt e 9-14
0.2.2.3.  Radial PUlINg ......oooiiiiiiiieiee et 9-17
9.3.  MHEFS Air-Blast Impulse Dynamic Analysis ..........cccceevieriieniienieenienieeieeeeen 9-18
9.4. Building with MHFS Dynamic Analysis........ccccccvveeerieeeiieeniieeeiieeeieeeevee e 9-22
90.4.1.  SeiSMIC RESPONSE.....uuiiiiiieiiiieeiieeeiee ettt ettt e e seree e 9-22
9.4.2.  Air-blast Impulse RESPONSE .....cueeevviieriiiiiieeiie et 9-31
10.  Summary, Conclusions, and Recommendations for Future Work ..................... 10-1
10.1. Summary and ConclUSIONS...........eeecuiieeciiieeiie e e 10-1
10.2.  Recommendations for Future Work...........ccocoiiiiiiiiiiiceee, 10-5
L1, RETEIENCES ...cuiiiiiiiciieiee ettt sttt e 11-1

X



List of Tables

Table 2-1: Critical Fagade System Dynamic Behavior Properties Extracted from Literature

Table 3-1: Structural Hazards and System Performance Objectives..........ccccceeeunnnnee. 3-20

Table 3-2: Design Parameters for Tornado Winds (Adapted from USNRC, 2007)......3-20

Table 3-3: Design Facade Impulse Values ........cccccvveeviiieiiiiniiiieeeceeee e 3-21
Table 3-4: MHFS Load Combinations .........ccccceeueerieriienienieeiieeieeiee et 3-22
Table 4-1: MDC and UFP Load Demands and Design Criteria.........c.cccecuveerveeennreennee. 4-33

Table 5-1: Total UFP Width Design with turp = 0.25 in. for Reinforced Concrete Facade
Panel (normal weight, 13°x30°x6”") at Ground Elevation.............cccceecvvevcieinciveenieenne, 5-31
Table 5-2: Total UFP Width Design with turp = 0.25 in. for Reinforced Concrete Facade
Panel (normal weight, 13°x30°x6”") at Roof Elevation...........ccccceevvevcieencieiciee e 5-32
Table 5-3: MDC-V HSS Length Design with tuss = 0.25 in. for Reinforced Concrete
Fagade Panel (normal weight, 13°x30°x6”) at Ground Elevation.............cccccccveeennennnee. 5-33
Table 5-4: MDC-V HSS Length Design with tuss = 0.25 in. for Reinforced Concrete
Fagade Panel (normal weight, 13°x30°x6”) at Roof Elevation...........cccccecovveviveennennne. 5-34
Table 5-5: MDC-L HSS Length Design with tuss = 0.25 in. for Reinforced Concrete Facade
Panel (normal weight, 13°x30°x6") at Ground Elevation...........c.cccccecvvenvieiiieeenneenne, 5-35
Table 5-6: MDC-L HSS Length Design with tuss = 0.25 in. for Reinforced Concrete Facade
Panel (normal weight, 13°x30°x6") at Roof Elevation...........cccccecveevciiincieicieecieee 5-36
Table 5-7: Total MDC-V+L HSS Length Design with tuss = 0.25 in. for Reinforced

Concrete Facade Panel (normal weight, 13°x30°x6”’) at Ground Elevation................... 5-37



Table 5-8: Total MDC-V+L HSS Length Design with tuss = 0.25 in. for Reinforced
Concrete Facade Panel (normal weight, 13°x30°x6”’) at Roof Elevation ...................... 5-38
Table 5-9: MDC-B HSS Length Design with tuss = 0.25 in. for Reinforced Concrete Facade
Panel (normal weight, 13°X307°X60™) ..cccviiiiiieeieeeiie et 5-39
Table 5-10: Maximum Inter-Story Drift for Light, East-Coast Office Building Design
Subjected to Air-Blast EVENTS........ccccuiieiiiieiiecicecee et 5-40
Table 6-1: Example Reinforced Concrete Facade Panel System Design for Building in Los
ANgeles, CA (STOTY 1 0T 3) it 6-11
Table 6-2: Example Reinforced Concrete Facade Panel System Design for Building in Los
ANGEIES, CA (STOTY 2 0F 3) eiieeiiieeiie ettt ettt e e e e e e e snaee e nseeenene 6-12

Table 6-3: Example Reinforced Concrete Fagade Panel System Design for Building in Los

ANGELES, CA (STOTY 3 0T 3) eiieiiiieiie ettt et ree e e e e e ee e 6-13
Table 6-4: Example Designs for Alternative Fagade Systems..........cccceevevveeeieeenneennne. 6-14
Table 7-1: Nominal Dimensions of MDC Specimen Components .............cccceeeeuvennnee. 7-32
Table 7-2: Comparison of MDC experimental results to design values........................ 7-32
Table 7-3: Seismic Qualification Testing Displacement Protocol............cccccccuvrennnnnee. 7-33
Table 7-4: Instrumentation INVENtOTY .......cc.ceeviieeiiieeiiieeieeeee e e 7-33

Table 8-1: Convergence study mesh sizes for each MDC component. Final mesh size for
each MDC model 18 DOId. ......ooiuiiiiiiiiiie e 8-17
Table 8-2: Comparison of the FEA results to the desired design values for each MDC8-17
Table 9-1: HSS Radial Plastic Mechanism Strength FEA Results...........cccccecvveennennee. 9-38

Table 9-2: HSS Radial Stiffness Calculation Comparison with FEA Results............... 9-38

xi



Table 9-3: HSS Longitudinal Shear Mechanism Strength Calculation Comparison with
FEA RESUILS ...ttt ettt ettt 9-38
Table 9-4: HSS Longitudinal Shear FEA Stiffness ........cccocveveiiiviiiincieecie e 9-38

Table 9-5: HSS Rolling Mechanism Strength Calculation Comparison with FEA Results

........................................................................................................................................ 9-39
Table 9-6: HSS Rolling Stiffness Calculation Comparison with FEA Results.............. 9-39
Table 9-7: Prototype MHFS Design with Reinforced Concrete Panels ........................ 9-39

Table 9-8: Prototype Braced Frame Seismic Analysis Model Dynamic Properties...... 9-40
Table 9-9: Prototype Moment Frame Seismic Analysis Model Dynamic Properties.... 9-40
Table 9-10: Peak Drift Response of Prototype Braced Frame Building without MHFS... 9-
41

Table 9-11: Peak Drift Response of Prototype Braced Frame Building with MHFS.... 9-42
Table 9-12: Drift Ratios for Prototype Braced Frame Building with and without MHFS 9-
43

Table 9-13: Peak Drift Response of Prototype Moment Frame Building without MHFS 9-
44

Table 9-14: Peak Drift Response of Prototype Moment Frame Building with MHFS . 9-45

Table 9-15: Drift Ratios for Prototype Moment Frame Building with and without MHFS

Table 9-16: Peak MDC-V Demand-to-Capacity Ratio (D/C) of Prototype Braced Frame

BUIIAING. ..ttt e e e e e e e enae e e enaee e 9-47

Table 9-17: Peak MDC-V D/C of Prototype Moment Frame Building......................... 9-48

xii



Table 9-18: Peak MDC-L D/C of Prototype Braced Frame Building Subjected to MCE

Table 9-20: Peak UFP Deformation Ratio of Prototype Braced Frame Building Subjected
10 FTE SUILE ..ottt e 9-50
Table 9-21: Peak UFP Deformation Ratio of Prototype Moment Frame Building Subjected

£0 IMCE SUILE. ...ttt st 9-51

Table 9-23: Maximum Inter-Story Drifts for Prototype Building Subjected to Design Blast
Scenario (DBS) EVENLS ......ccocuiiiiiicieeeee ettt tre e sree e e e aeeens 9-52

Table 9-24: Maximum MHFS Connector Crushing Deformations during DBS1 Simulation

Table 9-25: Maximum MHFS Panel Bending Moment Ratios during DBS1 Simulation 9-
52
Table 9-26: Maximum MHFS Panel Hinge Rotation during DBS1 Simulation............ 9-52

Table 9-27: Maximum MHFS Connector Crushing Deformations during DBS2 Simulation

Table 9-28: Maximum MHFS Panel Bending Moment Ratios during DBS2 Simulation 9-

53

Table 9-29: Maximum MHFS Connector Crushing Deformations during DBS3 Simulation

xiii



Table 9-30: Maximum MHFS Panel Bending Moment Ratios during DBS3 Simulation 9-

53

X1V



List of Figures

Fig. 2-1: Examples of eccentricity and connection type (Parker, 2008)........................ 2-14
Fig. 2-2: Typical masonry cavity wall system components and connections (adapted from
Parker 2008).......veeeiieeeiie ettt et et e e e e e e ne e e nnaeeeenreeennns 2-14

Fig. 2-3: Typical concrete panel column supported bearing connection (adapted from

Parker 2008).......eieeiieeeiiieeiee ettt e et e e be e e ae e e nnbeeeenneeennns 2-15
Fig. 2-4: Typical EIFS cross-section geometry (adapted from Parker 2008)............... 2-15
Fig. 2-5: Typical EIFS spandrel panel connection (adapted from Parker 2008).......... 2-16

Fig. 2-6: Steel stud wall improved connections for blast loading (adapted from Salim et.
QL. 2005) <ottt ettt e a et e et e st e ebeeneeeaeenteeneenes 2-16
Fig. 2-7: Typical steel stud wall system with EIFS facade cross section geometry (adapted
from Salim et. al. 2005) .....oiiiiieeiieee e e e 2-17
Fig. 2-8: Typical “sandwich” concrete panel cross section geometry (adapted from Salim
€. AL, 2005) 1ttt ettt ettt et e st e eaeenteeneenes 2-17
Fig. 2-9: Typical precast concrete wall panel cross section geometry (adapted from Salim
€. Al 2005) 1ottt ettt e e be st e naeenteeneenes 2-17

Fig. 2-10: Typical insulated metal panel cross section geometry (adapted from Idriss et. al.

Fig. 2-11: Deformation modes of different thicknesses of frusta (Mamalis, Johnson, &
ViIegelaNn, 1984 ) ......oiiiiiecie ettt e e e e e e e 2-18
Fig. 2-12: Force-deformation relationship for square aluminum extrusions filled with

aluminum foam. (Hanssen et al., 2000) ........ccoeeviiieiiieeiiie e 2-19

XV



Fig. 2-13: Force-deformation relationship for circular aluminum extrusions filled with
aluminum foam (Hanssen et al., 2000) ..........cceeriiieiiieeiiie e 2-19
Fig. 2-14: Two of five multi-cell cross sections tested in the study by Kim (Kim, 2002) 2-
20

Fig. 2-15: Force-displacement relationship for a square column and two multi-cell columns
with the cross sections pictured in Fig. 2-13 (Kim, 2002)......ccccceevveereieencieenieeeeieeenne 2-20
Fig. 2-16: Stable and unstable specimens plotted with geometric data. S is the spacing
between stiffeners, t is the tube wall thickness, d is the stiffener thickness, and w is the
height of one stiffener (Salehghaffari et al., 2011) .....ccooveiiiriiiiiiiee e, 2-21
Fig. 2-17: Experimental force-displacement relationships a) HSS7x0.25 b) HSS10.75x0.25
¢) HSS16x0.375 (Lavarnway, 2013) ....c.ooieriiiieiieieeieeeeee e 2-21
Fig. 2-18: Force-displacement relationships for four of seven specimens a) single cell

section b) double cell section c) triple cell section d) triple cell section (Zhang & Zhang,

Fig. 2-19: Force-displacement relationship for four of fourteen specimens; the “S”
specimens represent straight tube and the “CD” tube represents corrugated specimens;
S101 and CD10D have the same diameter, thickness, and length, as do S151 and CD15D
(Eyvazian et al., 2014) ...ccuiiieieeeeeee et aaeas 2-23
Fig. 2-20: Mean load for the study specimens (Alavi Nia & Parsapour, 2014) ............ 2-23
Fig. 2-21: Ry and R; values for standard steel sections and reinforcing (AISC 2010b) 2-24
Fig. 2-22: Tensile coupon locations throughout the cross section of HSS10x6x1/4 (right)
and HSS10x8x1/4 (left) (Fadden, 2013) .....cceeiiiieieeieeeeeeeee e 2-24

Fig. 2-23: Tensile coupon results a) HSS10x6x1/4 b) HSS10x8x1/4 (Fadden, 2013)..2-25

xXvi



Fig. 3-1: Multi-Hazard Facade System (MHFS) Features..........c.ccceeeveeviieenieeeeieenne, 3-23
Fig. 3-2: MHFS Connector Layout and FUnctions ...........ccccceeveevciieencieencie e 3-24
Fig. 3-3: Fagade Panel Free Body Diagrams ...........ccccceeeviieniiiiiniieecieccee e 3-25
Fig. 3-4: Seismic Building Drift Corner Panel Contact Accommodation Mechanism.. 3-26
Fig. 3-5: Minimum Design Out-of-Plane Forces per 13°x30°x6” Reinforced Concrete
Fagade Panel for 9-Story Buildings Located in Boston, MA, and Los Angeles, CA....3-27
Fig. 3-6: Design Tornado Wind Regions (Adapted from USNRC, 2007)..................... 3-27

Fig. 3-7: MHFS Out-of-Plane Performance Objectives and Progression of Inward Yielding

Fig. 3-8: Design Fagade Impulse Values for 13°x30’ Fagade Panel.............c.ccc........... 3-29
Fig. 4-1: Mechanics of Radially Deformed Round HSS (a) Initial Plastic Mechanism, (b)
Crushing behavior, and (¢) Pulling Behavior ..........cccccoeeiieiiiiiniiiieeeece e, 4-34

Fig. 4-2: Normalized Geometric Relationships for Large HSS Tube Pulling Deformations

Fig. 4-3: Elastic Force Limit of Longitudinally Sheared Round HSS Considering (a) Tube
Bending, (b) Wall Bending, and (c) Peak Resulting Combined Normal Stress ............ 4-36
Fig. 4-4: Von Mises Stress Contour Plots for Longitudinally Sheared HSS Tube........ 4-37
Fig. 4-5: Mechanics of Rolling Round HSS (a) Initial Plastic Mechanism and (b) Elastic
ST IS S. ¢ttt ettt ettt ettt be e sate et 4-38
Fig. 4-6: HSS Tube Rolling Force-Deformation Model for Large Deformations......... 4-39
Fig. 4-7: UFP Mechanics during (a) Rolling, (b) Crushing, and (c) Pulling.................. 4-40

Fig. 4-8: Normalized Geometric Relationships for Large UFP Pulling Deformations . 4-41

Xvii



Fig. 5-1: Pseudo-Static Experimental Testing of MDCs Subjected to (a) Design Blast
Loading and (b) Radial Pulling (Adapted from Rendos, 2018).........ccceeeevvrerieeennennnne. 5-41
Fig. 5-2: Total UFP Width per Panel Edge with turp = 0.25 in. for Reinforced Concrete
Panels at (a,b) Roof or (c,d) Ground Elevation, Primarily Considering (a,c) Wind or (b,d)
Se1SMIC HAZATAS ......eoiiiiiiieiie ettt 5-42
Fig. 5-3: MDC-V HSS Length with tuss = 0.25 in. for Reinforced Concrete Panels at (a,b)

Roof or (¢,d) Ground Elevation, Primarily Considering (a,c) Wind or (b,d) Seismic Hazards

Fig. 5-4: MDC-L HSS Length with tuss = 0.25 in. for Reinforced Concrete Panels at (a,b)

Roof or (¢,d) Ground Elevation, Primarily Considering (a,c) Wind or (b,d) Seismic Hazards

Fig. 5-5: Total MDC-V+L HSS Length with tuss = 0.25 in. for Reinforced Concrete Panels
at (a,b) Roof or (¢,d) Ground Elevation, Primarily Considering (a,c) Wind or (b,d) Seismic
HAZATAS ..ot 5-45
Fig. 5-6: MDC-B HSS Length with tuss = 0.25 in. for Reinforced Concrete Panels .... 5-46
Fig. 5-7: MDC HSS Length per Panel Edge Design for Reinforced Concrete Panel Facade
System Subjected to Impulsive Loading..........ccccuveeiiieiiiiiniiieiieeieeceeee e 5-47
Fig. 5-8: MDC HSS Length per Panel Edge Design for Brick Veneer with Steel Stud Wall
Fagade System Subjected to Impulsive Loading ...........ccecovveveiiiviiieniieeeie e 5-48
Fig. 5-9: MDC HSS Length per Panel Edge Design for EIFS with Steel Stud Wall Facade
System Subjected to Impulsive Loading..........ccccuveeiieeiiiiiniiieiieeieeeeeee e 5-49
Fig. 5-10: MDC HSS Length per Panel Edge Design for Insulated Metal Panel Facgade

System Subjected to Impulsive Loading..........cccvveeiiieiiiiiniiieiieeieece e 5-50

xviii



Fig. 5-11: MDC (a) Plate Detail, (b) Design Eccentricity, and (c) Weld Detail ........... 5-51
Fig. 5-12: MHFS Connector Layout and Functions for Alternative “Staggered” Panel
PIACEIMENL ...ttt ettt et eb e eaeas 5-52
Fig. 5-13: MDC-V Detail IHUStration ..........cccevveeeiiieeiiieeiiee e esvee e 5-53
Fig. 5-14: MDC-L Detail Illustration for (a) Centered or (b) Staggered Panel Placement
with (c) Weak-Axis or (d,e) Strong-Axis Exterior Columns using (c,d) Bolted or (e)
Welded CONNECTIONS .....eeiutiiiiiiiieiie ettt st ettt e b e st eebeeeaees 5-54

Fig. 5-15: Detail Illustrations for (a) UFPs, and MDC-B with (b) Centered or Staggered

Panel Placement with (c) Weak-Axis or (d) Strong-Axis Perimeter Columns.............. 5-55
Fig. 7-1: MDC1 axes and details ............ccocuiieiiieeiiieeieeeieecie e 7-34
Fig. 7-2: MDC2 axes and details ............ccccueieiiieeiiieeiieeieeee e 7-35
Fig. 7-3: MDC3 axes and details ............ccovviieiiieeiiieeieeeieeeee e e 7-36

Fig. 7-4: Experimental Setup a) Plan view of the laboratory with test equipment b)
Elevation view of the laboratory with test equIpMENt ..........cccvveereiveerciieeniiieeciee e 7-37
Fig. 7-5: MDCI1 experimental loading protocol a) 55-kip actuator, floor table, and wall
table deformation protocol b) Resulting MDC translation and rotation........................ 7-38
Fig. 7-6: MDC2 experimental loading protocol a) 55-kip actuator and floor table
deformation protocol and wall table loading protocol b) Resulting MDC translation and
(0] 7215 0] s WO OO OO OO P RO SUTRUPRPO 7-39
Fig. 7-7: Instrumentation Layouts a) Instrumentation layout for the MDC1 experiment b)
Instrumentation layout for MDC2 eXPeriment ...........cceeevveereuieeriieenieieesieeeereeeevee e 7-40
Fig. 7-8: MDC3 Experiment Setup a) Equipment and instrumentation in 220kip machine

b)Vic 3-D DIC speck pattern on the HSS.........ccoooiiiiiiieee e 7-41

XixX



Fig. 7-9: MDCI plate stress-strain curves from two tensile coupons and the nominal yield
strength and tensile strength for ASTM A36 steel........ccccveeeiieeiiieeciieeieeeee e, 7-42
Fig. 7-10: HSS stress-strain curves from two tensile coupons and the nominal yield strength
and tensile strength for ASTM A500 Grade C steel ........ccoeevveeciieeciiinciiieeieeeee e, 7-43
Fig. 7-11: MDC1 Experiment Results a) Applied radial deformation +x;. and rotation
(about +z1) b) Approximate deformations of the MDC components ¢) Force-Deformation
curve d) Moment-Rotation curve e) Deformation of the MDC at various times........... 7-44
Fig. 7-12: MDC2 Experiment 1 Results a) Applied radial deformation -xi. and applied
rotation (about yr) b) Applied gravity load +zi. c¢) Force-Deformation curve d) Moment-
Rotation curve e) Deformation of the MDC at times throughout the loading protocol f) Nut
contact with the HSS at times throughout the loading protocol .............ccceevcvveerveennnnen. 7-45
Fig. 7-13: MDC 2 Experimental 1-4 Results a) Applied radial deformations -xr. and applied
rotations (about yi) for four consecutive experiments b) Applied gravity loads +z. for four
consecutive experiments c¢) Force-Deformation curves for four consecutive experiments d)
Final fracture surfaces at the end of MDC2 Experiment 4 on panel plate (left) and frame
10 B 1T €5 1 119 DRSPS 7-47
Fig. 7-14: MDC3 Experiment Results a) The shearing deformation imposed between the

MDC plates in zi, b) Force-Deformation curve c¢) Deformation of the MDC d) Failure

surface of MDC3 (left) and failure locations (right)........cccceecveeeiieercieeniiienie e, 7-49
Fig. 7-15: MDC3 Vic-3D DIC first principal strain results.........ccccoeeveeecieencieeenveenne. 7-51
Fig. 7-16: MDC Rolling Experimental Test Specimen Fabrication Drawings.............. 7-53
Fig. 7-17: Test Setup Elevation VIEW........c.ccecvvieiiiiieiiiecieeeeeeee e 7-54
Fig. 7-18: Test Setup Plan VIEW .......cocviiiiiiieiieceeceeeeeee e 7-55

XX



Fig. 7-19: Test INStrumentation..........cccuveeeiieeriieeiiieeeieeeceeeeieeeereeeeaeeesneessereeeenreeenee 7-56

Fig. 7-20: Photograph of Test SEtUP ......ceeviiieriieeiieeieeeee e 7-57
Fig. 7-21: Photograph of Test Setup Details.........ccceevvieeviiiniiiieiiecee e 7-58
Fig. 7-22: Photographs of Specimen Details and Failure .............ccccooevveviiiineninnenne, 7-59
Fig. 7-23: Actuator DiSplacements ..........ccc.eeeriieeiiieeiiieeiee et evee e 7-60
Fig. 7-24: String Potentiometer Displacement Readings...........ccccceeevcvveencieenieeceneenne, 7-61
Fig. 7-25: Specimen Displacement ..........ccc.eeeevieeiiieeiieeeieeeie e e 7-62
Fig. 7-26: Actuator Load Cell Readings .........cccceevvieeiiieeiiienieecieecee et 7-63
Fig. 7-27: Strain Gauge Readings ........c.ccevvuiieiiieiiiieeiieeieeere et 7-64
Fig. 7-28: Specimen Rolling Force Calculations............cccceeveuieiriieencieeniie e 7-65

Fig. 7-29: Specimen Force-Deformation Hysteresis and Comparison with FEA and
Theoretical RESPONSE ......cccuiiiiiiieiiieeciie ettt e s e e eae e e enaeeenene 7-66
Fig. 7-30: Specimen Force-Deformation Hysteresis Detail............cccocveeeciieenieeenieennne. 7-67
Fig. 8-1: An example base model showing the coordinate system for all of the base and
IMDC OIS ...ttt et ettt eb e eaees 8-18
Fig. 8-2: Stress-strain curves input into the base FEA models for HSS16x0.375 and
HSS10.75x0.25. Based on tensile coupon data from Lavarnway (2013) experiments. 8-18
Fig. 8-3: HSS10.75x0.25 Base Model FEA Results a) Force-deformation response
including comparison between FEA and Lavarnway (2013) experiment b) Deformed
shapes of HSS10.75x0.25 ¢) Von-Mises stress of the HSS10x0.25 at onss=6". Stress in
units of ksi. d) Plastic strain of the HSS10x0.25 at SHss=0"......eeevvieeciieeiieeciieeeeee e 8-19
Fig. 8-4: HSS16x0.375 Base Model FEA Results a) Force-deformation response including

comparison between FEA and Lavarnway (2013) experiment b) Deformed shapes of

xxi



HSS16x0.375 ¢) Von-Mises stress of the HSS16x0.375 at duss=6". Stress in units of ksi.
d) Plastic strain of the HSST6x0.375 at OHSST0" ..veeevevieeiiieeiiie et e 8-21
Fig. 8-5: Stress-Strain data defining MDC material models for A36 plate and A500 Grade
CHSS used in the FEA ..ottt 8-23
Fig. 8-6: MDC1 Convergence study at design basis of 3.1in translation and 0.025 rads
rotation a) Deformation (x-direction) and rotation (about z- axis) applied in the FEA b)
Approximate point locations on MDCI1 cross section analyzed for convergence study c)
Model 1 and Model 2 boundary conditions d) Force-Deformation results ) Convergence
results of P1 on HSS f) Convergence results of P2 on HSS g) Convergence results of P3
on frame plate h) Convergence results of P4 on panel plate...........cccoeevevievcieencreeennen. 8-24
Fig. 8-7: FEA Results of MDCI1 a) Force-deformation curves of the FEA and MDCl1
experiment b) Force-deformation curves of the MDC components from the FEA and
MDCI experiment c¢) Deformed shapes throughout the FEA ...........cccoooiiiiiiinenne 8-28
Fig. 8-8: FEA MDCI1 Stress and Strain Contours a) Model 1 Von-Mises stress (ksi)
contours at the design deformation and rotation b) Model 2 Von-Mises stress (ksi) contours
at the design deformation and rotation ¢) Model 1 Equivalent plastic strain contours at the
design deformation and rotation d) Model 2 Equivalent plastic strain contours at the design
deformation and rOtatioN.............ceiuiiiiiiiiiie et 8-30
Fig. 8-9: MDC2 Convergence Study a) Deformation (x-direction) and rotation (about y-
axis) applied in the FEA b) Vertical gravity load (z-direction) applied in the FEA c¢)
Applied boundary conditions d) Approximate point locations on MDC2 cross section
analyzed for convergence study e) Force-Deformation results f) Convergence results of P1

on HSS g) Convergence results of P2 on HSS ..., 8-34

xXxii



Fig. 8-10: FEA Results of MDC2 a) Force-deformation curves of the FEA and MDC2
experiment b) Deformed shapes throughout the FEA ¢) Von-Mises stress (ksi) contours at
the design deformation and rotation d) Equivalent plastic strain contours at the design
deformation and rOtatioN.............eiiuiiiiiiiiiiie e 8-37
Fig. 8-11: MDC3 Convergence Study a) Deformation (z-direction) applied in the FEA b)
Approximate point locations on MDC3 cross section analyzed for convergence study c)
Applied boundary conditions d)Force-Deformation results €) Convergence results of P1 on
HSS f) Convergence results of P2 on HSS ........coooiiiiiiee e 8-39
Fig. 8-12: FEA Results of MDC3 a) Force-deformation curves of the FEA and MDC3
experiment b) Deformed shapes throughout the FEA ¢) Von-Mises stress (ksi) contours at
the design deformation d) Von-Mises elastic strain contours at the design deformation e)
Equivalent plastic strain contours at the design deformation ............ccceeeevveevcieeennennnne. 8-42
Fig. 9-1: ASTM AS500 Gr. B Steel Material Stress-Strain Model for Round HSS Tubes. 9-
54

Fig. 9-2: MDC with 12-inch HSS6 Tube Radial Crushing Force-Deformation Behavior 9-

55
Fig. 9-3: Von Mises Stress Contours for Radially Crushed HSS Tube......................... 9-56
Fig. 9-4: Equivalent Plastic Strain Contours for Radially Crushed HSS Tube ............. 9-57

Fig. 9-5: MDC with 12-inch HSS6 Tube Radial Crushing FEA Maximum Plastic Strain9-
58

Fig. 9-6: MDC with 12-inch HSS6 Tube Radial Pulling Force-Deformation Behavior9-59
Fig. 9-7: Von Mises Stress Contours for Radially Pulled HSS Tube...........cccueenne.e. 9-60

Fig. 9-8: Equivalent Plastic Strain Contours for Radially Pulled HSS Tube................. 9-61

xxiii



Fig. 9-9: MDC with 12-inch HSS6 Tube Radial Pulling FEA Maximum Plastic Strain ..9-

62

Fig. 9-10:

Behavior.
Fig. 9-11:
Fig. 9-12:
Fig. 9-13:

Fig. 9-14:

Fig. 9-25:

Fig. 9-26:

MDC with 12-inch HSS6 Tube Longitudinal Shearing Force-Deformation

........................................................................................................................ 9-63
HSS Tube Longitudinal Shearing Elastic Stiffness ..........cccoceeveiviviieennenne 9-64
Von Mises Stress Contours for Longitudinally Sheared HSS Tube.............. 9-65

Equivalent Plastic Strain Contours for Longitudinally Sheared HSS Tube.. 9-66

MDC with 12-inch HSS6 Tube Longitudinal Shearing FEA Maximum Plastic

: MDC with 12-inch HSS6 Tube Rolling Force-Deformation Behavior ........ 9-68
: Von Mises Stress Contours for Rolling HSS Tube.........ccccoeveveevciiiiniieennnen. 9-69
: Equivalent Plastic Strain Contours for Rolling HSS Tube ..........ccccunene. 9-70

: MDC with 12-inch HSS6 Tube Rolling FEA Maximum Plastic Strain ....... 9-71

ASTM A36 Steel Material Stress-Strain Model for Flat Plates.................... 9-71

........................................................................................................................ 9-71
: Von Mises Stress Contours for Rolling UFPs.........cocovvvviiieiciiecieeeeeee, 9-72
: Equivalent Plastic Strain Contours for Rolling UFP ...........ccccoeveivieiinnnnnen. 9-73
: UFP with d=6”, b=4", t=0.25”, and lg.c=4’ Maximum Plastic Strain........... 9-74

UFP with d=6", b=4", t=0.25”, and ls.e=4" Radial Crushing Force-Deformation

........................................................................................................................ 9-74
Von Mises Stress Contours for Radially Crushed UFPs..........ccccvvvnenneen. 9-75
Equivalent Plastic Strain Contours for Radially Crushed UFP..................... 9-76

XX1V



Fig. 9-27: UFP with d=6, b=4", t=0.25”, and lf..=4" Radial Pulling Force-Deformation

BERaVIOT ...t 9-77
Fig. 9-28: Von Mises Stress Contours for Radially Pulled UFPs...........ccceeevvrennnnnne. 9-78
Fig. 9-29: Equivalent Plastic Strain Contours for Radially Pulled UFP........................ 9-79
Fig. 9-30: MHFS Finite Element Analysis Model..........cccceeveiiiiiiieniieeeie e 9-80
Fig. 9-31: MHFS Finite Element Analysis Model Modal Periods and Shapes.............. 9-81
Fig. 9-32: MHFS Air-Blast Response Time HiStories.........ccccveeveiieerciieeeiiecciee e 9-82
Fig. 9-33: Braced Frame Building Model...........cccooeiiiiiiiiinieiceeeeeeee e 9-83
Fig. 9-34: Moment Frame Building Model ...........c.cooooiieiiiiniiiieee e 9-84
Fig. 9-35: MHFS Seismic Response Interaction Model ............ccocveevciiienciiiniieceieenee, 9-85

Fig. 9-36: Braced Frame Building with and without MHFS Seismic Inter-Story Drift

Fig. 9-37: Drift Ratios for Prototype Braced Frame Building with and without MHFS9-87

Fig. 9-38: Moment Frame Building with and without MHFS Seismic Inter-Story Drift

Fig. 9-39: Drift Ratios for Prototype Moment Frame Building with and without MHFS. 9-
89

Fig. 9-40: 3D Braced Frame Building with MHFS Model for Air-Blast Response...... 9-90
Fig. 9-41: 3D Braced Frame Building with MHFS Design Blast Scenario 1 (DBSI)

Response Time HIStOTY .....ccuuiiiiiiiiiieeciie ettt e e e e e 9-91

XXV



Abstract:

The design of critical buildings must consider extreme load effects from earthquakes, wind
and tornado, blast and impact, among others. Many hazardous loads—such as wind
pressures, blast impulses, and projectile impacts—originate at the facade system and are
transferred via connections to the main structural system and, ultimately, to the foundation;
resilient design for such extreme loads requires controlling damage along this load path.
This research proposes a multi-hazard fagade system (MHFS) design methodology capable
of achieving multiple performance objectives for all credible hazards while focusing
damage to easily replaceable connectors, thereby reducing operational downtime and repair
costs following an extreme event. This methodology is supported by fundamental
mechanics and dynamics, advanced nonlinear transient analyses at the component, system,
and building levels, and quasi-static experimental testing of multi-hazard ductile
connectors (MDCs). Fagade-frame interaction during blast scenario analyses suggest
adequate performance of typical building frames with MHFS, while seismic analyses
suggest interaction that is not necessarily detrimental to performance but should likely be
considered during lateral force resisting system (LFRS) design. The proposed MHFS is
believed to be a practical and effective approach for improving building performance

considering extreme events.
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1. Introduction and Research Objectives

Buildings provide controlled interior spaces in which recreational, commercial, and
domicile activities can safely be conducted. While the primary function of a building is to
keep its inhabitants safe, modern building design has advanced this goal towards reducing
potential repair costs, operational downtime, and environmental impacts over the
building’s lifetime. These consequences are largely driven by rare, high-intensity events
such as earthquakes and extreme wind scenarios (tornados, hurricanes, etc.), among others.
Design for hazardous events generally focuses on the building’s primary lateral force
resisting system (LFRS), which transfers these extreme loads through the building and,
ultimately, to the foundation along a load path which concentrates ductile demands (i.e.
damage) to designated members. Often neglected in this approach is the role of the facade
system, which serves as the gateway for all hazardous loads, which are incident upon the
building’s exterior envelope. Additionally, interaction between fagcade and building frame
systems during seismic events have caused premature failure and detachment of facade
panels, exposing the interior space to environmental hazards (water infiltration,
inhospitable temperatures, etc.) and rendering it unusable until the enclosure can be
repaired or replaced. Building envelopes also serve as the primary means of defense
against potential targeted attacks, emphasizing their importance particularly for critical
infrastructure (e.g. hospitals).

This project seeks to provide a performance-based design methodology for fagade
systems and their interaction with the building frame to minimize damage and hasten the
recovery of buildings back to (essentially) full functionality following any credible extreme

loading event. Facade panel and connection details are often prescriptive and intended to
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provide the minimum required mechanical strength while focusing on practical concerns
including on-site installation and adjustability to within specified tolerances. The proposed
multi-hazard facade system (MHFS) design methodology must include these features while
also introducing controlled ductility and capacity-proportioned strength of the facade panel
and its connection to the structural frame to provide adequate performance during extreme
loading events and concentrate damage to replaceable components. These replaceable
components include multi-hazard ductile connectors (MDCs) developed in this research,
as well as U-shaped flexural plates (UFPs) which have been employed in past research.
Atypical hazardous loading scenarios which are unique to fagade systems—including air-
blast effects due to accidental or deliberate explosions, tornado effects including high wind
and suction phenomena, and the impact of blown debris borne by such events—are
evaluated alongside more traditional hazardous loads to expand upon and promote facade
system functionality as an integral facet of the overall building structure.

The primary objectives of this research include: (1) develop a multi-hazard,
damage-resistant structural system which includes the building envelope, its connection to
the LFRS, and interaction between the two systems, (2) provide practical design aids,
equations, and procedural guidelines with illustrative examples for the newly-proposed
MHEFS, and (3) evaluate the performance of the proposed system subjected to a variety of
hazardous loading scenarios to ensure adequate performance at the component, system,
and building levels, including any effects—beneficial or detrimental—resulting from
interaction between building frame and envelope systems. Research methods include
principles of elastic and plastic mechanics including large-deformation effects, design for

dynamic loads, multi-degree-of-freedom experimental testing of proposed connector



components, and nonlinear static and dynamic finite element analysis (FEA) at the
component, system, and building levels including coupled MHFS and LFRS models
subjected to seismic ground motion and simulated air-blast events.

This report begins with a review of key background literature and materials utilized
in this research, followed by a detailed description of all service-level and hazardous
loading scenarios, their implications for design, and MHFS performance objectives for
each. Critical mechanics and behaviors of the proposed MHFS connector components are
then developed and combined with the loading scenarios and performance objectives in an
integrated design procedure. Experimental testing performed as part of this research is
described, compared to the proposed theoretical behaviors, and verified through FEA using
detailed shell element models. The proposed design procedure is then verified through a
series of confirmation analyses performed using prototype MHFS and building designs
subjected to hazardous loading scenarios. Finally, some conclusions and recommendations

for future research on the topics examined in this study are discussed.



2. Background and Literature Review

2.1. Overview of Facade Connections

The building envelope (or facade) is a critical component that must resist various types of
hazardous loading which may be applied as pressures, often on the exterior of the facade,
or contact resulting from inter-story building deformations. The facade encloses the interior
building spaces from the outside environment and its failure can result in further building
performance issues (moisture penetration, thermal, etc.). The connection between the
building facade to the building frame must transfer forces (fagade dead load, wind forces,
seismic inertia forces), accommodate differential movement of the structure under
serviceability conditions (temperature and moisture expansion and contraction), allow for
construction tolerances, and also accommodate the seismic drift in the plane of the panel
such that lateral force is not resisted by the facade. Furthermore, for defense critical
structures or those near high-energy sources, air-blast and projectile impact loading on the
facade might also be considered in the facade design. All of these connection functions
must be accomplished in a space only a few inches wide between the LFRS and the
structural frame. The design of such connectors requires large elastic load carrying
capacity in some directions and nonlinear force-deformation behavior in other directions
to achieve acceptable performance under all conditions. The type of facade and utilization
of the floor slab overhanging the spandrel beam tend to control the connection design rather
than the discussed connection functions (Parker, 2008).

When facade connections are designed, the type of fagade is a controlling

component of the design. Some of the most common types of facades include brick veneer,
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precast concrete panels, and aluminum curtain walls. All of these fagade types require
different quantities, thicknesses, and tolerances of membranes, backup walls, and other
components between the building frame and the facade. Additionally, the fagcade type can
control or limit the connection hinge location (Fig. 2-1). If the facade connection can be
embedded into the fagade, the connection can directly bear on the floor slab. This type of
facade connection may be applicable to a precast concrete panel that allows the connection
to be cast into the concrete. However, this type of connection may not be feasible for all
facades, such as curtain walls. Facades connections may need to be attached to the back
of the fagade, which creates eccentric forces on the connection. The type of connections
required for a type of facade will cause the loading and eccentricity to vary, which affects
the size and shape of the connection (Parker, 2008).

Just as the facade type is crucial to the connection design, the floor slabs also play
a role in facade connection design. The location the facade relative to the steel frame, the
amount of slab overhanging the spandrel beam, the strength of the slab, and the degree that
the slab edge is similar throughout the structural frame all affect the fagade connection
design. The facade connection design normally occurs after these aspects of the structure
have been designed, so the slab design must anticipate necessary accommodations required
for the fagade connection design. The connection can apply the fagcade load directly to the
slab overhanging the spandrel beam, or it can transmit load through a steel assembly to the
slab. Transmitting the load directly to the slab is the most economical approach to
connection design, but transmitting it though a steel assembly creates a connection more

adaptable to the slab design. Although both the type of facade and the slab design affect



the fagade connection, connection designs are at the discretion of the structural engineer

and can vary widely across structures (Parker, 2008).

2.2. Building Envelope Systems Practice

The terms “envelope”, “fagade”, and “cladding” are sometimes used interchangeably, but
the building envelope system and the building fagade system are different systems. The
building envelope serves several purposes, namely to minimize water and air penetration
into a building, control heat gain or loss into or out of the building, and provide a barrier
between the building and the outdoors. The building envelope is comprised of the exterior
walls, roof, fenestration, and doors. The fagade is the exterior wall system and is a lateral
component of the building envelope. The facade itself is composed of several components,
including the cladding (i.e. brick masonry, EIFS (external insulation and finishing system),
metal panels, etc.), the back-up structure (if separate from the cladding), water and air
barriers, joints, and insulation. The facade may be selected for functionality or appearance
and be able to accommodate loading from its self-weight, as well as external loads applied
to it (including wind, seismic, and blast loads). The fagade system is also designed to
accommodate a level of differential movements, between the components of the building
envelope and between the building envelope and the structure.

All of these design criteria are considered when designing the attachment from the
building facade to the structure. Facade attachments must have sufficient strength,
ductility, and redundancy to support the facade and to resist applied loads. Attachment of
the facade to the building frame typically includes gravity load supporting connections in
only two locations per panel, primarily for ease of design and constructability. However,

there may be more than two lateral supports per fagade panel. The facade connections
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typically connect to the building structure at the building frame, but, if properly designed,
the fagade connections can be placed at the deck slab. The facade connections are detailed
differently for different fagade systems. Typical facade connections for several facade

types are discussed in more detail below.

2.2.1. Typical Details for Masonry Cavity Wall Systems

Masonry cavity wall systems consist of several components, as displayed in Fig. 2-2. The
exterior is a brick veneer cladding, laid in a bond pattern, typically around 4 inches thick.
There is a cavity (typically about 2 inches wide) left between the brick masonry and the
backup. The backup consists of sheathing, a water barrier, insulation, and a steel stud wall
backup. The brick veneer is supported on a steel shelf angle, typically occurring at each
story (at 10 feet). This shelf angle carries the vertical load of the brick masonry. There are
also steel anchors provided at approximately every 4 square feet of brick masonry, which
tie the masonry to the backup. These steel anchors provide lateral, out-of-plane support to
the masonry.

In order to allow for differential movement (due to the variety of materials employed
in a masonry cavity wall system), movement joints are a necessary component of a masonry
cavity wall system. Horizontal movement joints are typically placed below each shelf
angle, both to allow for differential movement and to ensure loads are not transferred from
one story to the brick veneer below the shelf angle. Vertical control joints are installed to
accommodate differential movement and volume change. Vertical control joints are

typically placed every 20 feet, on center (Parker 2008).



2.2.2. Typical Details for Precast Concrete Wall Panels

Precast concrete wall panels are either solid, reinforced concrete or concrete “sandwich”
panels, consisting of two layers of concrete with a layer of rigid insulation “sandwiched”
between, with all layers tied together. These panels are supported by no more than two
load bearing connections in order to properly determine the force distribution to the
connections. These connections either are direct bearing connections or are eccentric
connections, depending on the panel layout and structure design. There is a small gap
between the structure slab edge and the concrete panel for tolerance during erection and
fire-safing material. Additionally, tieback connections are installed to provide lateral
restraint. Adequate joints must be installed in the precast concrete wall panel system in
order to accommodate differential movement and volume change. The simplest and most
efficient connection is a column-supported bearing connection; this is shown in Fig. 2-3.
However, multiple variations of panel connections can be designed based on the conditions
and constraints of the building.

There is a wide variety in the size and shape of precast concrete panels, and design
choices for aesthetics, economy, and ease of erection can influence the design of the precast
panels. Panels can be fabricated in nearly any size, as long as it can be transported to the
site and erected (Parker 2008). A typical panel is around 20 feet wide, although panels

have been manufactured up to 50 feet wide.

2.2.3. Typical Details for EIFS Panel System

EIFS (exterior insulation and finish system) is a relatively new type of fagade system,

developed in the 1950s. This lightweight system is made of the EIFS cladding connected

2-5



to a steel stud backup, as shown in Fig. 2-4. The EIFS cladding is made up of a rigid
expanded polystyrene insulation board. The interior side has sheathing, attached with
adhesive. The exterior side of the insulation board is covered in a polymer-modified
cement base coat, glass-fiber fabric, and an acrylic-based, textured finish. EIFS panels are
very lightweight; they are not load bearing and are not designed to resist large lateral loads.

The connections from EIFS panels to the primary building structure vary depending
on the structural conditions. The EIFS panel system is hung from the structure, and only
two bearing connections are used per panel. Panels can either be attached at the floor slabs
or spandrel panels (as shown in Fig. 2-5). There is a small gap between the floor slab and
the EIFS Panel system, in order to account for fire-safing material and to accommodate
constriction tolerances. The EIFS panels can come in a variety of sizes and are designed
to meet aesthetic desires, movement and adjustability requirements, and durability. As with
other systems, joints are required to accommodate differential movement and volume

changes in the panels (Parker 2008).

2.3. Blast Design and Testing of Building Facades

Several studies on the behavior, analysis, and testing of different facade systems subjected
to blast loading have been performed. This section reviews various typical facade systems
and discusses the critical dynamic and nonlinear force-deformation characteristics obtained
or quantified from the reviewed reports.

Salim et. al. (2005) performed multiple static and dynamic tests of steel stud walls
with a brick fagade with various connection details (one of which is shown in Fig. 2-6).
These tests confirm that improvements in the connections can improve the performance of

a steel stud wall system under blast loading. The changes included adding additional
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screws per stud and installing the stud wall with a rigid slip track. These changes were
shown through blast load testing to improve the ductility of the system and thus improving
its capacity to absorb blast energy. The type of sheathing used can also increase the
stability of the system.

Naito, et. al. (2011) also tested the blast loading performance of steel stud walls with
an exterior insulation and finishing system (EIFS) facade and a “sandwich” precast
concrete panel (exterior concrete panels with insulating material in between), as well as a
precast concrete panel, and as shown in Fig. 2-7, Fig. 2-8, and Fig. 2-9, respectively. The
study determined the effectiveness of using precast concrete panels and “sandwich”
concrete panels as a retrofit method of blast protection to an existing building. The
effectiveness of these concrete panels stems from their large mass, providing a large inertial
resistance. Naito et al. confirmed that the precast wall system provides significant
protection, but their study of EIFS facades show that this system can also perform quite
well under blast loading. Models predicted and testing proved that maintaining a larger
cavity between the panel and structure could prevent damage to the structure under blast
loading.

Idriss, et. al. (2016) performed analysis of insulated metal panels, made up of thin
gage metal on the exterior and interior face, with insulation between, shown in Fig. 2-
10. These systems are light but have a higher moment of inertia, due to the space in
between panels. However, the thin panels are also prone to buckling prior to flexural
yielding of the panel. This test was performed with bladders taking up the confined space

in the testing apparatus, allowing a uniform static pressure to be applied to the metal



panels. Idriss et al. also proved that traditional analysis might under-predict response, as
opposed to testing.
The critical structural and dynamic properties of various facade systems were

extracted from the literature and noted in Table 2-1.

2.4. Overview of Energy Dissipating Devices

Within current structural engineering design, many types of loads (wind, seismic, ice, etc.)
and loading scenarios must be considered during the building design process. However,
seismic loading, extreme wind loading, and blast loading are unique loading scenarios that
are special design considerations. These loading scenarios require a structure to absorb the
kinetic energy associated with the loading. This energy absorption can be accomplished
with an energy-absorbing device that plastically deforms to absorb the loading energy
(Alghamdi, 2001). A variety of devices that vary in shape, size, and material properties
were studied in this review for their energy dissipating properties. Yet, no energy-
dissipating device has undergone a multi-hazard assessment to determine its ability to
satisfy design objectives for two or more extreme-loading events. This review will
examine previous studies of metallic energy dissipating connectors in order to determine
which dissipaters are most suitable for acting as a fagade connection that experiences a
multi-hazard loading assessment.

Within the metallic energy absorbing devices, there are a variety of metals, shapes,
and sizes used. Metallic energy absorbing devices are commonly studied for both
structural engineering purposes and crashworthiness for vehicles. This review focused on
steel, aluminum, and brass energy dissipaters. The review focuses on circular tubes, square

tubes, corrugated tubes, stiffened tubes, multicellular tubes, and frusta.
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In the mid-1980s, Mamalis, Johnson, and Viegalahn (1984) studied the plastic
deformation of thin-walled, steel frusta under axial loading. One experimental study found
that the thickness of the steel frusta dictated the mode with which the frusta collapsed under
axial compression (Fig. 2-11). When the wall frusta wall thickness increased, the peak and
post-buckling load increased. The researchers also found that increasing the semi-apical
angle of the frusta increases the peak and post-buckling load (Mamalis, Johnson, &
Viegelahn, 1984). A second experimental study in 1986 concluded that the wall
thickness/diameter ratio played a key role in the deformation mode of aluminum and steel
frusta. The narrow ends of frusta with a large thickness/diameter ratio deformed in
circumferential rings, while the larger ends with a smaller thickness/diameter ratio
deformed as lobes (Mamalis, Manolakos, Saigal, Viegelahn, & Johnson, 1986).

In 2000, Hanssen, Langseth, and Hopperstad studied the static and dynamic
crushing of square and circular aluminum extrusions filled with aluminum foam. The
square extrusion experiments focused on the effects of wall thickness and the density of
the aluminum foam for energy absorption. The researchers found that foam-filled
extrusions deformed less and were capable of withstanding higher loads than the same
aluminum extrusions without foam. The force capacity of the foam-filled extrusion also
increased as the foam density increased (Hanssen, Langseth, & Hopperstad, 2000). Similar
results were determined from the circular extrusion experiments. Additionally, both sets
of experiments found that the force capacity of the foam filled extrusions were higher than
the combined force capacity of the separate extrusion and foam (Fig. 2-12 and Fig. 2-13).
An interaction between the extrusion and foam contributes to the higher load capacity

(Hanssen et al., 2000).



Afterwards, in 2002, Kim investigated the properties of multi-cell aluminum
extrusions under axial crushing using finite element modeling. The study modeled a
variety of square extrusions that contained smaller cell extrusions within the square. It also
investigated a square extrusion with circular cell extrusions inside the corners (Fig. 2-14,
Fig. 2-15). The multi-cell extrusions were found to have higher energy absorption and
weight efficiency than a single cell aluminum square extrusion. This increased energy
absorption is due to the more complex mode of deformation for the multi-cell extrusions
(Kim, 2002).

After the 2002 study by Kim, Saleghaffari, Rais-Rohani, and Najafi studied the
axial crushing of externally stiffened tubes in 2011. The geometric properties of the
stiffeners located on the outside of the tube determined the crushing stability, energy
absorption, and peak crushing force for the tube. The stiffener spacing/tube thickness ratio
determined if the crushing was unstable or stable (Fig. 2-16). The stiffened tubes were
deemed more efficient than circular tubes at energy absorption (Salehghaffari, Rais-
Rohani, & Najafi, 2011).

Lavarnway (2013) tested the radial energy absorbing capacity of steel tubes under
building blast conditions. The tubes were welded radially between two plates, which
simulated the fagade and the structural frame of a building. The tubes were expected to act
as a typical connection between the facade and frame before dissipating energy from the
blast. During experiments in which the tubes were loaded radially, the tubes successfully
dissipated high blast forces with large deformations (Fig. 2-17). It was determined that the
use of a tube shaped section as a fagade connection would significantly improve the blast

resistance of a structure by absorbing the energy of the blast (Lavarnway, 2013).



During 2014, research projects occurred that tested the energy absorption of a
variety of shapes. Zhang performed one such project, which tested the absorption capacity
of multi-cell circular extrusions made of aluminum. Single, double, triple, and quadruple
cell circular tubes were investigated. The multi-cell extrusions had a higher energy
absorption capacity than the single cell extrusions (Fig. 2-18). The double cell tube also
had a different deformation mode than the triple or quadruple cell (Zhang & Zhang, 2014).

Additionally, Evyazian, Habibi, Hamouda, and Hedayati (2014) tested the crushing
and energy absorption of corrugated tubes. The corrugations in the tube caused the tube to
plastically deform at predetermined locations. Some tubes that were tested had the
corrugations parallel to the force, while others had corrugations that were perpendicular to
the force. The study found that the mean load of the corrugated tubes was less than that of
a straight walled tube (Fig. 2-19), but that the corrugated tube has a load uniformity during
deformation (Eyvazian, K. Habibi, Hamouda, & Hedayati, 2014).

Alavi Nia and Parsapour (2014) studied the energy absorption of many different
triangular, square, hexagonal, and octagonal thin-walled, aluminum sections. Each type of
specimen has a simple, single cell section tested for that shape. Two multi-cell
modifications of each shape were also tested. The multi-cell modifications had a higher
mean load than the single cell of each shape (Fig. 2-20). The modifications also had a

higher energy absorption than their single cell counterparts (Alavi Nia & Parsapour, 2014).

2.5. Overview of A500 Hollow Structural Steel Material Properties

The Seismic Provisions for Structural Steel Buildings (AISC 341-10) include guidance to
evaluate the expected material yield and tensile strengths of common structural grade steels

in order to better estimate the true strength of materials. The provisions use factors that
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can be applied to the minimum nominal yield and tensile strengths to estimate the expected
yield and tensile strengths of a section (Fig. 2-21). The yield strength is multiplied by the
Ry factor and the tensile strength is multiplied by the R; factor (AISC 2010b).

Fadden (2013) studied hollow structural steel (HSS) sections to determine if the
sections could improve seismic moment resisting frames. An intensive study into the
material properties of A5S00 Grade B HSS was conducted as part of this research. Fadden
tested 114 tensile coupons from locations throughout the cross sections of 11 different
rectangular HSS (Fig. 2-22). Many of the coupons were from the side-walls of the
rectangular HSS, but coupons were also taken from the rounded corners and the welded
seam of the sections. Coupons were tested from many areas of the HSS cross section to
evaluate the variation of material properties across the cross section. The rolling process
and welding used to create HSS shapes leaves residual stresses in the sections, which
affects its material properties. Fadden determined that while material properties of the HSS
sidewalls were not affected by the rolling process, the material properties of the rounded
corners and welded seams had significantly different stress-strain characteristics as seen in
Fig. 2-23. The rounded corners and welded seams were less ductile and had slightly lower
Ry and R ratios than recommended in the Seismic Provisions for Structural Steel Buildings.
The changes in the material properties were localized to the corner and weld locations
(Fadden, 2013).

The combination of test data from Fadden (2013) and the AISC Seismic Provisions
(2010b) are used in finite element modeling to help establish the material models used in

the analysis.



Table 2-1: Critical Fagade System Dynamic Behavior Properties Extracted from Literature

Dead

System Type Loads [B]

Insulated Metal

Panel [C] 15 psf

Steel Stud Wall
System with
Brick Cladding

[D] 50 psf

Steel Stud Wall
System with EIFS

Cladding [D] 10 psf

Steel Stud Wall
System with EIFS
Cladding [E]

Steel Stud Wall
System with
Sandwich
Precast Concrete
Panel [E]

Solid Precast
Concrete Panel
[E] 80 psf

10 psf

105 psf

Section Details Width

2.75” thick panel
with two outer
steel skins and
interior insulation
layer

227 MPa (33 ksi)
Clark 6005162-43
studs spaced at
406 mm (16in.)
with an external

brick veneer 144
cladding. inches
227 MPa (33 ksi)

Clark 6005162-43

studs spaced at

406 mm (16 in.)

with an external 144
EIFS cladding inches
228 Mpa (33 ksi)
800162-33 studs

spaced at 406 mm

(16 in.) with an

external EIFS

cladding 88 inches
8" thick panel with

two outer concrete

layers and interior 81.89
insulation layer inches
6" thick reinforced 81.89
concrete panel inches

Height

Not Given 60 inches

144
inches

144
inches

133.35
inches

136.5
inches

136.5
inches

Unsupported Modulus of
Width Elasticity

58 inches 29,000 ksi

144 inches 29,000 ksi

144 inches 29,000 ksi

133.35

inches 29,000 ksi
Concrete =
3,000 ksi
Steel =

136.5 inches 29,000 ksi

136.5 inches 3,000 ksi

Moment of

Inertia (per
foot width)

0.852in7

12.073 in"4

12.073in"4

1.345inM

517.987
inh4

216in"4

(El)eff (per
foot width)

24650
kip*inA2

350100
kip*in~2

350100
kip*inA2

390000
kip*in~2

1162000
kip*inA2

324000
kip*inn2

Notes: [C]=Idriss et. al. (2016), [D]=Salim et. al. (2005), [E]=Naito et. al. (2011)

Natural
Period

30 ms

140 ms

63 ms

155 ms

84 ms

114 ms

Yield
Deflection at
Midspan

0.8 inches

0.98 inches

1.96 inches

0.59 inches

0.16 inches

0.33 inches

Max Load at Maximum Maximum
Deflection Yield (per .
at foot Load (per = Rotation at
Midspan width) foot width) Support
6.6 inches 93.61b/in 158.41b/in  12.82°
61.282
6.3 inches Ib/in 396 Ib/in 5.00°
13.97 122.57
inches Ib/in 396 Ib/in 10.98°
5.89 6.425
inches Ib/in 134 1b/in 5.05°
1.25 43.56
inches Ib/in 134 1b/in 1.05°
2.94 38.28
inches Ib/in 317.8 lb/in 2.47°

36 ksi

36 ksi

36 ksi

36 ksi

3 ksi

3 ksi

Maximum
Shear

4.59 kips

28.5 kips

28.5 kips

8.93 kips

9.14 kips

21.7 kips

Maximum
Bending
Moment

39.36 kip-
inches

1026.4 kip-
inches

1026.4 kip-
inches

297.9 kip-
inches

312.1 kip-
inches

740.2 kip-
inches
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Fig. 2-1: Examples of eccentricity and connection type (Parker, 2008)
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Veneer.
Veneer anchor.

Exterior sheathing, usually gypsum
based.

Water barrier.

Insulation.

Through wall flashing.

Shelf angle.

Back-up wall (metal stud shown).

Top of back-up wall connection allows
vertical movement between portion

of wall above soft joint and portion

below, plus in-plane movement.

Soft joint under shelf angle.

Fig. 2-2: Typical masonry cavity wall system components and connections (adapted from

Parker 2008)
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Spandrel Beam Not
Shown for Clarity

e
e

Story-Tall
Precast Panel

NOTES:

©

»© O O

Joint to allow differential vertical
movement., Shim stack (or
leveling bolt) bearing support at
panel joint.

Steel bracket bearing connection.
Typically designed by the SSE.

Tie-back connection at top of
lower panel to allow vertical and
horizontal relative movement.

Stiffeners if required. Consider
impact of stiffeners on the
out-of-plane spandrel beam
connection.

Maximum allowable eccentricity,
ey, specified by the Structural
Engineer of Record.

Fig. 2-3: Typical concrete panel column supported bearing connection (adapted from

Parker 2008)
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(a) Conventional EIFS

NOTES:

@ Metal stud backup panel frame.

@ Sheathing.
@ Adhesive.

@ Rigid expanded

polystyrene insulation board

(EPS) insulation.

@ Polymer-modified cement base
coat, glass-fiber fabric, and
acrylic-based, textured finish.

Fig. 2-4: Typical EIFS cross-section geometry (adapted from Parker 2008)
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NOTES:

®
©)

®

® © ©

EIFS spandrel panel with backup frame.

Eccentric bearing attachment. Provide
sufficient overlap for in-out adjustment.
Shims and leveling bolts for vertical
adjustment.

Bent-plate pour stop. Provide in-out
adjustment to minimize fire-safing and
overlap of bearing connection.

Tie-back connection. Vertical and
horizontal movement not necessary as it
is with PC and GFRC panels.

Kicker as needed if spandrel depth is
large.

Hanger in base structure eliminates
vertical component of kicker force in
panel backup frame. Alternatively,

coordinate design between SER and SSE.

Fig. 2-5: Typical EIFS spandrel panel connection (adapted from Parker 2008)

Fig. 2-6: Steel stud wall improved connections for blast loading (adapted from Salim et.

al. 2005)
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16mm Interior Sheetrock

20Ga. 203mm Metal Studs (Designation
4 800162-33) @ 406mm O.C. Effective
Yield Strength 228MPa

HSS 178 X 178 X 8

EIFS

From Interior to Exterior
13mmDensglass Board +
Carlisle Vapor Barrier +
25mm Stucco +

Track To Stud Connection
No.7-18, 11mm Self Drilling Screws

Metal Stud Wall Detail A 18Ga. C-Track Fastened

U @ 203mm O.C. w/ 3.7mm Diameter
Powder Actuated Fasteners

w/ 28.6mm Min. Penetration
1

Fig. 2-7: Typical steel stud wall system with EIFS fagade cross section geometry
(adapted from Salim et. al. 2005)

Fig. 2-8: Typical “sandwich” concrete panel cross section geometry (adapted from Salim
et. al. 2005)

Fig. 2-9: Typical precast concrete wall panel cross section geometry (adapted from Salim
et. al. 2005)
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Fig. 2-10: Typical insulated metal panel cross section geometry (adapted from Idriss et.
al. 2016)

Fig. 2-11: Deformation modes of different thicknesses of frusta (Mamalis, Johnson, &
Viegelahn, 1984)
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Fig. 2-12: Force-deformation relationship for square aluminum extrusions filled with
aluminum foam. (Hanssen et al., 2000)
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Fig. 2-13: Force-deformation relationship for circular aluminum extrusions filled with
aluminum foam (Hanssen et al., 2000)
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Fig. 2-14: Two of five multi-cell cross sections tested in the study by Kim (Kim, 2002)
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Fig. 2-15: Force-displacement relationship for a square column and two multi-cell

columns with the cross sections pictured in Fig. 2-13 (Kim, 2002)

2-20



ﬁlﬂ U‘Stlbll: < Unstablc & 6‘0 ™ o Sublt & Unmble
[ =]
50 50 .
40 0400 0o
& 30 5 30 - °e ;
" A % 3;. ‘QO - ® ° o
20 s 20 {or—00R
5 oy Oy o © @
10 5o —5—2° 10— Do o
o O
0 . wﬁ%’ga = ':'&f}%* 2 0 — 1
0.0 02 0.4 06 08 1.0 0 2 4 6 8 10 12 14
ti(d+t) wi(d+t)

Fig. 2-16: Stable and unstable specimens plotted with geometric data. S is the spacing
between stiffeners, t is the tube wall thickness, d is the stiffener thickness, and w is the
height of one stiffener (Salehghaffari et al., 2011)

¢)
Fig. 2-17: Experimental force-displacement relationships a) HSS7x0.25 b) HSS10.75x0.25
c) HSS16x0.375 (Lavarnway, 2013)
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Fig. 2-18: Force-displacement relationships for four of seven specimens a) single cell
section b) double cell section c) triple cell section d) triple cell section (Zhang & Zhang,
2014)
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Fig. 2-19: Force-displacement relationship for four of fourteen specimens; the “S”
specimens represent straight tube and the “CD” tube represents corrugated specimens;

S101 and CD10D have the same diameter, thickness, and length, as do S151 and CD15D
(Eyvazian et al., 2014)

Fig. 2-20: Mean load for the study specimens (Alavi Nia & Parsapour, 2014)
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TABLE A3.1
R, and R; Values for Steel and
Steel Reinforcement Materials

Application R, R
Hot-rolled structural shapes and bars:

+ ASTM AJ&/A3EM 1.5 1.2
* ASTM A1043/1043M Gr. 36 (250) 1.3 1.1
+ ASTM AST2/572M Gr. 50 (345) or 55 (380), 1.1 1.1

ASTM AS13/A913M Gr. 50 (345), B0 (415), or 65 (450),
ASTM ASBE/ASBEM, ASTM ABS2/AS82M

+ ASTM A1043/41043M Gr. 50 (345) 1.2 1.1
+ ASTM A529 Gr. 50 (345) 1.2 1.2
+ ASTM AS29 Gr. 55 (380) 1.1 1.2
Hollow structural secticns (HSS):

+ ASTM AS00/AS00M (Gr. B or C), ASTM AS01 1.4 1.3
Pipa:

+ ASTM ASITASIM 1.6 1.2

Plates, Strips and Sheets:

+ ASTM AJ&/A3EM 1.3 1.2
+ ASTM A1043/1043M Gr. 36 (250) 1.3 1.1
+ AT011/A1011M HSLAS Gr. 55 (380) 1.1 1.1
+ ASTM AST2/AST2M Gr. 42 (290) 1.3 1.0
+ ASTM AST2/AST2M Gr. 50 (345), Gr. 55 (380), ASTM ASBA/ASBEM 1.1 1.2
+ ASTM 1043M043M Gr. 50 (345) 1.2 141
Steel Aeinforcement:

« ASTM AB15, ASTM ATOE 1.25 1.25

Fig. 2-21: Ry and R¢ values for standard steel sections and reinforcing (AISC 2010b)
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Fig. 2-22: Tensile coupon locations throughout the cross section of HSS10x6x1/4 (right)
and HSS10x8x1/4 (left) (Fadden, 2013)
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Fig. 2-23: Tensile coupon results a) HSS10x6x1/4 b) HSS10x8x1/4 (Fadden, 2013)
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3. Multi-hazard Facade System (MHFS) Loading and Performance Objectives

3.1. Background and Definitions

The use of multi-hazard ductile connectors (MDCs) and U-shaped flexural plates (UFPs)
for facade panel-to-structural frame connections in low- to mid-rise steel buildings is
investigated in an effort to improve the performance of such structures subjected to any
credible hazard. A design procedure has been developed which details the proposed multi-
hazard facade system (MHFS) considering wind, seismic, blast, and impact hazards with
varying performance objectives. The following directions/degrees-of-freedom are defined
relative to the facade panel as-installed on a building (Fig. 3-1):

e Out-of-plane (OP): defined by a vector normal to the outer surface of the panel.

e Vertical (V): defined as the direction along the height of the panel/building.

e Lateral in-plane (LIP or IP): horizontal direction along the width of the

panel/building; mutually perpendicular to the OP and V directions.

U-shaped flexural plate (UFP) connectors have been incorporated into the proposed design
methodology to accommodate story drifts with in-plane shear forces less than the panel’s
capacity to avoid damaging the panel. Each UFP consists of a steel plate bent into an
elongated U-shape and connected to the panel and structural frame on either side via either
welded or bolted connections to flat plates (Fig. 3-1). At least two UFPs are required along
whichever panel edge (top or bottom) is to be “released” relative to in-plane floor motion.
Various configurations of the connectors are possible (see Appendix B) and have various

advantages and disadvantages. Configuration 3 of that appendix is discussed here.
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A critical element of the MDCs is a length of round HSS tube, which is welded

between two diametrically opposed flat plates. The following HSS tube actions/degrees-

of-freedom are utilized to provide the desired response considering each panel demand:

Radial: inward “crushing” or outward “pulling” of the circular cross section.
Rolling: shearing of the tube in-plane with the circular cross section.

Longitudinal: shearing parallel to the tube’s longitudinal axis.

These actions/degrees-of-freedom are also referenced in discussion of the UFPs, however

the MDC and UFP mechanics differ in critical ways, which will be detailed in Section 4.

Three main MDC types have been developed to resist demands in each panel

degree-of-freedom:

MDC-V: MDCs with the HSS tubes’ longitudinal axes aligned with the panel’s
vertical (V) degree-of-freedom. Two MDC-1s should be included along one panel
edge (top or bottom), preferably near the corners; exactly two MDC-Vs are
preferred for installation (as described later). These MDCs are designed to
elastically resist all vertical facade loads (self-weight, seismic inertia, etc.).

MDC-L: MDC with HSS longitudinal axis in the LIP direction. This MDC is
designed to elastically resist all LIP forces due to seismic inertia and (if the panel
is located at a building corner) contact with other facade panels during building
drift. Exactly one MDC-L is included along the panel edge (top or bottom) which
also contains the MDC-Vs, preferably near the middle (centered left-to-right). If

the total HSS length along this panel edge is not sufficient to achieve all desired
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performance objectives for OP loading, additional tube length can be added to the
MDC-L to increase the overall strength of this panel edge.

e MDC-B: MDC with HSS longitudinal axis in the LIP direction. This MDC is not
connected to the frame-side plate (bearing only), therefore it only acts during
inward OP loading (radial crushing as tube bears against plate). The MDC-B is
located along the panel edge with containing the UFPs and is designed to

supplement their inward OP strength to equal that of the opposite panel edge.

3.2. Facade System Loading and Performance Objectives

Fagade systems enclose interior building spaces while providing protection, insulation, and
aesthetic appeal from the exterior. Failure of a building envelope prohibits the intended
usage of the interior space resulting in economic losses due to both operational downtime
and the required repair cost; furthermore, exposure to moisture or extreme temperatures
may allow mold to develop, water pipes to freeze, etc. resulting in additional losses. During
seismic events, facade panel damage and detachment has been observed due to deformation
incompatibility between the facade panels and attached floor slabs as the building stories
undergo lateral drifts (Hutchinson et al., 2014). Additionally, buildings subjected to
extreme external lateral pressures, such as large explosive or strong
wind/tornado/hurricane events, have a reduced chance of progressive collapse when the
facade system remains intact (NIST, 2007). Therefore, it is in the interest of both public
safety and reducing probable economic losses that the design and detailing of robust,

practical facade systems is developed herein.
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A building’s fagade system serves as the barrier separating the interior and exterior
environments. Differences between these environments must be resolved by the facade
system to maintain the integrity of the enclosure. Changes in temperature and moisture
content can create volumetric strains within the facade panels depending on material
properties. The change in panel dimensions due to these volumetric strains must be
accommodated by the facade connectors, in addition to fabrication, installation, and on-
site adjustment tolerances (PCI, 2000). These requirements are traditionally dealt with
using slotted or oversized bolt holes and leveling bolt connections. A statically determinate
connection scheme is preferable to allow for easier on-site adjustment of each panel to an
acceptable final position. Details of the arrangement and features of MDCs and UFPs
which accommodate these deformations are included in Fig. 3-2.

ASCE 7-10 (2013) details minimum requirements for facade system design,
including thermal/moisture effects and loads due to self-weight (dead load), seismic inertia,
and wind. These minimum design loads must be resisted elastically by the fagade system
by providing an adequate load path for all out-of-plane (OP; direction normal to the exterior
building surface), vertical (V; direction along the panel/building height), and lateral in-
plane (LIP or IP; direction along the panel/building width, mutually perpendicular to the
OP and V directions) loads. Wind and lateral seismic panel inertia are the minimum design
OP demands. Lateral seismic panel inertia must also be considered in the LIP direction.
Vertical demands include dead weight and vertical seismic panel inertia. The factored load
combinations specified in ASCE 7 must be considered when determining controlling

design demands for both the facade panel and connections to the structural frame in each
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degree-of-freedom. Free body diagrams of a fagcade panel supported as shown in Fig. 3-1
subjected to various types of loading are shown in Fig. 3-3.

In addition to these minimum loads, the facade system may be subjected to
impulsive loads resulting from explosive blasts or impact debris due to blast or extreme
wind events. These rare but potentially high-damage hazards must also be considered in
design to protect essential facilities. A list of credible hazards and desired performance
objectives for a low- to mid-rise steel building frame with reinforced concrete panel multi-
hazard fagade system (MHFS) is provided in Table 3-1. The proposed MDC design
approach achieves these performance objectives through capacity design principles and
consideration of the interaction between building frame and fagade panels.
Characterization of the nature and magnitude of facade panel demands is the first step in

the proposed MDC design methodology.

3.2.1. Thermal/Moisture Effects and Temperature/Shrinkage Panel Reinforcement

The volumetric expansion and contraction due to changes in temperature and moisture
content must be accounted for when designing reinforced concrete or brick and mortar
cladding fagade systems. These deformations are typically accommodated locally (within
the facade system itself) using joints (gaps) between panels and degree-of-freedom releases
in the fagade panel-to-structural frame connections. Joints also ease the installation
process, and allow for some differential seismic displacement of the floors attached to a
given fagade panel prior to panels coming into contact. ASCE 7-10 Chapter 13.5.3
specifies a minimum panel joint size of '%2”, however a typical 13’ by 30’ reinforced

concrete panel requires ¥4 LIP and '42” V joints to allow for the expansion due to a design
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temperature fluctuation of +/- 50 degrees Fahrenheit (100 degrees total). The material
coefficients of thermal and moisture expansion can be used to estimate the maximum
(relative to nominal) panel dimensions, and joints can then be sized to allow for this
expansion without contact occurring between panels:

Doy =k S ArtkS.=Wie; (3-1)
where Aexp 1S the expected maximum change in dimension, ki is the material coefficient of
thermal expansion (6x10°%°F for concrete, 4x10°%/°F for masonry), S. is the nominal
dimension of the material in the direction of expansion, At is the expected change in
temperature, k. is the material coefficient of moisture expansion (2x10* for concrete, 5x10°
4 for masonry), Wj is the required joint width, and e;j is the maximum strain of the joint
material (possibly 50%, or 0.5). Without adequate joints, expanding panels can come into
contact and rapidly develop large forces resulting in cracks and potential fracture of facade-
to-frame connections.

The facade panel-to-structural frame connections must be able to accommodate
both panel contraction and expansion due to thermal and moisture effects to avoid
distortion and potential fracture as the panel deforms in-plane. This is typically achieved
by including slotted bolt holes in the facade-to-frame connectors, and arranging these
connections to allow for in-plane panel deformations while also providing reactions in each
degree-of-freedom as shown in Fig. 3-2. The connection arrangement and
slotted/oversized bolt hole details shown in Fig. 3-1 satisfy these criteria; all connectors
provide OP reactions while the frame is free to deform relative to the panel in the LIP
direction from the MDC-L, and in the vertical direction from the MDC-V panel edge. This

connection configuration also provides a statically determinate condition considering all

3-6



panel degrees-of-freedom. The long-term reliability of functioning (sliding) bolt slots is
questionable; however, the MDCs and UFPs themselves are capable of accommodating
panel expansion/contraction through deformation of the HSS tubes (MDCs) and bent steel
plates (UFPs) if the bolted connections “lock up”. The fatigue life of these HSS tubes
subjected to this cyclic loading has been evaluated in Appendix A.

For reinforced concrete panels, thermal and moisture effects require a minimum
amount of reinforcement—with a reinforcement ratio of 0.18% —to minimize cracking
(ACI, 2011). This minimum reinforcement ratio can be used to determine the minimum
flexural strength of the panel when subjected to (say, uniformly distributed) loading in the
OP direction. For other cladding types, code requirements should be checked to ensure

similar serviceability.
3.2.2. Dead Load (D; Self-Weight)

The fagade-to-frame connections must have adequate strength to support the panel’s weight
(dead load) in the vertical direction. The total weight of a reinforced concrete (or similar)
panel can be calculated using the volumetric weight of the material and the nominal panel
dimensions:

Wp=y,hbt (3-2)
where yp is the volumetric material weight, and h, b, and t are the nominal height, width,
and thickness of the panel, respectively. This total weight should then be divided by the
number of vertical load-bearing connections for design; two vertical supports are ideal to
maintain static determinacy. For the MDC configuration shown in Fig. 3-1, the MDC-V

connectors along the panel’s top edge will carry all vertical loads. This dead load should
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be factored and considered in combination with vertical seismic load effects for design
according to ASCE 7-10.

All vertical loads should be assumed to act at mid-thickness of the panel. This line-
of-action is eccentric relative to the connectors, and the resulting moment demand on these
connectors must be included in their design criteria to prevent failure under design loading.
Accounting for this eccentricity will be discussed in further detail in the context of MDC
design (Section 5.3.7.1). Vertical deflections and creep (for reinforced concrete frames
only) in the connecting spandrel beam should also be considered if such deformations
would impart a differential vertical displacement between vertical load-bearing panel
connection points, however this should not be an issue if these connections are laid out
symmetrically on the panel (with respect to the V axis) and anchored near a beam-column

joint where vertical beam deflections are negligible.

3.2.3. Seismic (E =Ei+ Ea + E¢)

Seismic events create fagade system demands in the OP, LIP, and V directions. The inertia
of the panel’s mass in motion must be resisted in each of these degrees-of-freedom (Fig.
3-3). Additionally, deformation compatibility between the drifting building frame and
rigid in-plane panels must be accommodated to avoid distortion of the panels and
ultimately failure of the connections. The proposed MDC and UFP configuration (Fig. 3-
1) relies on the MDC-Vs to resist all vertical seismic forces, and the lone MDC-L for all
LIP forces. Vertical seismic forces should be considered in combination with the dead
load, and the controlling combination should be used for design (1.4 times dead load, or

1.2 times dead load plus seismic loads). Large building drifts in-plane with a given panel
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are accommodated through ductile deformation of all UFPs in the rolling direction, while
out-of-plane drifts are accommodated through rotation of the HSS tubes and UFPs about
the panel’s LIP axis (which is easily accommodated based on test results in Rendos (2018)).
Contact between adjacent panels during large building drifts is expected (as described in
Section 3.2.3.3) however all deformations will be accommodated by the UFPs to prevent

panel damage or failure of the connections.

3.2.3.1.Inertia Effects (Ei)

ASCE 7-10 Chapter 13 gives a procedure for calculating design seismic inertia loads for
non-structural components, which includes fagcade panels and their connections. The
design vertical seismic inertia force can be taken as the product of 2/3™ of the design short-
period spectral acceleration and the panel mass. Table 13.5-1 in ASCE 7-10 gives
coefficients, a, and Rp, which act as dynamic amplification and response modification
factors, respectively, for design lateral (OP and LIP) seismic inertia forces. These factors
can significantly change the magnitude of each design-basis force, and care must be taken
to ensure appropriate factors are used for all elements along each load path. All forces
used to design fasteners (bolts and welds) within the MDCs should use a, = 1.25 and Ry =
1.0 as “fasteners of the connecting system” under “exterior nonstructural wall elements and
connections”. The MDCs and UFPs are different from traditional exterior wall connectors;
therefore, the factors given under the general category of “other rigid components” should
be consulted. For OP loading, the all connectors are loaded in their radial direction and are
considered “high deformability elements and attachments” with a, = 1.0 and R, =3.5. In

the LIP direction, the MDC-L HSS tube is subjected to longitudinal shearing, which is the
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stiffest and least ductile deformation mode therefore it can conservatively be treated the
same as the bolts and welds (ap = 1.25 and R, = 1.0). These characterizations are validated
through examination of HSS tube and UFP mechanics considering these actions (Section
4). Note that the equation for nonstructural component lateral seismic inertia given by
ASCE 7-10 Chapter 13 is generally controlled by the expression which includes a term
calculated as the elevation of the component’s attachment to the structure as a fraction of
the total building height (z/h); all references to “minimum” or “ground elevation” seismic
force/design herein assigns a zero value to this term, whereas “maximum” or “roof-
elevation” refers to this term taking a value of one. The UFPs do not carry any LIP seismic
inertia forces because they are meant to yield to accommodate drift as described in the

following subsection.

3.2.3.2.In-Plane Drift Accommodation (Eq)

In modern steel buildings, ductile design of the lateral force resisting system (LFRS) is
used to economically resist large lateral forces during seismic events. Yield of the LFRS
results in inelastic story drifts. Panels are anchored to the floor systems at the top and
bottom of each panel and differential motion of the floors in the OP and LIP directions
must be accommodated by the fagade system to avoid developing large forces due to in-
plane distortion of the panels, which generally have large in-plane stiffness. This is
traditionally done through detailing of the facade-to-frame connections, similar to the
approach taken for thermal/moisture effects; however, slotted bolt connections may not be
reliable for accommodating building drifts if corrosion or large frictional forces prevent

the desired sliding action. Therefore, the proposed design methodology incorporates U-
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shaped flexural plate (UFP) connectors along one of the panel edges to accommodate all
seismic drift effects. UFPs have been successfully implemented in both commercial and
research applications for drift compatibility and seismic energy dissipation through plastic
“rolling” of the section (Baird, 2014), however their inclusion in this application relies
upon their “pulling” and “crushing” capacities as well.

Considering a panel with the connector layout shown in Fig. 3-1 subjected to a large
building drift in the LIP direction, the panel moves laterally with the upper floor because
the MDC-L connecting the panel and spandrel beam is very stiff and designed to remain
elastic (essentially no deformation across the MDC undergoing longitudinal shear). On the
opposite panel edge, the differential LIP displacement between the spandrel beam and
panel is accommodated by the UFPs through highly ductile plastic rolling of their
semicircular sections. A maximum expected rolling deformation equal to (plus/minus) the
design maximum story drift (possibly considered as the code drift limit of 2.5% of the story
height, or Cade where Cq is the deflection amplification factor for the chosen LFRS and 6
is the elastic story displacement under the elastic (reduced) design seismic inter-story
shear) should be determined to inform aspects of the UFP geometry which largely govern
their behavior in the design-critical degrees-of-freedom (discussed in mechanics and
design sections). The LIP force driving the UFP rolling deformations is provided by the
MDC-L, which is capacity-designed to resist the UFPs maximum expected rolling forces
in addition to the LIP seismic inertia of the panel. These opposing LIP forces are applied
at different elevations along the panel’s height, resulting in a net moment about the panel’s
OP axis. This moment is resisted via a force-couple formed by the MDC-Vs as shown in

Fig. 3-3. Building drift in the OP direction can be accommodated through bending of the
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connectors about the panel’s LIP axis. Vertical differential displacement between floors is
typically much smaller than lateral drift and can essentially be ignored if proper
accommodation of thermal/moisture expansion and contraction is included via vertical

slotted bolt holes and an appropriate connection configuration as previously discussed.

3.2.3.3.Corner Panel Contact Accommodation (E.)

As a given story undergoes drift primarily in one direction, the panels located at the
building’s corners may experience deformation incompatibility due to differences in the
anchorage of adjacent corner panels as shown in Fig. 3-4. The OP panel—relative to the
direction of the larger story drift—rotates as discussed in the previous paragraph while
remaining anchored to both adjacent floors, while the LIP panel is effectively a rigid body
which is anchored to one floor via the MDC-L and released from the other by UFP rolling.
Contact between these panels will occur due to this difference in panel anchorage when
story drift results in LIP panel displacement exceeds the gap between panels. This contact
can be avoided if a large, undesirable gap (equal to the design maximum story drift) is
included between the panels. Alternatively, a standard gap can be used with connections
that are detailed to act as a “fuse” along the load path to limit the force, which develops as
the corner panels come into contact, thereby accommodating seismic building drift through
yielding of the connectors. An approach using yielding connections to accommodate
corner panel contact was considered by Hutchinson et al. (2014). The approach taken in
this design methodology is to utilize the weak outward pulling strength of the OP panel’s

UFPs as the force-limiting “fuse” during corner panel contact with the MDCs designed to
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elastically resist the resulting expected forces as shown in Fig. 3-4. The mechanics of this

action will be developed in detail in a later section.

3.2.4. Wind

3.2.4.1.Basic Wind Speed Pressures (W)

The design-level wind pressure on a given fagade panel can be calculated from the
procedures in ASCE 7-10 Chapters 26 and 30. The design wind event for facade panels
can be treated as a sustained, static load. A variety of factors—including building
dimensions, location, and site exposure—are used to formulate a design pressure profile
incident upon each building face. This pressure profile can then be integrated over the area
of the panel of interest to determine a total OP design force. For simplicity, this design
force can be treated as a uniformly distributed load over the surface area of each panel by
dividing the total OP wind force by the panel’s height and width. This approximation
allows for simple calculation of the peak flexural demand (uniformly distributed load on
the one-way panel) to determine if the system requires additional reinforcement beyond its
minimum flexural strength. The MDCs and UFPs should be designed to resist all design-
basis wind loads in the OP direction (inward and outward). A comparison of design OP
wind and seismic inertia forces is provided in Fig. 3-5 for buildings located in Los Angeles,

CA and Boston, MA.

3.2.4.2.Tornado Winds (Tw)

For extreme wind events, such as tornadoes, the design wind pressure profile can be

amplified by the square of the ratio of reference wind speeds—the sustained three-second
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gust at ten meters above-grade associated with an event of known annual probability of
exceedance—to determine a “maximum considered” OP wind load. Reference wind
speeds for tornados in various regions of the contiguous United States is shown in Fig. 3-

6 (USNRC, 2007).

3.2.4.3. Tornado Suction due to Atmospheric Pressure Drop (Pr)

Tornado events include an additional hazard in the form of a significant, rapid drop in
atmospheric pressure. This phenomenon is non-concurrent with the high velocity winds.
The difference between interior (unchanged) air pressure and reduced exterior air pressure
results in an outward, pseudo-static, uniformly distributed “suction” force acting on the
facade system in the OP direction. If consideration of tornado events is included in the
design, this pressure drop should be included as well for the design of all elements in the
facade systems (panels and connectors). Pressure drop values and reference tornado gust

velocities are given in Table 3-2.

3.2.5. Impulsive Loading (I)

Impulsive loading on a building fagade generally has the effect of imparting an initial
velocity to the panel mass based on the principle of momentum conservation. This type of
response can result from a force (or pressure) acting over a duration of time which is much
shorter (typically 1/5™ or less) than the fundamental period of vibration response of the
structural system (Chopra, 2011). This is generally an appropriate characterization of an
air-blast effect when designing protective structures (DOD, 2008). Impulsive loading can
also result from a collision between a mass-containing body and structure, where

momentum (or kinetic energy) is conserved. This can occur when debris due to a blast or
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high-wind event impacts the building’s exterior. In either case, the integrity of the load
path from fagade panels, to connections, and through the main structural frame is critical
for protecting the building’s inhabitants, preventing infiltration of the blast or impact
missile into the building (which can significantly increase economic losses), and
minimizing the potential for progressive collapse due to damage of the primary structural
system (NIST, 2007). A protective fagade system design for these extreme hazards can be
achieved through appropriate proportioning of the MHFS components’ strengths.

For a given facade panel, the controlling impulsive loading scenario is a function
of both the magnitude of the design impulse, as well as the performance objective for the
facade system subjected to that event (Table 3-1). Large impulsive loading events are rare
and the precise design scenario(s) will likely never occur, however a resilient protective
design can be achieved through consideration of a spectrum of loading scenarios and
performance objectives. This is accomplished using capacity design principles to induce a
desired progression of component damage with increasing demand along the load path
where each behavioral transition is benchmarked by the controlling load type with the
performance objective to remain within that particular damage state. This concept is
illustrated in Fig. 3-7 for the OP loading conditions and performance objectives detailed
herein. The design resulting from this approach will ultimately be more robust when
subjected to any load type than a design strictly considering the maximum magnitude
event. The mechanics and design of each component will be developed in subsequent
sections to formulate a methodology capable of achieving all desired objectives and

improving facade system performance.
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3.2.5.1.Air-Blast (In)

When an explosion occurs, a high-velocity overpressure wave propagates radially in all
directions from the source of the blast. When this wave encounters a boundary plane, such
as the side of a building, it reflects off of the surface, exerting a brief inward (positive)
pressure. The duration of this pressure is typically on the order of a few to tens of
milliseconds, which is much shorter than the fundamental period of vibration response of
any typical facade system in the OP direction (typically on the order of tenths of one
second). The integral of positive reflected blast pressure over time yields the impulse value
for protective design of the facade system. This value is a function of the charge weight
(W; typically presented in terms of equivalent pounds of TNT), straight-line distance
between the charge and boundary surface, and the angle of incidence between the straight-
line distance ray and boundary surface normal (DOD, 2008). A more general “standoff
distance” term (denoted by the variable R), defined as the minimum along-ground distance
between the blast source and building surface, is typically used along with W to
characterize a blast event for structural design. These parameters are commonly combined
into a single “scaled distance” value, Z, equal to R divided by the cubed root of W.

In traditional protective design, a threat-based assessment is performed to
determine a credible blast scenario to consider for design. Example design blast impulse
values are provided in Table 3-3 for three ground-level design blast scenarios (DBS):
DBSI, with a standoff distance, R, of 30 feet and a charge weight, W, of 500 IbsTNT (Z =
3.78); DBS2, with R = 100 feet and W = 300 IbsTNT (Z = 14.9); and DBS3, with R =200
feet and W = 100 IbsTNT (Z = 43.1). These values were obtained by integrating the

positive pressure values over time calculated by the numerical procedure developed by
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Appelbaum (2013) and based on Department of Defense 3-340-02 (DOD, 2008) for each
blast scenario over a 30-foot wide by 13-foot high area (typical bay width and story height
dimensions; considered the nominal area of each facade panel). This also considers each
panel centered on a wide, tall building surface (to eliminate edge clearing effects). These
design blast scenarios represent low- (DBS3), moderate- (DBS2), and high- (DBSI)
intensity blast events, which represent a range of threats suggested by FEMA 427 (2003).
All air-blast events considered in this study are assumed to be caused by a ground-level,
spherical charge detonation. Performance objectives for each MHFS component subjected

to these air-blast intensity events are noted in Table 3-1.

3.2.5.2.Impact (Ii)

Table 3-3 includes design impact missile impulse values, which are adapted from the
United States Nuclear Regulatory Commission (USNRC, 2007) for the protection of
nuclear facilities against tornado effects. The design missile for “global” (non-penetrative)
failure is a car with mass and impact velocity determined by the mapped tornado wind
regions shown in Fig. 3-6. This impact missile can strike at any elevation up to thirty feet
above grade. Although the USNRC guidelines state that plastic deformation (energy
dissipation) of the car can be considered during this collision, this can be conservatively
ignored to obtain a larger design impact missile impulse value. The design impulse values
in Table 3-3 are compared in Fig. 3-8, however these values are not directly comparable
for design because the load type drastically changes the response of the panel and
connectors when comparing blast and impact scenarios of apparently equivalent impulse.

An impact missile can be characterized as a point or partially distributed (based on the
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impact missile’s dimensions) load acting on the panel with the missile’s mass added to the
panel at the point or area of contact (assuming plastic collision). While in reality an impact
load’s duration may not be brief relative to the facade system’s first mode dynamic
response period, the transfer of momentum during the collision imparts an initial kinetic
energy state, which is analogous to the effect of air-blast overpressure described in the

previous section.

3.3. Load Combinations

Each fagade connector must be designed considering the maximum combined demands to
ensure the panel remains supported in all degrees-of-freedom even during extreme
hazardous loading events. The demands described in the preceding subsections include
force, deformation, and hysteretic work requirements to satisfy the desired performance
objectives. Free body diagrams of the basic load cases are shown in Fig. 3-3. The MDC-
Vs must consider all loads in combination with the panel dead load increased by a factor
of 1.2 per most ASCE-7 load combinations. Seismic inertia effects must be combined with
forces resulting from deformation compatibility, including in-plane plastic yielding of the
UFPs for all panels and OP panel contact for corner panels (free body diagram of this load

case shown in Fig. 3-4). All relevant load combinations are provided in Table 3-4.These
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combinations are derived from those given in ASCE 7-10 (2013). These factored load

combinations are summarized as follows:

1.

2.

Dead load (V)
Dead load (V) plus design-basis wind (OP)
a. Inward OP wind
b. Outward OP wind
Dead load (V) plus earthquake load effects (100-30-30 directionality considered)
a. Primary ground motion action in panel’s LIP direction
b. Primary ground motion action in panel’s OP direction (inward or outward)
c. Primary ground motion action in panel’s vertical direction (downward)
Dead load (V) plus tornado wind (OP)
a. Inward OP tornado wind

b. Outward OP tornado wind

. Dead load (V) plus impulsive loading (OP)

a. Air-blast impulsive loading

b. Missile impact impulsive loading
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Table 3-1: Structural Hazards and System Performance Objectives

Building Component Performance

Hazard Intensity Return Period (years)*
LFRS Connectors Facade Panels
Low 75-350 Elastic or limited plasticity Elastic
. . Design-basis 475 Plastic with acceptable max drift ~ (vertical), drift .
Seismic ‘ . R ] . Elastic
Maximum-considered 2475 Plastic with acceptable max drift ~accommodation
Collapse-level 5000+ Highly plastic, potential failure (lateral)
Low 10-75 Elastic
Wind  Design-basis 300-1700 Elastic Elastic Elastic
Tornado 100,000-10,000,000 Plastic
Low Maximum 125,000. Elastic Elastic
Blast  Moderate Reduced significantly Elastic Plastic Elastic
High for essential structures® Plastic Plastic
Impact  Design-basis Linked to blast/tornado®  Elastic Plastic Plastic
Notes:  a. Return periods given as ranges have exact values determined by building occupancy/usage.

b. Maximum estimated from current U.S. building population and annual bombing incident data (USBDC 2016).
c. Impact determined from tornado region with probability conditional on the occurrence of blast or tornado events.

Table 3-2: Design Parameters for Tornado Winds (Adapted from USNRC, 2007)

Tornado Region  Reference Wind Gust Velocity (mph) Design Pressure Drop (psi)

1 230
2 200
3 160

1.2
0.9
0.6
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Table 3-3: Design Facade Impulse Values

Type: Design Blast Scenario (DBS) Impact Missile (Tornado Region, TR)*
Scenario: DBS1 DBS2 DBS3 TR1 TR2 TR3
Parameter®: R (ft) W (IbsTNT) R (ft) W (IbsTNT) R(ft) W (IbsTNT) M(bs) V(ft’s) M(bs) V(ft'sy M(bs) V (ft/s)

Value 30 500 100 300 200 100 4000 135 4000 112 2595 79
Story Design Impulse (kip-s)

10 2.556 1.854 0.691 0 0 0

9 2.891 2.161 0.765 0 0 0

8 3.271 2.376 0.793 0 0 0

7 3.781 2.608 0.820 0 0 0

6 4.575 2.836 0.844 0 0 0

5 5.641 3.079 0.866 0 0 0

4 7.334 3.336 0.884 0 0 0

3 10.042 3.574 0.898 16.784 13.924 6.372

2 14.554 3.768 0.908 16.784 13.924 6.372

1 19.097 3.866 0.914 16.784 13.924 6.372
Notes:

a. Adapted from USNRC, 2007. Design impact missile (car) treated as non-deforming body. Applicable up to 30 ft. above grade.
b. R = Standoff distance, W = charge weight; M = missile mass, V = missile velocity.
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Table 3-4: MHFS Load Combinations

[1] 14D
[2a] 12D+ 1.0W

[2b] 12D+ 1.0(-W)

[3a] 12D+ 1.0(1.0EiLp + 0.3E;op + 0.3E;y) + Eq
[3b] 1.2D+ 1.0(0.3Eipp + 1.0E;0p + 0.3E;v) + Eq
[3¢c] 1.2D+ 1.0(0.3EiLp + 0.3E;op + 1.0E;y) + Eq
[4a] 12D+ 1.0Ty

[4b] 12D+ 1.0(-Tw)

[4c] 12D+ 1.0P

[5a] 1.2D+1

[5b] 12D+

OP  Out-of-plane lateral panel degree-of-freedom
LIP Lateral in-plane panel degree-of-freedom
Vertical panel degree-of-freedom

Dead load (tributary panel self-weight)

Design wind load

Earthquake load effects

Eq Earthquake in-plane deformation compatibility
E; Earthquake inertia

Tw  Tornado wind load

mg o<

Pr Tornado pressure drop suction force
Iy Impulsive blast loading
L Impulsive impact loading
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Fig. 3-1: Multi-Hazard Fagade System (MHFS) Features
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4. Behavior and Mechanics of Components

The structural behavior and mechanics of each component along the fagade-to-frame load
path must be understood to develop a design methodology for multi-hazard ductile
connectors (MDCs) and U-shaped flexural plates (UFPs) capable of achieving all
previously discussed performance objectives. The MDCs and UFPs are critical as they
link the facade panels to the primary structural frame and thus govern the interaction
between these systems. A potential MDC design which utilizes round hollow structural
section (HSS) tubes as key force- and deformation-compliant elements along this load path
has been investigated previously for air-blast effects only (Lavarnway, 2013) and is
believed to effectively achieve all multi-hazard design requirements in this study. This
MDC design relies on highly plastic behavior and atypical section demands for an HSS
tube application; the tubes are oriented such that OP demands on the fagade panel exert a
radial force on the circular tube walls. The tube wall section is subjected to eccentric
longitudinal forces when supporting the panel in the vertical and LIP directions, which
requires shear and flexural resistance from the tube wall section. Large UFP “rolling”
deformations are required to accommodate seismic building drifts in the LIP direction.
While this behavior is fairly well understood (Baird, 2014), these members will also be
relied upon for highly inelastic response in both the inward “crushing” and outward
“pulling” degrees-of-freedom in the proposed design methodology. These behaviors will
be developed in the following subsections, beginning with the mechanics of facade panels

and the ensuing demands imparted onto the MDCs and UFPs.



4.1. Facade Panel

Common fagade panel (or veneer) types include precast reinforced concrete, brick
masonry, insulated metal panels, and exterior insulation and finish systems (EIFS). A
facade system’s mass—and, therefore, dead load, seismic inertial forces, and impulse-
momentum—is generally concentrated in the veneer elements. Typical brick masonry and
EIFS applications include a backup wall consisting of cold-formed steel channel sections
spaced at one- to two-foot intervals (on-center); these systems rely primarily on the flexural
resistance of this backup wall to resist large OP loads. For reinforced concrete and
insulated metal panel systems, both the mass and flexural resistance are integral to the
veneer itself. Brick masonry systems are somewhat unique in that the veneer is considered
as sacrificial (contains mass but has negligible flexural resistance after cracking) when
subjected to blast loading (Salim et al., 2005); these systems require regular anchorage (on,
say, an 18- or 24-inch square grid) to the stud wall to provide (approximately) continuous
support of the fragile veneer against OP loading. Note that this discussion refers generally
to the facade “panel” as an integrated mass-and-resistance element (such as a precast
reinforced concrete panel) for simplicity, however some fagade systems have decoupled
mass and resistance elements which conjointly form an effective “panel”; when
considering such systems, the properties of the primary mass and resistance elements
should be ascribed to the “panel” as described below.

A fagade panel supported as shown in Fig. 3-1 can be idealized as a simply
supported beam where the primary flexural element(s) provide the material and section
properties required to characterize the system’s response to OP loading. The required panel

strength for the controlling minimum OP design load (wind, seismic inertia) can be
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calculated assuming these demands approximate a uniformly distributed load. Some panel
types might have requirements, which provide strength exceeding these design loads (i.e.
temperature and shrinkage reinforcement in reinforced concrete panels). The performance
objective for these loads is for the panel to remain essentially elastic (with cracking on the
tension side expected), therefore the maximum moment due to a distributed load on a
simply supported beam—equal to wh?/8, where w is the load per unit length, and h is the
panel height—must remain within acceptable limits.

The reaction forces at each edge of the panel “beam” are provided by the combined
OP action of the connectors along each edge. For a uniformly distributed load, the reaction
force per edge, P, is equal to wh/2. A relationship between maximum panel moment under

a uniformly distributed load and the edge reaction force is given by:

_Ph_wh® (pb)h’

4 8 8

(4-1)

where M is the maximum panel moment, P is the edge reaction force, p is pressure on the
panel surface, w is the distributed load caused by p over the panel’s height (product of p
and b), and all other terms have been previously defined. This relationship is critical for
capacity design of the panel and connectors to achieve the desired damage progression
during extreme OP loading, where the connectors yield prior to the panel thereby limiting

the maximum moment in the panel and protecting the cladding from damage or failure.

4.2. Plastic Mechanics of Round Hollow Structural Section (HSS) Tubes

The proposed MDC design approach includes round hollow structural section (HSS) tubes
oriented such that OP panel demands apply a radial load to the circular tube walls (Fig. 3-

1). For this type of load, the elastic stiffness, initial plastic mechanism strength, and post-



yield hardening behaviors are of interest considering both crushing (radial deformation
towards the section’s center) and pulling (away from center) deformations. An elastic force
limit for HSS tubes subjected to longitudinal shear is required to proportion their length to
resist vertical (MDC-V) and LIP (MDC-L) panel demands. The eccentricity (relative to
the tube’s central longitudinal axis) of these forces must also be included to ensure the
tubes remain elastic when desired under combined loading. Although HSS “rolling”
deformations are not relied upon in the proposed MDC design methodology (except
possibly small deformations due to thermal/moisture panel expansion/contraction if the
slotted bolt holes lock up), the elastic and plastic behaviors of this behavior are also

developed in case this action is of interest in a future application of this type of connector.

4.2.1. Radial Force-Deformation Relationship

The elastic stiffness and initial plastic mechanism strength are identical in the radial
crushing and pulling directions, however the post-yield behaviors differ due to the
difference in boundary conditions resulting from the large deformation mechanics that
develop: when crushed, the circular section is flattened along the (assumed rigid) plates on
either side, while the pulling direction straightens the circular cross section without rigid
boundary constraints until it acts essentially as a tension member. These behaviors are

illustrated in Fig. 4-1.

4.2.1.1.Elastic Behavior

The initial plastic mechanism strength is the most critical mechanical property as it must
be large enough to resist the panel edge reaction force for OP demands with an elastic MDC

performance objective, and also determines the magnitude of post-yield forces in either
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(inward or outward) loading direction. The plastic mechanism strength, Po, can be
calculated by the principle of virtual work considering the formation of four flexural plastic
hinges (see Fig. 4-1a):

% «<Ry0,1
Py= HssRyOylHss (4-2)
Iyss

where tuss 1s the HSS section wall thickness, Ry is the expected material tensile yield
overstrength factor relative to the specified minimum material yield stress, Gy, luss is the
(longitudinal) length of the HSS section, and russ is the outer radius of the HSS section.
The material overstrength factor (Ry) should be omitted when calculating elastic connector
strength to resist traditional (i.e. given by ASCE 7) OP facade loads for consistency with
the load and resistance factor design (LRFD) methodology which assumes minimum (as
opposed to expected) material yield stress. The (linear) elastic stiffness, kuss, of a radially-
deformed round HSS section (both crushing and pulling) is given by Young & Budynas

(2002) as:

n 2\ [ Elygsts 14779 3ksi)tgs]
Kpiss= <_ - _> w (1-2) ( 3 Mtissluss 4.3)

where E is the material modulus of elasticity (29000 ksi for steel), v is the Poisson’s ratio

of the material (0.3 for steel), and all other terms have been previously defined.
4.2.1.2.Crushing Behavior

The post-yield HSS crushing behavior is critical for sizing the HSS for large design impulse
scenarios, where a conservation of energy approach is used to determine the required MDC
hysteretic work to ensure a desirable progression of damage in the connectors and facade

panel. Both geometric effects and material stress-strain nonlinearity must be accounted for
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when formulating a force-deformation relationship for radial crushing of a thin-walled
circular section. A suitably accurate model was formulated by Reid and Reddy (1978)
which includes elliptically-deformed “plastica” hinge regions which spread along each side
tube wall allowing for slope continuity (geometric effects), and a bilinear material stress-
strain model (material nonlinearity). The resulting (normalized) force-deformation model
is included in Fig. 4-1 as the “True P-d curve”. This model has shown strong agreement
with both experimental and analytical results (Reid & Reddy, 1978; Lavarnway, 2013),
albeit without an elastic loading region. For design purposes, the post-yield crushing model
is approximated by a linear function, which reaches twice the initial plastic mechanism
strength (2P, where Py is given by Equation (4-2)) at a radial deformation equal to 2/3 the
original tube diameter. This model simplifies the MDC blast design calculations while
providing a nearly identical hysteretic work term to the conservation of energy expressions

used to size the HSS tube for large blast scenarios.
4.2.1.3.Pulling Behavior

HSS pulling behavior is relevant for all outward OP panel demands. The assumed
geometry of a radially pulled HSS includes rigid rotation of the HSS section about the
plate-adjacent plastic hinges, and straightened “free” hinge regions spanning the points of
tangency perpendicular to the plate surfaces (Fig. 4-1). The following relationship between
pulling deformation, dpun, and the straightened length of the HSS section, 1,, can be derived

simply based on the assumed deformed geometry as:

. [ mruss-l
Opull=2THss <Sln < > p) '1> H, (4-4)
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where all terms have been previously defined. This changing geometry with increased
pulling deformation reduces the effective radius, resr, between the plate-adjacent and “free”
plastic hinges, which increases the plastic mechanism strength according to Equation (4-2)
replacing russ with rerr. With the assumption that the total length around the deformed HSS
section remains equal to its original circumference, the effective radius, refr, can be
calculated as a function of the straightened length of HSS section by the following

equation:

ryss-lp
Tef=Thss | 1-cos s (4-5)

where all terms have been previously defined. For a given pulling deformation, Equation
(4-4) can be solved numerically for 1,, which can then be used to solve for refr using
Equation (4-5). This solution is plotted in Fig. 4-2 along with a second-order polynomial

fit function:

Tefr 6pull ? 6pull
~-0.4688 -0.2924 +1 (4-6)
I'yss I'gss I'yss

where refr is the effective radius (Equation (4-5)) and all other terms have been previously
defined. This approximate solution is suitable for calculating the deformation factors
associated with large HSS pulling deformations.

In addition to changing geometry, material hardening must also be considered to
calculate an accurate large deformation pulling force. An expression for estimating this

material hardening (P/Po) as a function of the deformed geometry is given by:

o Opull~Olimit +§
H Py ) 2 4-7)
2 { Btimit- ¢
HSS



where Orimit 1S the maximum outward deformation which can be achieved via rigid rotation
of the circular section quadrants about the plastic hinges (Equation (4-9)) and all other
terms have been previously defined. This expression varies linearly from a value of one at
the yield deformation to 1.5 at diimit. These benchmarked values were chosen to match
finite element analysis (FEA) results discussed in Section 8. The effective radius, refr,
replaces the russ term in Equation (4-2), giving the following expression for the post-yield
HSS pulling force, Pp:

Poryss
PP=

f=<2lysstussRy 0y (4-8)
Teff

where Py is the initial plastic mechanism strength (Equation (4-2)), fu is the material
hardening factor (Equation (4-7)), and all other terms have been previously defined. The
overall hardening is a product of material (fu) and geometry (russ/refr) effects. The terms
to the right of the inequality limit the pulling force to the expected yield force of the tube
walls in pure tension.

The normalized HSS pulling force-deformation curve in Fig. 4-1 indicates a rapid
stiffness increase as the section approaches the pure tension force limit. It is advantageous
to limit the HSS pulling deformation to a maximum value preceding this rapid hardening
to limit the force, which develops during outward OP panel loading. A suitable HSS
deformation limit was found by simply rotating the HSS section quadrants rigidly about
four discrete plastic hinges. The maximum pulling deformation, Siimi, Which can be
achieved by this method, is given by:

Srimi=2russ (V2-1) (4-9)
where all terms have been previously defined. This value corresponds to rapid hardening

behavior observed in the HSS pulling force-deformation model, as well as finite element
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analysis (FEA) simulation results. For design purposes, a bilinear force-deformation model
defined by the linear elastic region up to yield with post-yield hardening up to about 3.5
times (Fig. 4-1) the initial plastic mechanism strength, Py (Equation (4-2)) at Oimit 1S

assumed.

4.2.2. Longitudinal Shearing of HSS Tube

The proposed MDC arrangement (Fig. 3-1) relies on longitudinally sheared HSS tubes to
carry all vertical (MDC-V) and LIP (MDC-L) force demands. The MDCs are expected to
resist all vertical loads elastically; therefore, the only mechanical property of interest for
longitudinal shearing is the HSS tube yield strength. The derivation of an equation to
predict this yield force is shown in Fig. 4-3. The approach taken here is to combine the so-
called “tube” and “wall” normal stresses due to bending, find the location of maximum
combined normal stress, set this stress equal to yield, and solve for the corresponding
longitudinal shear force. The applied shear force requires bending moments (in the plane
parallel to end plates at the HSS-to-end plate interface) equal to the product of applied
shear and HSS outer radius to maintain equilibrium. The “tube” stress is calculated by
dividing the internal bending moment—which varies linearly between the end plates—by
the elastic section modulus of the longitudinally-oriented tube walls as shown in Fig. 4-3a.
This term alone does not adequately describe the tube’s state of stress because it neglects
the circular aspect of the shape, which introduces an eccentricity to the internal forces
resisting the bending moment.

The internal bending moment can be converted into a distributed, linearly-varying
force applied to the tube section. Resultant forces can be calculated considering the top

and bottom halves of the tube, and these forces separated by a distance of (2/3)luss equal
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the internal bending moment. Considering an arc length portion of the circular section,
these resultant forces act radially with an eccentricity governed by the equation of the circle
as shown in Fig. 4-3b. This eccentric force requires a bending moment about the “wall”
section, and a corresponding normal stress can be calculated using the elastic modulus of
this section. Note that the section modulus is calculated considering the full tube length
despite the fact that the radial resultant forces are calculated for the top and bottom halves
of the tube (i.e. assumes the entire tube is bending however the resultant radial force
considering the entire tube length is zero). This questionable aspect of the assumed
mechanics is recognized as somewhat imprecise, however it greatly simplifies the solution
allowing for ease of use in design, and the resulting solution is consistently conservative
compared to FEA results, which capture a more complex bending behavior, observed in
the tube walls. The total normal stress is taken as the sum of “tube” and “wall” bending
stresses. These stress terms vary by location; zero normal stress is calculated at the midway
point between end plates because the internal tube bending moment is zero, which in turn
means zero half-tube resultant radial force to cause wall bending. At either end plate, the
tube bending is maximum however; there is zero eccentricity—and, therefore, zero wall
bending moment—for the radial half-tube resultant forces.

The location of maximum combined normal stress due to tube and wall bending
can be determined as shown in Fig. 4-3c by taking partial derivatives with respect to the
tube axes, setting the expression equal to zero, and solving for the remaining spatial
variable. The equation, which describes the circular section effectively, eliminates one
spatial variable since it can be calculated directly from another. Performing this calculation

yields the location(s) of maximum combined normal stress as the “quarter points” around
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the circle (45-degree angle within each quadrant) at either end of the tube (top or bottom
relative to the tube’s longitudinal axis). This value can then be substituted into the
combined stress equation, which is set equal to the (nominal) material yield stress. Solving

the resulting expression for the applied longitudinal shear gives:

2 0
8lisstiss Oy

- (4-10)
Irfiss12V2tussThss

Vo

where Vy is an estimate of the elastic force carrying capacity of an HSS tube subjected to
longitudinal shear and all other terms have been previously described. This solution
neglects shear stresses resulting from the applied force for simplicity. Shear stress can be
included using, say, a von Mises yield criterion however this adds significant complexity
to the derived expression and only changes the resulting value by about 5%.

The result of Equation (4-10) is compared to FEA results in Table 9-3 for various
HSS6 sections. This comparison indicates that the derived expression gives a consistently
conservative value, which is appropriate for use in design. The FEA results indicate that
the longitudinal shear response is the stiffest action examined for the HSS tube; however,
a suitable expression for this stiffness could not be derived. While a significant post-yield
hardening region (beyond twice the initial yield strength) was observed in the FEA results,
this HSS deformation mode is expected (and was observed via experimental testing) to be
the least ductile among those investigated in this research. Thus, MDCs are configured on
the panel such that only elastic performance is expected in the longitudinal shearing
direction. Von Mises stress contour plots of a longitudinally sheared MDC FEA model are
shown in Fig. 4-4. These plots indicate that the locations of maximum stress are consistent
with what the proposed mechanics predict (maximum stresses at the circular section’s

quarter points, which increase moving towards the tube ends).



4.2.3. Rolling Force-Deformation Relationship

The application of diametrically opposed tangential shear forces to the HSS cross section
results in so-called “rolling” response of the tube (Fig. 4-5). The elastic stiffness, plastic
mechanism strength, and post-yield force-deformation behavior considering this action are
not directly utilized in the proposed MDC design methodology, however these behaviors
are relevant for assessing potential fatigue issues considering expansion/contraction of the
panel, as well as possibly supplementing the resistance against progressive collapse using
the facade system. This behavior may also be of interest in future applications of MDC-

type connectors.

4.2.3.1.Elastic Rolling Behavior

The elastic stiffness for a thin-walled, hollow cylindrical tube was calculated using
superposition of elementary load cases developed by Young and Budynas (2002).
Considering one-half of the tube section as a circular arch with fixed-free boundary
conditions, virtual loads were separately applied to the free end in the (1) radial direction,
(2) tangential direction, and (3) in-plane rotational (moment) direction. The radial,
tangential, and rotational displacements of the free end considering each of these loads was
calculated and superposed (via addition of their respective deformation terms), and
boundary conditions were applied to consider a unit tangential (rolling) deformation with
the other degrees-of-freedom restrained. This approach is illustrated in Fig. 4-5. Solving
the resulting expressions for the applied tangential force divided by the rolling deformation

gives the following expression for the elastic stiffness of the rolling HSS tube, kr:



3
 Elgsstiss

—_HSSHSS 4-11
3nrjiss(1-V2) (+11)
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where all terms have been previously defined. This expression is compared with rolling
stiffness values taken from FEA results in Table 9-6 for various HSS6 sections. These
results show that Equation (4-11) underestimates kr but the calculated values are generally
no more than 10% different from analysis results. These differences can be attributed at
least in part to hoop and shear stress factors, which are neglected in the formulation of
Equation (4-11). Additionally, Equation (4-11) assumes each half-tube is semicircular
however in reality the free span of each “arch” is slightly less than a semicircle due to the
non-zero distance between weld points on the same plate-side (included in the FEA model
by constraining a set of nodes near the HSS-to-end plate as described in Section 8).

The plastic mechanism, which forms during tube rolling, is illustrated in Fig. 4-5.
Note the similarities to the radial loading plastic mechanism discussed previously; in each
case, the tube wall section forms a plastic hinge at the locations of maximum moment,
however the maximum distance between these hinges is twice as great considering the
rolling mechanism. As with the radial loading case, the principal of virtual work is applied

to determine the rolling plastic mechanism strength, Ro:

thssRy0ylyss P
Ry= HssNyOylHss _ To (4-12)
2rHSS 2

where all terms have been previously defined. The force required to form the rolling plastic
mechanism is exactly half the force required to form the radial mechanism due to the
increased distance between yield points (by a factor of two). As with the radial yield
mechanism (Equation (4-2)), the Ry term included here should be omitted when

considering typical LRFD load combinations (ASCE, 2013), however no such design loads



(or desired performance objectives) of rolling HSS tubes are included in the connector
configuration shown in Fig. 3-1. This equation is compared to FEA results in Table 9-5
for various HSS6 sections. Similar to the elastic stiffness calculation, Equation (4-12)

gives results within about 10% of those observed in FEA results.
4.2.3.2.Large Rolling Deformations

An HSS tube rolling post-yield force-deformation model has been developed and is shown
in Fig. 4-6. For a given rolling deformation, the distance between two diametrically
opposed points must increase if radial deformations are prevented (believed to be the case
for MDCs installed on a panel). This elongation can be treated as a radial pulling
deformation, and a corresponding force acting along a line defined by the two points can
be calculated using Equation (4-8). This force can be resolved into radial and tangential
(rolling) components using the deformed geometry. While the rolling component of this
force should provide an estimate of the post-yield rolling force, comparison with FEA
results (detailed in Section 9.2.1.4) indicates that this component alone significantly
underestimates the observed rolling force. This is possibly due to neglect of the interaction
between the rigid plates and deforming tube, as well as the boundary conditions of the
bending tube wall sections as shown in Fig. 4-6. A modified solution has been proposed
which takes the average of tangential (rolling) and radial components of the calculated

pulling force as the rolling force for a given deformation:

e (2ricc+Op) 412
RR=PP< /5§+4rflss-2rHss> R(2THss*Or) HSS L 1>R, (4-13)
) 2 2

where Pp is the pulling force (Equation (4-8)) at the deformation calculated within the

parenthesis which follow this term, Or is the rolling deformation, Ry is the rolling plastic
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mechanism force (Equation (4-12)), and all other terms have been previously defined. This
solution has been found to match force-deformation results obtained via FEA within about
5% in the deformation range of about two and four inches for HSS6 sections. The lower
bound value of Ro generally controls for deformations near yield.

Experimental testing was performed to examine this rolling behavior in more detail
and determine if large deformations could be achieved in the hopes of using MDCs to
accommodate in-plane seismic drift (Section 7.2). An HSS6x0.375 section was capable of
achieving a rolling deformation of about 2.25 inches (3/8 of the tube diameter) prior to
failure. This failure was caused by a concentration of strain just outside of the welded
region, which cannot be reduced in full circular sections such as an HSS tube. This
shortcoming of the HSS tube MDC design lead to the proposed inclusion of UFPs to
accommodate in-plane seismic building drifts. UFPs are mechanically similar to the
proposed MDCs with a few critical geometric alterations, which make them particularly
well-suited to achieve the large rolling deformations required to accommodate in-plane

seismic building drift.

4.3. U-Shaped Flexural Plate (UFP) Connector Mechanics

UFPs have been successfully implemented in both commercial and research applications
(Baird, 2014). The force-limited, large deformation response of these members subjected
to rolling deformations makes them ideal for accommodating in-plane seismic building
drifts at the fagade-building frame interface while limiting the shear forces imparted onto
facade panels. These connectors are created by bending a flat plate around a 180-degree
arc to form an elongated U-shape as shown in Fig. 3-1. The mechanics of UFPs are

controlled by four geometric variables: plate thickness, turp; (outer) bend radius (or
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diameter), rurp (durp); strip width (length of member normal to the plane of curvature),
burp; and “free” length of straight, unrestrained plate between the curved and connected
(via bolts or welds) regions of the UFP, lgee. UFP thickness and radius are chosen to match
the MDC HSS tubes, while lfee 1s determined by the maximum expected lateral in-plane
story drift. This leaves the total UFP width along the panel edge, Burp, as the only unknown
geometric variable. With known force and deformation demands from the panel, and UFP
material properties and mechanics, Burp can be calculated to provide the required strength
and ductility to achieve all performance objectives.

In typical UFP applications, the bent plate is only relied upon to undergo rolling
deformations, and a more traditional alternate OP load path is provided, such as a UFP
housing or supplemental connection system in-parallel with the UFP itself. In this
application, both the elastic strength and ultimate deformation capacity of the UFPs are
relied upon for demands in the OP panel direction including wind, seismic inertia and
corner panel contact, and impulsive (blast or impact) loading. The plastic mechanics of
interest for UFPs in this application are illustrated in Fig. 4-7 and detailed in the following

subsections.
4.3.1. UFP Rolling Mechanics

The mechanics of UFPs undergoing large rolling deformations are well established (Baird,

2014). The elastic stiffness of this action is given by Baird (2014) as:

16Ebypp ( turp )3

= UFP 4-14
R,UFP 27r ( )

dUFP

where burp is the width of UFP normal to the plane of curvature, turp is the UFP’s thickness,

durp 1s the (outer) diameter of the circular portion of the UFP, and all other terms have been



previously defined. Plastic hinges form at either end of the curved arc as shown in Fig. 4-
7a when a sufficient rolling shear force is applied. The maximum achievable plastic rolling

force is given by:

burptirpR(0y
Rourp= =54 —— (4-15)

where R; is the expected material overstrength relative to the material’s nominal minimum
ultimate stress, ou, and all other terms have been previously defined. Note that the nominal
UFP rolling plastic mechanism strength can be determined by omitting the Rt term and
replacing oy with Gy in this expression; there are no minimum force design requirements
for the UFPs in this application, and Equation (4-15) is meant to determine the maximum
rolling force (at large deformations) for capacity design of the MDCs as discussed in
Section 5.2.2. A unique aspect of this mechanism is that the peak plastic strain remains
constant for any rolling deformation less than lge. because the plastic hinges are able to
“travel” rather than remain stationary and accumulate additional strain. The member is
essentially flattening out an initially curved section on one side while curving an initially
flat section on the other, meaning that the peak plastic strain, eurp, is constant and can be
calculated from the curvature of the semicircle as:

S turp
UFP= T
dypp-turp

(4-16)
where all terms have been previously defined.

The mechanism behavior changes when a hinge travels to the end of the “free”
region (rolling deformation greater than or equal to lfec), at which point the plastic strains

accumulate as the plate bends at this fixed boundary. This more concentrated bending is

analogous to the behavior observed in rolling HSS tubes, which do not have a free region,
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which allows the plastic hinges to travel. While additional rolling deformations can be
achieved beyond lfee, failure is expected after about 3/8" durp of additional deformation
beyond the chosen free length based on experimental testing of rolling HSS tubes, as well

as FEA of both MDCs and UFPs.
4.3.2. UFP Crushing Mechanics

The mechanics of UFP crushing are very similar to those discussed in Section 4.2.1.2 for
HSS tubes. This mechanism is illustrated in Fig. 4-7b. Note that this mechanism is
essentially identical to the mechanism for radially-loaded HSS tubes shown in Fig. 4-1a,
albeit with only half of the circular section. As such, the plastic mechanism is half as strong
as the full tube mechanism strength with all other geometric and material properties being

equal:

bupptirp RO
Po,UFP: UFP'UFPNyVy (4_17)

dUFP

where all terms have been previously defined. Note that HSS tubes and UFPs will typically
be fabricated using different grades of steel, with UFPs being made from flat plate stock
(typically A36 steel). Care must be taken to ensure the relevant material properties are not
used interchangeably when, for example, the MDCs are being capacity designed for an
expected UFP force. As with the MDC radial mechanism strength (Equation (4-2)), the Ry
term should be omitted when considering elastic response of UFPs subjected to LRFD load
combinations. For non-impulsive inward OP design forces with yielding connectors as the
performance objective (typically only tornado/extreme wind), a hardened crushing strength
equal to twice the initial mechanism strength given by Equation (4-17) can be used for

simplicity. Additionally, the elastic stiffness of a radial crushed UFP is given by:



k
Kourr=—5" (4-18)

where kuss is the elastic stiffness of a radially crushed HSS tube (Equation (4-3)).
4.3.3. UFP Pulling Mechanics

UFPs subjected to radial pulling demands form the plastic mechanism illustrated in Fig. 4-
7c. This action is critical in the design of UFPs as it controls the total required UFP width
per panel (Burp). For the connector layout illustrated in Fig. 3-1, the bottom panel edge is
supported in the outward OP direction by the UFPs, which must have sufficient strength to
elastically resist all design-basis seismic and wind loads. The UFP radial pulling plastic

mechanism strength is given by:

burptirp Oy
Py oy — P UFPOY 4-19
PUrP 2(rUFP +lfree) ( )

where lsee 1s the straight plate length between the circular curved and connected regions of
the UFP, and all other terms have been previously defined. The material overstrength
factor is omitted from this expression to ensure a conservative pulling capacity is obtained
for design. Comparing Equation (4-19) to Equation (4-17) shows that the pulling
mechanism strength is always less than the crushing mechanism strength for a nonzero free
length.

To accommodate corner panel contact, the UFPs must be capable of outward
deformation equal to the maximum expected story drift. An estimation of the maximum
pulling force at large deformations is needed to determine the capacity design forces for
the MDCs. The large deformation geometry shown in Fig. 4-7c is used to calculate the

effective moment arm, refr, between plastic hinges which can then be substituted into



Equation (4-19) (along with material hardening and overstrength factors) to determine the
pulling force at a given deformation. Considering one half of a UFP (split at the apex of
the semicircle), the free length is assumed to rotate about the plastic hinge adjacent to the
connection region. The curved portion of the tube is assumed to remain circular with
unchanged arc length, increased radius, and decreased angle swept. Slope continuity is
assumed at the boundary between the straight and curved regions, while the other end of
the curved region has a vertical tangent. The total “width” of this deformed shape is the

moment arm between hinges, refr, given by:

T
5 Turp )
o=l freecos (0)+ 2= - (1-5in(®)) (4-20)

2

where 0 is the angle of rotation at the plastic hinge at the end of the free (straight) length
region of the UFP, and all other terms have been previously defined. This expression can
be solved for 0 values ranging from zero (undeformed) up to /2 (UFP is pulled completely
straight).

While Equations (4-19) and (4-20) can be combined to form an expression for
pulling force as a function of hinge rotation, 0, a relationship between pulling force and
pulling deformation is more meaningful and practical for design. The pulling deformation,
Sput, for the deformed shape shown in Fig. 4-7c¢ and described in the previous paragraph

can be calculated from the vertical “height” of the entire shape:

. mr
6pu11=21freesm(0)+ TEUZP cos(O) '2rUFP (4_21)

2

where all terms have been previously defined. This expression gives the pulling

deformation for the entire UFP (not just the half shown in the illustration) and can be solved
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for 6 ranging from zero up to 7/2 similar to Equation (4-20). A closed-form solution for
refr as a function of dpun cannot be obtained mathematically because the assumed geometry
results in expressions which include the product of trigonometric functions of an angle and
the angle itself which cannot be simplified via trigonometric identities, substitutions, or
otherwise.

An refr value at the pulling deformation of interest can be obtained by solving both
Equations (4-25) and (4-21) for an discretized set of O values between zero and n/2 and
choosing the refr value corresponding to the 6 value which yields the dpun value of interest.
A plot of rer and Spunt normalized by rurp + lfee is shown in Fig. 4-8. The dotted line is a

third-order polynomial fit function given by:

8 3 8 2 0.3348
_ T 0368 <L”> +0.472( pull > ; pull 4 (4-22)
rUFP—Hfree I‘UFP—'— free rUFP_’_lfree rUFP—Hfree

where all terms have been previously defined. This plot and fit function were calculated
for rurp and lgee of three and four inches, respectively, and are not valid for different
proportions of these two variables. The pulling force at the deformation of interest can be

calculated as:

burpttrpR Oy (4-23)
2y

Pt yupp=
where refr is the effective moment arm between plastic hinges in the deformed shape
(Equation (4-20)), and all other terms have been previously defined. For rurp and lfiee of
three and four inches, respectively, at dpun of four inches, this expression can be taken as
twice the initial pulling mechanism strength given by Equation (4-19). The geometric

model gives a pulling force-deformation relationship which compares favorably to FEA

results, however a different model may be required if significantly different rurp, lfree, OF
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maximum Opun values are considered. Although they share some similarities, the large
pulling deformation model discussed in this section and that discussed in Section 4.2.1.3
for HSS tubes give significantly different solutions, with the HSS tubes hardening more
rapidly than the UFPs as a function of pulling deformation (beneficial behavior in this

application).
4.4. Simplified Dynamic Model for Impulsive Load Design

Design for impulsive OP loading can be performed using a generalized single degree-of-
freedom dynamic representation of the fagade panel and connectors system. Here, the
(maximum) panel deflection at panel mid-height is chosen as the generalized displacement,
and convolution integrals are performed using the section properties and deflected shape
function over the panel’s height to determine the dynamically-equivalent SDoF mass and

elastic stiffness.
4.4.1. Panel Shape Function and Equivalent Mass and Stiffness

For low-intensity impulsive loads for which connectors and panels are expected to remain
elastic, the shape function, y(x), is considered as the first elastic mode shape (with unit

magnitude) for a simply supported beam with a constant cross section and is given by:

(x)=sin ()
v I (4-24)
where x is the dimension along the panel height, h. The equivalent SDoF elastic stiffness,

k*, is given by:

hPex)  mEL
dx=

2 N (4-25)

k*=EI,
0
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where E is the material’s modulus of elasticity, and I is the cross section’s moment of
inertia. Note that Ix should be taken as the cracked section moment of inertia for reinforced
concrete fagade panels (can be estimated as, say, one half of the gross section moment of
inertia). The generalized SDoF mass, m*, is required for calculation of the panel’s initial
velocity and kinetic energy when subjected to an impulsive load, and is given by:

mh

h
m*=m fo (W) dx=—- (4-26)

where m is the panel mass per unit length (along the panel’s height). The generalized SDoF
mass term given by Equation (4-26) is equal to one half the total panel mass assuming a
constant cross section. This generalized “half mass” term is only valid if the panel
supports—provided by the connectors along each panel edge—remain elastic thereby
providing the necessary boundary conditions for first mode elastic dynamic response
(assumed shape function; Equation (4-24)) of the panels.

For larger impulsive loads (moderate- to high-intensity), plastic response of the
connectors may be chosen as the performance objective (Table 3-1) to limit the edge force
(and bending moment; Equation (4-1)) imparted onto the panel (Fig. 3-7). In these cases,
the panel mass effectively translates in the OP direction as a rigid body with a unit shape
function. Substituting a unit shape function into Equation (4-24) results in a generalized
SDoF mass, m*, equal to the total mass of the panel. In summary, when considering
uniformly distributed impulsive OP loads where the connectors are designed to act as
plastic force-limiting elements (plastic MDC/UFP performance objective), the generalized
SDoF mass should be taken as the full mass of the panel; otherwise (elastic MDC/UFP

performance objective), the generalized mass should be taken as one half the total panel
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mass. Note that use of plastically deforming connectors doubles the effective mass to resist

impulsive loading compared to a traditional “fixed” panel connector.
4.4.2. Panel Kinetic, Elastic Potential, and Plastic Work Energies

The response of a fagade system subjected to an impulsive load can be characterized using
the generalized SDoF dynamic system developed in the previous section and peak response
obtained through energy conservation. Based on momentum conservation, the applied
impulse divided by m* gives the initial velocity of the generalized SDoF system, vi*. The
initial kinetic energy of the (generalized) system, KEp, is equal to the product of one half

m* and the initial velocity squared, which can be expressed as:

15

KEp=
P om*

(4-27)

where Ip is the design impulse value, and m* is the generalized SDoF system mass
(Equation (4-26)). The inversely proportional relationship between initial kinetic energy
and mass means that, from a design perspective, a more massive facade system (such as
reinforced concrete panel or brick masonry systems) benefits from less kinetic energy
which must be conserved through elastic storage or plastic work for a given impulse
magnitude.

Equation (4-27) represents the initial state of the system subjected to an impulsive
load. The system will eventually come to rest, at which time the panel will be at its point
of maximum deformation. The transition between these two energy states can be
represented as:

KEp=PEp+Wp (4-28)
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where PEp is the elastic potential energy stored in the deformed panel, and Wp is the plastic
work performed during any permanent deformation of the panel. Equation (4-28) is an
expression of energy conservation between the initial and deformed system states. The
right-hand terms in this equation can be calculated from areas under the force-deformation
(or moment-rotation) curve for each component. Deriving these terms requires an
understanding of the panel’s and connectors’ force-deformation response from the elastic
region to the point of failure.

The moment-rotation relationship of a flat, simply supported (along 2 edges) plate
subjected to uniform impulsive loading can be approximated as linear-elastic perfectly-
plastic with maximum moment taken as the average of the elastic (SxRyoy, where Ry is the
expected material over-strength relative to the minimum nominal yield strength, 6y) and
plastic (ZxRyGy) section capacities (DOD, 2008). Substituting this maximum moment into
Equation (4-1) and rearranging terms gives an expression for the panel edge reaction force,
P, at (dynamic, elasto-plastic) flexural yield. This yield force can be divided by the
equivalent OP stiffness at mid-height of the panel, k*, to obtain the maximum elastic panel

deflection, dy, calculated as:

2
5 (Sx+Z)Ry0y (4-29)

Thie
where all terms have been previously defined. This stiffness and maximum deformation

can be used to calculate the elastic potential energy of the deformed panel, PEp, as:

PEp==k*&8.= ! (4-30)
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where all terms have been previously defined. The right-most form of this equation is
useful for the design of connectors as it puts the panel’s elastic potential energy in terms
of the OP reaction force per edge.

The yield deflection given by Equation (4-29) can be converted to a hinge rotation
at yield, 0y, considering small angle approximations and disregarding elastic deformations:

43
0,= Ty (4-31)

where all terms have been previously defined. This conversion is useful when considering
the panel’s plastic work capacity; UFC 3-340-02 provides moment-rotation relationships
with damage states correlated to plastic hinge rotations up to the point of failure (DOD,
2008). For a flat steel plate, twelve degrees of hinge rotation (six degrees at each end)
corresponds to failure of the panel. This same rotation limit can be justified for under-
reinforced concrete slabs by examining the section mechanics of a typical six-inch thick
reinforced concrete fagade panel (section curvature at maximum allowable material strain).
These rotation limits, along with Equation (4-1), can be used to calculate the plastic work

capacity of an (assumed) elasto-plastic facade panel:
Ph
Wp= T (emax'ey) (4-32)

where Omax 1s the maximum plastic hinge rotation given by UFC 3-340-02 (or otherwise
derived), and all other terms have been previously defined. This expression is put in terms
of the OP reaction force per panel edge, P, similar to Equation (4-30). The value, which
this panel edge reaction term takes, is governed by the force-deformation relationship of

the MDCs and UFPs, which act as critical force-compliant elements in the OP load path.
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4.4.3. MDC and UFP Elastic Potential and Plastic Work Energies

The elastic potential and maximum plastic work energies, which the connectors can
achieve when subjected to crushing deformations, are needed to characterize the simplified
nonlinear dynamic response of the facade system subjected to uniform impulsive loading
in the OP direction. The connectors act in series with the equivalent SDoF mass and
resistance function derived in the previous subsection, and, as such, they can be designed
to limit the force and deformation required of the panel itself.

Equations (4-2) and (4-3) can be used to calculate the elastic potential energy of

these radially-deforming HSS tubes, PEnuss, given by:

(4-33)

where all terms have been previously defined. A deformation of 2/3 the original tube
diameter is considered as the maximum crushing deformation for design because complete
crushing of the tube is impossible due to the thickness of the tube walls, as well as the
expected failure and splitting of the tube due to extreme strains at the outer fibers in the
plastic regions. Additionally, the rapid strength increase observed beyond 2/3 the original
tube diameter would require proportional strengthening of the facade and building frame
and is thus avoided. With these approximations, the plastic work capacity of a radially

crushed HSS tube, Whyss, is given by:

3P,
Witss=Po (2russ~5) (4-34)

where all terms have been previously defined. Note that this work term represents the area
under the idealized force-deformation curve shown in Fig. 4-1 (Equation (4-34) subtracts

out elastic strain energy).
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The elastic potential energy capacity of UFPs can be calculated using Equation (4-
33) by replacing the plastic mechanism strength and radial crushing stiffness with the
relevant terms derived for the UFPs (given by Equations (4-17) and (4-18)). The maximum

UFP crushing force (at (2/3)durp) can be calculated as:

Rio,
PW,UFPZZPO,UFP <th5 > (4-35)
yOy

where Po urp is the initial UFP crushing mechanism strength given by Equation (4-17), and
all other terms have been previously defined. Similar to the HSS tubes, the UFPs are
assumed to have a bilinear force-deformation relationship defined by the elastic stiffness,
ko,urp (Equation (4-18)), initial plastic mechanism strength, Po,urp (Equation (4-17)), and
strength at maximum crushing deformation, Pw urp (Equation (4-35)). Using these terms
to calculate the area under the nonlinear force-deformation curve yields an expression for

plastic work capacity of the UFPs:

(PW’UFP_{—PO,UFP) 2 PO,UFP
B 5 UFP~

Wurp= (4-36)

Ko,urp
where all terms have been previously defined. Note that Equation (4-35) essentially
substitutes the material’s expected maximum stress for the expected yield stress, which
was not included in the derivation of force terms to calculate work-energy capacity of the
crushed MDC HSS tubes. This modification for UFPs is necessary due to observed
differences in the force-deformation response of UFPs and HSS tubes subjected to crushing
deformations.

FEA results indicate that the actual behavior of UFPs crushed to (2/3)durp (chosen
as the crushing deformation limit for HSS tubes) involves more hardening than that

observed in HSS tubes. This is due to increased concentration of plastic strain (and the
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resulting material hardening) at the “side” hinge (between the end plates). Increasing
plastic strain demands at the plate-adjacent hinges can spread into the free length region
thereby reducing the concentration of rotation at the straight-to-curved section transition,
whereas the side hinge outer fibers cannot redistribute these demands due to equal and
opposite bending moments applied at either side of the plastic region. When considering
the case of the full circular HSS section, the plate-adjacent plastic regions have similar
boundary conditions as the side hinges, with equal and opposite moments on either side
requiring rotation across the hinge. The full tube shares the plasticity demands more
equally amongst its plastic hinges, so the material hardening is less significant as a function
of crushing deformation compared to the UFP’s semicircular section. There is potential
for fracture at the side hinges due to large plastic strains, particularly for UFPs due to the
aforementioned strain concentration. Experimental testing of an HSS6x0.25 tube to a
crushing deformation of (2/3)duss indicates that, despite FEA indicating peak strains in
excess of the material’s minimum ultimate strain (about 21% plastic strain for ASTM A500
Grade B steel), HSS sections are capable of undergoing large crushing deformations while
still maintaining longitudinal load-carrying capacity (in this case, the tributary dead load
of a reinforced concrete facade panel). Additional analytical and perhaps experimental

work is needed to determine if the UFPs are capable of similar large crushing deformations.

4.4.4. Simplified Nonlinear Dynamic Response under Uniform Impulsive Pressure

Loading

The final design of the panel and connectors is intended to provide the same support
conditions in the inward OP direction at both (top and bottom) panel edges in terms of

elastic strength, plastic strength, and work-energy capacity to satisfy all performance
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objectives and ensure the desired progression of yielding for the various load types as
shown in Fig. 3-7. With the connector layout shown in Fig. 3-1, providing identical support
conditions for all response types is not possible because of the differences in MDC and
UFP post-yield crushing mechanics discussed in Sections 4.2.1.2, 4.3.2, and 4.4.3; if, say,
the same initial crushing plastic mechanism strength is provided along both edges, the
plastic work-energies will differ because the HSS tubes and UFPs reach different strengths
as a function of this initial yield strength at the desired maximum crushing deformation
(Equations (4-34) and (4-36)). The purpose of the MDC-B along the UFP edge is to
provide as close to equal inward OP support conditions as possible given this inherent
inequality. The approach taken herein is to calculate the MDC-B length to match the initial
crushing strength, Py (Equation (4-2)), of the opposite edge when acting in parallel with
the UFPs. Although this approach results in slightly different work-energy capacities along
the two edges, the initial mechanism strength is thought to be the more critical parameter
as design-basis, elastic performance objective loads are more common than high-intensity
impulsive loads, and any potential impulsive loading will not be perfectly uniform or
exactly equal in magnitude to the assumed design case(s) which would require a perfectly
balanced design to reach the exact chosen peak response. With this concession, the panel
and connector system can be assumed to have identical support conditions along both edges
with responses given by the MDC mechanics terms developed in Sections 4.2.1.2 and 4.4.3.
This assumption simplifies the resulting work-energy expressions used for impulsive
design by eliminating the need to account for the differences in HSS and UFP mechanics
by treating both edges as MDC-supported, with the understanding that the addition of the

MDC-B along the UFP panel edge will largely eliminate the discrepancy.
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Design of connectors for the impulsive OP loading scenarios and performance
objectives given in Table 3-1 relies on the conservation of energy expression given by
Equation (4-28), with the addition of the HSS energy terms from Section 4.4.3 to the right-
hand side, and substitution of the HSS crushing strength (Equation (4-2), Fig. 4-1).
Considering the generalized SDoF system upon which Equation (4-28) is based, the OP
force-deformation action provided by the top and bottom sets of connectors can be readily
added into this system as OP translation at these connection points translates directly to
translation at panel mid-height, which is the generalized displacement coordinate. To
ensure capacity protection of the panel up to the maximum crushing deformation of the
connectors (Fig. 3-7), the panel edge reaction force term, P, in Equations (4-1), (4-30), and
(4-32) should be replaced by the maximum HSS tube crushing strength, 2Py (two times
Equation (4-2)). With these modifications to Equation (4-28), the impulsive loading design
equation is given by:

KEp=2PEpss tPEp(2P) 2 Wyss+Wp(2P) (4-37)
where KEp is the initial kinetic energy of the fagade panel subjected to a known impulse
(Equation (4-28)), PEuss is the elastic potential energy of the radially-crushed HSS tube
length per panel edge (Equation (4-33)), PEp(2Po) is the elastic potential energy of the
facade panel (Equation (4-30)) with the maximum crushing strength, (2Po, where Py is
given by Equation (4-2)) of the HSS tube length per panel edge substituted for the panel
edge reaction force, P, Whss is the plastic work capacity of the HSS tube lengths per panel
edge (Equation (4-34)), and Wp(2Po) is the plastic work capacity of the facade panel with
2Py replacing P in Equation (4-32). Note that the plastic work terms take values of zero

whenever the performance objective for that component subjected to a given design
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impulse scenario is to remain elastic (Table 3-1). Substituting the known work-energy

expressions into Equation (4-37) yields the following (equivalent) expression:

I P} 3P,\ Poh
=——+P,0, 1P | dryygg-—— | + —— - -
om* kHSS 06y 0 ( THSS kHSS) 2 (emax ey) (4 38)

where all terms have been previously defined. This expression can be solved for Py for a
given design impulse value. For a chosen HSS section, Py can then be solved for luss per

panel edge.
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Table 4-1: MDC and UFP Load Demands and Design Criteria

Panel Component Design Limit ~ Design Performance
Connector DOF DOF Load Combination  State Behavior Criteria
\% Shearing  [1], [3a], [3c] C Vo>V,
[2a], [3b] C Py > Py
MDC-V OP (in) Crushing  [4a] M 2P, > P,
[5a], [5b] U Equation (39)
OP(outy  Pulling 2130 ¢ Fo=Pu
[4b], [4¢] M 2P > Py
LIP Shearing  [3a] C Vo>V,
[2a], [3b] C Po>P,
MDC-L OP (in) Crushing  [4a] M 2P, > P,
[5a], [5b] U Equation (39)
OP (outy  Pulling 201 [3P] ¢ Po>Py
[4b], [4¢] M 2Py > P,
LIP Rolling [3] A durp > ALIP,max
[2a], [3b] C Po,urp > Py
OP (in) Crushing [4a] M 2Po,urp > Py
UFP [5a], [5b] U Equation (39)
[2b], [3b] C Pp,urp > Py
OP (out) Pulling [3b] +E. A Pr.urp > Py
[4b], [4c] M Prupp > Py
MDC-B OP (in) Crushing  [5a], [5b] U Equation (49)
DOF Degree-of-freedom
0] Out-of-plane lateral panel DOF
LIP Lateral in-plane panel DOF
v Vertical panel DOF
MDC Multi-hazard ductile connector
UFP U-shaped flexural plate
C Strength capacity (elastic)
M Hardened plastic capacity
U Work-energy capacity
A Ultimate deformation capacity
E. Earthquake panel contact accommodation (corner panels only)
Vu Design MDC longitudinal shearing demand
Vo Design MDC longitudinal shearing capacity
P Design OP reaction force per panel edge
Py Design connector radial mechanism strength (crushing, pulling) per edge
Ppurp UFP radial pulling plastic mechanism strength
Prurp UFP radial pulling hardened plastic capacity
durp (Outer) diameter of UFPs
Notes: See previous table for load combinations

See mechanics, design equations for design performance criteria variables
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Fig. 4-1: Mechanics of Radially Deformed Round HSS (a) Initial Plastic Mechanism, (b) Crushing behavior, and (c) Pulling Behavior
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Fig. 4-4: Von Mises Stress Contour Plots for Longitudinally Sheared HSS Tube
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Fig. 4-6: HSS Tube Rolling Force-Deformation Model for Large Deformations
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5. Design of Components to Achieve Performance Objectives

The mechanics developed in Section 4 and facade system demands established in Section

3 can be used to design the UFPs, MDCs, and fagade panels to achieve all desired

performance objectives in each degree-of-freedom. The design steps presented in the

following subsections are summarized as follows:

1.

2.

Choose cross section geometry for MDCs and UFPs (Section 5.1)

Determine the total required UFP width along one panel edge (Section 5.2.1)
Calculate capacity design forces from large UFP deformations for use in MDC
design (Section 5.2.2)

Determine minimum MDC-L (Section 5.3.1) and MDC-V (Section 5.3.2) HSS tube
lengths

Determine minimum combined MDC-V and MDC-L HSS tube length required to
satisfy all OP performance objectives (including impulsive demands, if considered;
Sections 5.3.3 through 5.3.5). Add HSS tube length to MDC-L (and/or MDC-Vs,
space-permitting) if needed for OP performance

Calculate the required MDC-B HSS tube length from the MDC-V, MDC-L, and
UFP details to supplement UFPs in the inward OP direction and thus provide
(approximately) equal panel edge support conditions (Section 5.3.6)

Calculate the required fagade panel flexural plastic moment capacity to achieve the

desired progression of damage to MHFS components (Section 5.4)

These steps can be followed in-order to produce a design with little to no iteration, provided

the initial geometric assumptions for connector cross sections (MDC and UFP diameter
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and thickness) are capable of achieving the required large plastic deformations. Relevant
load combinations and associated connector performance criteria are given in Table 3-4

and Table 4-1, respectively.

5.1. Selection of Cross Section Geometry

Aspects of the MDC HSS tubes’ and UFP’s cross sections must be chosen at the outset of
design. The (outer) diameter and wall thickness of HSS tubes are limited by the available
sections (AISC, 2010b). UFP diameter is likely limited by the equipment available to steel
fabricators to create accurate circular bends from flat plate, while thickness is limited to
A36 steel plate stock (1/16” increments up to 3/8" then 1/8” increments up to 17; AISC,
2010b). The UFP outer bend diameter and thickness should be chosen to match the HSS
section as closely as possible given these limitations. The diameter of the HSS and UFPs
must be approximately equal to allow each panel edge to crush the connectors inwards to
the same deformation, which is the assumption in the design for impulsive loading as
detailed in Section 4.4.4. Choosing a UFP thickness which is approximately equal to the
HSS tube thickness helps minimize the inherent differences in post-yield hardening
behavior during radial crushing (Section 4.4.3, Equations (4-34), (4-35), and (4-36)), as
well as issues related to peak plastic strain which are common to both members.

Large diameter sections can undergo more plastic crushing deformation during
impulsive loading, however the larger diameter also increases the eccentricity of vertical
and LIP loads assumed to act at mid-thickness of the panel veneer, which can result in
excessive required HSS tube lengths. Increasing the section thickness increases the
strength of all plastic mechanisms and, therefore, elastic potential and plastic work-

energies, resulting in less total required HSS tube length and UFP width. Although this
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may appear advantageous for design, the wall thickness-to-diameter ratio controls the
maximum plastic strain at the outer fibers of the MDC and UFP plastic hinges, which can
result in fracture prior to reaching the maximum crushing deformation, potentially negating
any increase in plastic work-energy capacity. Additionally, shorter HSS tubes require
thicker welds for a given MDC longitudinal shearing force, which can necessitate thicker
MDC end plates, further increasing the eccentricity of the design-basis forces relative to
the welds (i.e. thicker welds require thicker plates which increases the demand on the
welds). The ideal section geometry strikes a balance between these conflicting effects.
For a thirteen-foot (high) by thirty-foot (wide) six-inch thick normal weight
reinforced concrete panel (the prototype panel for much of the following discussion), six-
inch diameter HSS sections (HSS6) have been found to be effective for MDC design; the
HSS6x0.25 section in particular is an effective choice for most panel types considered in
this research. This section is also useful in this application because the (nominal) wall
thickness matches a common A36 steel plate thickness, which can be chosen for the UFPs.
Experimental tests have been performed on MDCs using this cross section, details of which
are provided in Section 7. Pictures from two of these tests are provided in Fig. 5-1. Fig.
5-1a shows a test which simulated blast response of an MDC-V connector by applying
inward crushing deformation to the target maximum followed by rotation (to simulate the
panel’s inward deflection) and then rebound back to the original position, all while
supporting the tributary dead load from the prototype reinforced concrete panel via
longitudinal shearing of the HSS tube. Successful completion of this testing protocol
indicates that the HSS6x0.25 is capable of undergoing large inward plastic crushing

deformations while maintaining vertical load-carrying capacity. Fig. 5-1b shows a radial



pulling test performed on a similar HSS6x0.25 design, which showed significant ductility
and strength, as well as confirmation of both theoretical and analytical modeling of this
deformation mode. Note that the yield deformation of the plates apparent in these pictures
was by design as part of an earlier MHFS configuration and MDC design approach, which
accommodated corner panel contact through combined MDC pulling, and plate yield
deformations (see Appendix B, configuration 1).

The final aspect of the cross sectional geometry which must be chosen at the onset
of design is the so-called “free” length, lfee, of the UFP section which indicates the length
of flat plate between the bent and connected regions as shown in Fig. 4-7 and discussed in
Section 4.3.1. It is recommended to choose a free length equal to the maximum (nominal)
inter-story drift expected under design-basis earthquake (DBE) loading, and ensuring the
UFP diameter is large enough to allow for additional rolling deformations for larger drifts
under maximum-considered earthquake (MCE) loading. For a 13-foot story height
building with maximum DBE drift of 2.5% and 6” diameter UFPs (and HSS tubes), a free
length of 4” will adequately accommodate both DBE ((156°)(0.025) = 3.9”) and MCE
((1.5)(3.9”) = 5.85” < 4” + (3/8)(6”)) story drifts. It is not recommended to significantly
oversize the free length because doing so reduces the radial pulling mechanism strength,

which generally controls the total UFP width along one panel edge, Burp, in design.

5.2. U-Shaped Flexural Plates (UFPs)

U-shaped flexural plates (UFPs) are included in the proposed design methodology for the
primary purpose of accommodating in-plane seismic drifts through ductile, force-limited
deformations in these connectors. The efficacy of these components for this type of

application is well established (Baird, 2014), however their utility has traditionally been
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limited to single-axis rolling deformations while supplementary load paths handle demands
in all other degrees-of-freedom. This application seeks to expand the functionality of UFPs
to include both elastic and plastic radial crushing and pulling behaviors which provide
force, deformation, and work-energy capabilities that enhance the resilience of traditional
facade systems while also remaining practical for installation purposes (Table 4-1). UFPs
can be designed to provide OP support similar to traditional fagade connectors and the
proposed MDCs through radial loading of the cross section (Fig. 4-7), while the
connections to the structural frame and/or facade panel can include slotted or oversized
bolt holes to allow for thermal/moisture panel expansion/contraction, erection tolerances,

and on-site adjustment during installation.

5.2.1. Total Width of UFPs along Panel Edge

The mechanics of UFPs in the relevant degrees-of-freedom which were developed in
Section 4.3 are used to determine the total required width of UFPs along one panel edge,
Burp, as shown in Fig. 3-1. There are no minimum strength requirements for UFPs in the
rolling degree-of-freedom (panel’s LIP degree-of-freedom). As discussed in Section 4.3.3,
the radial pulling plastic mechanism is always weaker than the crushing mechanism for a
nonzero lsee (Equations (4-17) and (4-19)), therefore the pulling mechanism strength is
used to determine the Burp based on the reaction force per panel edge, P, and desired
connector performance under the various non-impulsive OP panel demands. These
demands and performance objectives—organized in Table 4-1—include elastic resistance
of seismic panel inertia and design-basis wind demands, and plastic response during
tornado wind and suction. The wind/tornado/suction demands can be calculated as an

equivalent uniformly distributed pressure as described in Section 3.2.4 (p term in Equation
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(4-1)), while the reaction force per panel edge (P term in Equation (4-1)) for panel seismic
inertia can be calculated as described in Section 3.2.3 knowing the building’s design short-
period spectral acceleration (Sps), the weight of the fagade panel (Equation (3-2)), the
connector dynamic amplification and response modification factors (ap, Rp), and the
elevation of the panel relative to the total building height (z/h).

The required UFP width along one panel edge for all non-impulsive OP demands
with an elastic connector performance objective can be calculated by rearranging the terms

in Equation (4-17) to solve for Burp:

_ pbh(rUFP+lfree) _ wh (rUFP+1free) _ 2P(I'UFP—Hfree)
UFP-E™ - -

(5-1)

Gyt%IFP Gyt%IFP Gyt%FP
where all terms have been previously defined. The three forms of this expression shown
here can be used interchangeably depending on preference; the pressure and distributed
load forms are generally more useful for wind/tornado/suction calculations, while the edge
reaction force is more useful for the design seismic inertia force. Non-impulsive OP
demands with a plastic connector performance objective can be calculated by modifying
Equation (5-1) to account for the post-yield hardening behavior during radial UFP pulling:

pbhreff B whreff _ 2Preff

UFP-P™ (5-2)

ROt Routrr Riouthep
where refr 1s the post-yield UFP pulling moment arm between plastic hinges (Equation (4-
20)) and all other terms have been previously defined. Note that refr is dependent on pulling
deformation, Spun, as described in Section 4.3.3 (Equations (4-20) through (4-22)). An
assumption for dpun can be made when solving Equation (5-2) however this value should
be no greater than, say, Spult = 0.175l1see (limits hinge rotation, 0, to about ten degrees; Fig.

4-7¢) to avoid relying on a maximum pulling force which cannot realistically be achieved.



Although the ultimate material stress and expected overstrength (relative to minimum)
factor are not typically used to determine minimum strength values for design, they are
perhaps appropriate in this context to account for the expected material hardening at large
deformations which has been observed in FEA results (Section 8). The minimum nominal
yield stress can instead be used to achieve a more conservative design considering this
action.

Considering the prototype reinforced concrete fagade panel described in Section
5.1 and A36 steel UFPs with turpp = 0.25” and lgee = 47, the variables involved in
determining Burp can be reduced to (1) uniform wind/tornado/suction pressures acting on
the panel (with associated performance objectives), (2) building design short-period
spectral acceleration, Sps (with elastic performance objective), and (3) elevation of the
panel as a fraction of total building height. This reduction of unknowns allows solutions
for Burp (Equations (5-1) and (5-2))to be depicted graphically in a manner which provides
some insight into how the remaining variables affect the UFP design; a set of plots for
determining Burp as a function of the remaining unknowns is provided in Fig. 5-2. In this
figure, the top plots (a, b) are for a panel located at the top of a building (affects seismic
inertia forces), while the bottom plots (c, d) are for a panel at ground elevation. Burp values
can be linearly interpolated for panels located at any fractional height (z/h) using values
taken for ground- (z/h = 0) and roof-elevation (z/h = 1) panels. The right-side plots (b, d)
have Sps as the independent variable (x-axis) with different curves representing a uniform
panel pressure (for wind/tornado/suction), while the left-side plots (a, c) reverse these
variables to show the uniform panel pressure on the x-axis with curves plotted for various

Sps values. Note that the left- and right-side plots for the same elevation depict the same



solutions for Burp depicted from different perspectives (seismic or wind demands along
the x-axis). This plot format is also used to examine various MDC HSS tube design lengths
in a similar fashion.

The Burp solutions shown in Fig. 5-2 are tabulated in Table 5-1 and Table 5-2 for
ground- and roof-elevation panels, respectively. These tables also indicate where seismic
and uniform pressure demands control Burp. Note that the UFP designs for different
uniform pressure performance objectives—elastic response for design-basis wind, plastic
response for tornado wind and suction—can be accounted for in these tables and figure by
dividing the calculated uniform pressure by the ratio of large-deformation pulling force to
initial mechanism strength. For the prototype UFPs (durp = 67, turp = 0.25”, lfree =47), this
ratio can be taken as equal to two based on the post-yield pulling force-deformation model
developed in Section 4.3.3 (Equations (4-19) and (4-23)). With this hardening ratio, a
tornado suction force calculated as, say, 160 psf of uniform pressure can be looked up in
the design aid plots and tables as 80 psf with the understanding that the UFP will develop

its maximum pulling force with the full 160 psf of suction applied to the panel.

5.2.2. Maximum UFP Forces for Connection Detailing and MDC Capacity Design

Once the total UFP width has been determined, the maximum expected rolling and radial
pulling forces must be calculated to provide capacity-design forces for the MDCs. The
maximum rolling force occurs during peak in-plane seismic story drift. This force—given
by Equation (4-15)—acts in the LIP direction along the panel edge which contains UFPs;
a free body diagram of this load state is shown in Fig. 3-3. For UFPs located along the
bottom edge of a panel (recommended for reasons yet to be detailed in this text), the rolling

force they apply on the panel opposes the direction of story drift, while UFPs along the top
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panel edge apply a rolling force to the panel in the same direction as story drift. The relative
LIP displacement between the panel and spandrel beam along the UFP edge is what causes
contact with the adjacent out-of-plane panel (for corner panels only) as discussed in Section
3.2.3.3 and illustrated in Fig. 3-4.

Corner panel contact will always initiate along the UFP edge, and adjacent corner
panels must have UFPs located along the same panel edge to allow for accommodation of
this contact through plastic deformation of the UFPs. The contact force is a compression-
only force acting on the panel as shown in the panel contact free body diagrams in Fig. 3-
3 (contact force acting alone) and Fig. 3-4 (contact force in combination with all other
relevant forces). The magnitude of the contact force can be calculated from the UFP
pulling force-deformation model developed in Section 4.3.3 (Equation (4-23)) with Opun
given by the maximum expected inter-story drift for a DBE event. Any drifts larger than
this maximum amount will likely engage the MDC-Vs and MDC-L in radial pulling and
possibly fracture of the UFPs, however with UFPs on the bottom panel edge the panel’s
eccentric self-weight causes a moment which rotates the panel inwards towards the
building such that the bottom edge will bear on the fractured UFPs and MDC-B thereby
preventing detachment from the building. The contact force acting in the LIP direction on
the in-plane panel (relative to the predominant direction of story drift) is always additive
with the UFP rolling force regardless of which panel edge contains the UFPs. This same
contact force must be considered for the out-of-plane panel in that panel’s (outward) OP
direction. Both panels at a given building corner should be designed considering (2)
separate contact scenario load cases where each panel assumes the role of in-plane and out-

of-plane panel relative to the predominant direction of story drift.



The entirety of the maximum UFP rolling force and LIP contact force (for corner
panels) is resisted by the MDC-L located along the opposite panel edge, and the moment
arm between these forces requires an opposing force-couple from the MDC-Vs as shown
in the free body diagrams in Fig. 3-3 and Fig. 3-4. The design LIP force on the panel due
to large plastic deformations of the UFPs is given by:

Frip-aurp=Ro urp TPt Urp (5-3)
where Ro,urp is the maximum expected rolling force considering the total width of UFPs
along one panel edge, Burp, given by Equation (4-15), and Pt urp is the large-deformation
UFP radial pulling force with Spun equal to the maximum expected story drift under a DBE
event (Equations (4-20) through (4-23)). The Prurp term in Equation (5-3) can be taken
as zero for panels, which are not located at a building corner. The design vertical force per

MDC-V due to the UFPs is given by:

Fy.aurp= 5 Frip-aurp (5-4)

where Frip.aurp is the lateral in-plane force on the panel due to large plastic deformations
of the UFPs (Equation (5-3)), and all other terms have been previously defined. This
expression assumes moment arms for the LIP and V forces in the contact mechanism panel
free body diagram (Fig. 3-3) have moment arms equal to the entire panel height (h) and
width (b), respectively, which can be modified based on the final geometry of the

connectors if a more precise force is desired for a final design check.
5.2.3. Connection Detailing Considerations

Connecting UFPs to the structural frame and fagade panel can be accomplished in a number

of ways provided the load path has sufficient strength to transfer the maximum forces and
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moments expected during large UFP deformations. The total UFP width (Burp) determined
in Section 5.2.1 must be evenly divided amongst at least two UFPs and spaced equally
along the width of the chosen UFP panel edge (Fig. 3-1). More than two UFPs can be used
if Burp is large. Both bolted and welded UFP-to-boundary plate connections have been
used in past applications (Baird, 2014). Boundary plates must extend beyond the UFPs
“free” length by at least an additional lfee distance to provide the contact conditions
necessary to maintain the desired large deformation rolling behavior (traveling plastic
hinges as described in Section 4.3.1) up to the design maximum story drift. All other
boundary plate dimensions are controlled by the UFP dimensions and connection strength
requirements. It is highly recommended to use bolted connections somewhere along the
load path (most likely for the connection to the structural frame) so that slotted or oversized
bolt holes can be included which allow for panel expansion/contraction, building erection
tolerances, and on-site adjustment. Any connection allowance for vertical and LIP
movements are permitted as the UFPs do not have any minimum force capacity design
requirements in these degrees of freedom, however these releases must not lessen the
strength of the connection in the OP direction.

An illustration of a potential UFP connection detail is shown in Fig. 5-15a for UFPs
located along the bottom edge of the facade panel. As shown in Fig. 3-2, the panel edge
with UFPs will generally not overlap vertically with the adjacent spandrel beam, therefore
an angled connection to the top flange of this beam is recommended. This angled member
can be a hot rolled angle section if the width of individual UFPs, burp, is small enough to
fit within the available angle sizes, or an assembly of welded plates can be used to create

an angle of any size. For fabrication and installation purposes considering reinforced



concrete facade panels, it may be convenient to use a welded connection to attach the UFP
to a plate embedded within the panel, which can then be bolted to the angle connector
installed on the spandrel beam. Stiffener plates are recommended as shown in Fig. 5-15a
to prevent excessive bending of the angle and potential failure of the connection during OP
loading. The critical locations for these stiffeners are around (and possibly within, space
permitting) the UFP-to-angle connection region and the free-to-curved boundary of the
UFP section because this is the point of bearing during OP (radial UFP crushing) loading

of the panel (Fig. 4-7b).

5.2.3.1. Design Force Eccentricities

The UFP-to-boundary plate connections must be designed for the eccentricity of the
applied design forces in addition to their magnitudes. There are two critical cases to
consider separately: (1) radial pulling of the UFP, and (2) UFP rolling. The eccentricities
of these forces can be determined from the UFP cross section as shown in Fig. 4-7. During
radial pulling, the maximum force, Pt urp (Equation (4-23)), can be conservatively assumed
to act at a perpendicular distance equal to lgee + rurp relative to the connection zone
(assumes maximum pulling force occurs with zero deformation of the section which
reduces this moment arm. The full moment arm can preliminarily be assumed to equal,
say, lfee + durp to include an approximation of the distance between the start of the
connection zone and its center of resistance. For UFP rolling, the maximum force, Ro,urp
(Equation (4-15) considering only the width of individual UFPs, burp) acts at a
perpendicular distance equal to the outer diameter of the UFP bend, durp, therefore this is

taken as the design eccentricity of this force.

5-12



5.2.3.2. Bolted UFP-to-Plate Connections

Using bolts to connect a UFP to a boundary plate generally results in a smaller connection
region overall compared to welds. Bolted connections can also be used to release one or
more degrees of freedom via the use of large oversized or slotted holes. A minimum of
two bolts are recommended to allow for the formation of a force-couple in the UFP cross
section plane to resist the eccentric pulling force described in the previous subsection.
UFPs in past applications have generally been smaller in terms of burp than those proposed
for this application due to the addition of minimum strength requirements in the radial
pulling direction. These wider UFPs (with burp greater than, say, six inches) should use
two rows of bolts, which span along the width of the member and include a minimum of
two bolts each (minimum of four bolts total in a rectangular pattern). Design of these bolts
for strength should include combined shear and tension stresses, with additional tension
due to the eccentric radial pulling force and bolt prying action. Bolts should be placed such
that the holes are completely outside of the free length region, while also adhering to all

bolt hole center-to-center and center-to-edge spacing requirements (AISC, 2010b).

5.2.3.3. Welded UFP-to-Plate Connections

A fillet welded UFP-to-plate connection consists of three weld lengths: one length along
the UFP width (burp) at the end of the connection zone, and two parallel lengths in the
cross sectional plane at either end of the UFP, which terminate at the start of the free length
region. All relevant load cases should be checked to determine the controlling weld
thickness and lengths, however the maximum radial pulling force has been found to control

UFP weld designs in part because of the bending stress due to the eccentricity of the force.
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The elastic method is recommended to determine adequate weld lengths and thicknesses,
which can adequately carry the required loads (AISC, 2010b). For a given weld thickness
and known burp, the centroid of this weld group can be calculated as a function of the in-
plane weld length. The peak weld stress due to bending can be calculated using the design
force and eccentricity (detailed in Section 5.2.3.1), the maximum distance from the weld
group’s centroid, and the weld group’s moment of inertia, all of which can also be
calculated as a function of the in-plane weld length. This peak stress is additive with the
(uniform) stress caused by the pulling force. The required in-plane weld length can be
determined by setting the resulting maximum stress expression equal to the (factored)

allowable weld material stress and solving for the unknown length.

5.3. Multi-Hazard Ductile Connectors (MDCs)

Three MDC subtypes are distinguished by their primary functions (Fig. 3-2); one MDC-L
and two MDC-Vs are designed to elastically carry all LIP and vertical panel demands,
respectively, via longitudinal shearing of their HSS tubes, and the MDC-B is designed to
supplement the inward OP yield mechanism force of the UFPs along the panel edge
opposite the MDC-Vs and MDC-L without engaging in any other degree-of-freedom
response. The MDC-Vs and MDC-L must be located along the same panel edge (top or
bottom) because these connectors fix the panel to the adjacent spandrel beam in-plane, and
maintaining support reactions while also accommodating differential displacements
between panel edge and spandrel beam would require a more complex connector scheme
than that proposed herein. This arrangement provides a statically determinate support
condition considering all panel directions, which allows for kinematic adjustment during

installation to ensure the final position is within prescribed tolerances (PCI, 2000).
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Each MDC includes different frame-side bolted connection details as illustrated in
Fig. 3-1, which allow for erection/fabrication/adjustment tolerances, panel
expansion/contraction, and release from engagement in degrees-of-freedom, which are
primarily handled by other connectors (e.g. vertical release for MDC-L and LIP release for
MDC-Vs). The MDC-B is not connected to the frame-side plate, therefore it only engages
in inward OP resistance by bearing on this plate in the tube’s radial crushing direction. The
required bolt hole slot/oversize dimensions can be determined using Equation (3-1)
(disregarding the joint material strain term); for a reinforced concrete panel with nominal
dimensions of 13-by-30 feet, the slotted/oversized hole dimensions should be the bolt
diameter +/- 3/8" of an inch. With an understanding of the connector arrangement and
detailing requirements, completed UFP designs (Section 5.2), and a chosen MDC HSS
cross section (Section 5.1), the length of HSS tube for each MDC type can be determined

to provide the required strength in all panel degrees-of-freedom.

5.3.1. Lateral in-Plane Load-Carrying MDC: MDC-L

The LIP capacity-design forces from UFPs determined in Section 5.2.2 (Equation (5-3))
are additive with the design LIP seismic panel inertia force, Frip-s, detailed in Section 3.2.3
(ap = 1.25, R, = 1.0) to determine the total longitudinal shear design force, Frip. These
demands are illustrated in the free body diagrams in Fig. 3-3 (all panels) and Fig. 3-4
(corner panel contact; corner panels only). The minimum required MDC-L HSS tube

length to elastically resist these demands can then be determined by rearranging Equation

(4-10):
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where Frip is the controlling LIP load combination for the entire panel, and all other terms
have been previously defined. This design length may need to be increased to provide
additional OP strength or work-energy capacity along this panel edge to achieve all

performance objectives (Table 4-1).
5.3.2. Vertical Load-Carrying MDCs: MDC-V

The MDC-Vs resist all vertical demands. These demands—as detailed in Section 3.3
include factored combinations of the panel’s self-weight (dead load), and all vertical forces
due to seismic effects including inertia of the panel and the (additive) vertical force-couples
which resist the LIP force couples as described in Sections 5.2.2 and 5.3.1 and shown in
Fig. 3-3 (all panels) and Fig. 3-4 (corner panel contact; corner panels only). The controlling

vertical force for design of the MDC-Vs is given by:

14Wp 12Wp 2WpSps
F =max +F +max| 0.3———+
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where Wp is the total fagade panel weight (Equation (3-2)), g is the acceleration due to
gravity, Fv.aurp 1s the vertical force required to resist the maximum expected UFP forces
(Equation (5-4)), FrLip-s is the design-basis LIP seismic inertia force for the entire panel,
and all other terms have been previously defined. The elastic longitudinal shearing force-
carrying capacity given by Equation (4-10) can be rearranged to solve for the required

MDC-V HSS tube length to carry all vertical force demands:
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where Fvpc.v is the controlling vertical load combination per MDC-V (Equation (5-6)) and
all other terms have been previously defined.

Results of Equation (5-7) are shown in Fig. 5-3 and tabulated in Table 5-3 (ground
elevation) and Table 5-4 (roof elevation) for the HSS6x0.25 cross section considering a
reinforced concrete panel. Note that luss-v is still a function of uniform pressure demands
(wind/tornado/suction) despite these acting only in the OP direction because these demands
can control Burp, which in turn affects Fv.aurp. Factored self-weight (load factor of 1.4)
alone only controls the vertical design force (Equation (5-6)) for negligible Sps and design
uniform pressure values, while the combined self-weight (load factor of 1.2) and vertical
seismic forces control for essentially all realistic hazard combinations. Indication of hazard
combinations where seismic demands control in these tables refers to Burp controlled by
OP seismic inertia (Section 5.2.1), which then contributes to the controlling term in Fvpc-

v. Uniform pressure demands control Burp for all other cases.
5.3.3. Minimum Total MDC HSS Length for Non-Impulsive Demands

Out-of-plane loads impart radial demands on the MDCs. The design-basis (per ASCE 7-
10) wind and OP seismic loads discussed in Section 3 can be combined with the reaction
force per panel edge (Equation (4-1)) and radial HSS mechanics described in Section 4.2.1
to determine the total required HSS tube length per panel edge to elastically resist these

demands:
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where all terms have been previously defined. The total HSS tube length between the two
MDC-Vs and one MDC-L must at least equal the value given by Equation (5-8) to satisfy
the elastic connector performance objectives for non-impulsive OP loading (Table 4-1).
This equation can be modified to determine the required total HSS tube length per panel
edge for non-impulsive OP demands with plastic connector performance objectives:

pybhrHSS _ WyhrHSS _ PyrHSS

1Edge—P= (5'9)
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Where py, wy, and Py are a uniform pressure, distributed (along the panel’s height) load,
and panel edge reaction force, respectively, with yielding connectors as the performance
objective, and all terms have been previously defined. This expression is identical to the
previous one with an additional factor of two in the denominator which is taken as the
maximum desired post-yield strength hardening factor (relative to the initial mechanism
strength, Po, given by Equation (4-2)). This hardening factor can be achieved considering
all HSS sections considering either radial crushing (inward OP panel loading) or pulling

(outward OP panel loading) action as described in Section 4.2.1.

5.3.4. Controlling MDC-L and Total HSS Length per Panel Edge for Non-Impulsive

Demands

If the total MDC HSS tube length per panel edge—determined as the maximum of
Equations (5-8) and (5-9) for elastic and plastic connector performance objectives for OP
loading, respectively—exceeds two times the (individual) MDC-V HSS tube length

(Equation (5-7)) plus the minimum MDC-L HSS tube length (Equation (5-5)), the
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difference can be added to the MDC-L to ensure all performance objectives for non-
impulsive demands can be achieved. This solution for Impc.L considering the prototype
reinforced concrete facade panel, UFPs, and HSS sections is plotted in Fig. 5-4 with
numerical values for ground- and roof-elevation panels given in Table 5-5 and Table 5-6,
respectively. These solutions indicate that Impc-L only needs to be increased to satisfy non-
impulsive OP performance objectives for extreme uniform pressures (100 psf for elastic
performance or 200 psf for plastic). With these solutions for Ivpc.v and Impc-L, the total
HSS tube length per panel edge, which satisfies all non-impulsive performance objectives
for the prototype system, can be determined. A plot of this solution is provided in Fig. 5-
5 with numerical values given in Table 5-7 and Table 5-8. These solutions are simply the
addition of those presented in Fig. 5-3 (multiplied by two since there are two MDC-Vs)
and Fig. 5-4 (and their corresponding tabular values). This HSS tube per panel edge is
compared to that calculated to satisfy impulsive OP demand performance objectives, and

any additional required HSS length can be added to the MDC-L.

5.3.5. Design for Impulsive OP Demands

Impulsive demands impart an initial velocity to the panel mass, and the kinetic energy of
this dynamic system is resolved through a combination of elastic potential and plastic work
energies from the deformation of both panel and connector elements as described in Section
4.4. Equating the initial kinetic energy of the dynamic system to the energy stored (elastic
potential energy) and work performed (plastic work-energy) at the maximum deformation
state (with zero kinetic energy) implies that the total system energy is conserved. With this
assumption and the component mechanics developed in Section 4, a solution for the

required strengths and relative proportions thereof for the panel and its connectors can be
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determined to achieve a specified maximum deformation state for a known impulsive
demand. Credible impulsive demands considered in this research include overpressure due
to air-blast events (deliberate or accidental blast/explosion) and blown debris missile
impact due during blast or extreme wind events. Protective design for these events can be
reduced to determining the total HSS tube length required along the MDC-V and MDC-L
panel edge using the mechanics developed in Section 4. Once the total HSS tube length
per panel edge is finalized by comparing the controlling designs for non-impulsive and
impulsive demands, the required MDC-B HSS tube length and panel flexural strength to

ensure the desired progression of yielding can be determined.

5.3.5.1. Air-Blast

Design for air-blast events requires a target threat assessment to determine what credible
threat(s) might exist for the building in question. These methods are detailed in publicly
available United States Department of Defense (DoD) Unified Facilities Criteria (UFC)
documents. Specific design charge weights and standoff distances are classified, however
the discussion of these design-critical parameters in general terms provided by DoD are
valuable for classifying and estimating reasonable scenarios for design. Charge weights—
measured in equivalent pounds of TNT (IbsTNT)—generally fall into three categories:
hand-deliverable charges are on the order of tens of IbsTNT, car-delivered charges are on
the order of hundreds of IbsTNT, and truck-delivered charges can exceed 1000 1bsTNT
(e.g. the truck-delivered charge used in the 1995 Oklahoma City bombing was estimated
to contain about 5000 IbsTNT equivalent). The potential standoff distances change based
on the delivery method as vehicle-delivered charges are generally confined to the nearest

street, while hand-delivered charges can potentially be placed very close to the target
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building. For a given charge weight, reducing the standoff distance focuses panel damage
near the explosion with less damage distributed over the entire blast-facing building front.
This tendency coupled with the chosen performance objectives for various credible blast
scenarios may result in different blast scenarios controlling the design of panels at different
locations (vertical and lateral) on the blast-facing building front. The controlling blast
scenario for a given panel can be determined by calculating the total impulse imparted onto
the panel (as described in Section 3.2.5) and calculating the required panel edge strength
based on the simplified dynamic system detailed in Section 4.4 with terms in Equation (4-
38) included based on the chosen performance objective.

The solution of Equation (4-38) for various HSS6 sections and fagade panel types
are provided in Fig. 5-7 through Fig. 5-10. The properties of the facade panel systems,
other than the reinforced concrete panel, are adapted from Salim et al. (2005) and Idriss et
al. (2016). These solutions provide designs for various performance objectives as a
function of the design impulse value. Equation (4-38) includes work-energy terms for both
MDC:s and the fagade panel; however, these terms are omitted when an elastic performance
objective is specified for that component. Various OP wind and seismic (elastic
performance) design values are provided on these plots for comparison. For any design
where the total required HSS length per panel edge to satisfy impulsive performance
objectives is greater than that determined for non-impulsive demands (Section 5.3.4), the
MDC-L HSS tube length can be increased (and MDC-B HSS tube length along the UFP
edge), otherwise the HSS length per panel edge for non-impulsive demands controls, and

sufficient protection against impulsive loading is inherited from this design.
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5.3.5.2. Impact

During impact, the impulse is only applied to a portion of the system mass (which is
weighted towards the impact location with the addition of the missile’s mass) which
induces large localized demands on the panel, often before significant deformations at the
connectors can develop thereby precluding their ability to protect the panel from damage
through capacity design for a desired progression of member yielding. Preliminary study
of the impact missile problem suggests that, while the ductility afforded by the MDC and
UFP connectors at the panel edges does help reduce panel demands after first mode
dynamic response becomes the predominant system behavior, the peak panel demands
occur prior to this stage and are generally controlled by the panel characteristics (mass and
moment capacity). The behavior of the system during this initial phase is complex and can
change significantly as a function of the panel’s mass, stiffness, and strength, as well as the
missile mass, initial velocity, and impact area. Therefore, it is recommended to examine
impact response via finite element analysis (FEA) after an MDC, UFP, and panel design,
which satisfies all other desired criteria, is proposed. If this design performs inadequately
when subjected to impact, the panel’s flexural strength can be increased (to an extent)
without detrimental effects on the system’s performance considering other hazards until

the desired impact performance is achieved.

5.3.6. OP Bearing-Only MDC: MDC-B

The MDC-B is located along the same panel edge as the UFPs with its HSS tube’s
longitudinal axis aligned with the panel’s LIP axis (Fig. 3-1). As described in Section 4.4,

the MDC-B HSS tube length is calculated to supplement the UFPs during inward OP
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loading of the panel to ensure simultaneous yielding of the connectors along both (top and
bottom) panel edges. The radial crushing mechanics for UFPs and MDCs developed in
Section 4 indicate that the initial plastic mechanism strengths for these connectors differ
due to the differences in cross section geometry and material properties. The required
MDC-B HSS tube length, Impc-B, can be determined using the controlling UFP, MDC-V,
and MDC-L designs and comparing the initial collapse mechanism strength for all

connectors along each edge. Solving this expression for Impc-s gives:

Qlypc.vHupe.L)-
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where Ry is the expected material overstrength factor relative to the specified minimum,
oy, for HSS tubes (HSS) or plates (P), Impc-v and lmpc.r are the lengths of HSS tube for
each MDC-V and MDC-L, respectively, and all other terms have been previously defined.
The solution to Equation (5-10) for various MDC-V+L HSS lengths and total UFP widths
are plotted in Fig. 5-6, with numerical values given in Table 5-9. Note that the negative
values in this table do not have any physical meaning and would never arise from an actual
design due to the relative plastic mechanism strengths and capacity-proportioned design of

the MDC-Vs and MDC-L for maximum expected UFP forces; these values are included in

the table for linear interpolation of intermediate values.
5.3.7. Connection Detailing Considerations

Detailing of the MDC welds, bolts, and plates requires some assumptions and iterations to

ensure a reliable connection for the myriad of load scenarios to which these connectors are
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subjected. Design forces for MDC connections can be determined using the maximum
achievable forces of the HSS tube in each degree-of-freedom (rolling, radial pulling,
longitudinal shearing). The following guidelines pertain primarily to the MDC-Vs and
MDC-L, as the MDC-B has essentially no force-based design requirements and can,
therefore, be treated as simply mechanical connections with minimum specified weld and
bolt dimensions. The MDC-B’s interface with the frame-side plate through radial bearing
during inward OP panel loading (Fig. 3-1) and should not include any HSS-to-plate welds
on this side. An illustration of MDC connection details is provided in Fig. 5-11.
[lustrations of potential MDC connections to the structural frame are provided in Fig. 5-
13 (MDC-V), Fig. 5-14 (MDC-L), and Fig. 5-15b (MDC-B). The “staggered” panel
placement referred to in these figures are for a possible panel configuration where the
panels span over exterior frame columns, which may have advantages for both detailing of
the MDC-L and MDC-B, as well as providing an alternative load path through the facade

system for progressive collapse scenarios.

5.3.7.1. Design Force Eccentricity

The controlling V and LIP load cases must include the eccentricity of these loads. Moment
demands can be calculated by multiplying the controlling force values by a conservative
design eccentricity. For simplicity, the fagade panel (at mid-thickness) and structural frame
(at the MDC plate-to-structural frame boundary) are assumed to have equal flexural
stiffness; this implies that an inflection point (point of zero moment) in the deformed shape
of the frame-MDC-panel system exists halfway between the “boundaries” (panel mid-
thickness and MDC plate-to-frame boundary). The design eccentricity—illustrated in Fig.

5-11—is taken as the distance between this inflection point and the MDC plate-to-frame
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boundary. A conservative assumption that the MDC plates are one-inch thick can be used,

and the design eccentricity, eqes, can be calculated as:

t
Cdes™ Z Tryssttp (5-11)

where tp is the thickness of each MDC plate (preliminary assumption of one inch) and all
other terms have been previously defined. The controlling vertical and LIP design forces
should be multiplied by Equation (5-11) to determine the design moments for the MDCs.
All combinations of the vertical/LIP, moment, and (elastic) OP demands must be
considered for detailing calculations for the MDC-to-plate welds and bolted connection
designs.

The proposed MDC-B detail illustrated in Fig. 5-15b applies an eccentric lateral
force at mid-span of the spandrel beam during MDC-B crushing. This eccentric force
applies torsion to the spandrel beam, which may exceed capacity, especially for gravity
frame members with simple beam end connections (less torsional restraint). This demand
may require bracing of the spandrel beam against, say, the floor slab, however this force
may locally crush or otherwise damage the floor slab if the MDC-B HSS tube is particularly
strong. A potential option, which would mitigate the torsional demand, would be to split
the MDC-B HSS tube length in half and move both halves away from the panel center
towards the UFPs at the panel corners (possibly even moving the MDC-Bs to the corners
and the UFPs inwards). Moving the applied torsion away from mid-span reduces the
demand on the beam, and could possibly provide a more desirable load path for torsional

bracing via the out-of-plane beam framing into the adjacent column.
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5.3.7.2. HSS-to-Plate Welds

The HSS-to-plate welds consist of two legs spanning the full HSS tube length which
connect the outer surface of the tube to a weld bar, and two full-length weld legs connecting
the weld bar (on the back-side bar surface parallel to the HSS surface tangent) to the MDC
plate through its thickness. The weld size can be specified by using the elastic vector
analysis method (AISC, 2010b) to calculate the required weld strength per thickness for
each source of stress (load and moment), and then combining these “stresses” using a
vector sum of the normal and shear components for all load cases. Once the maximum
weld “stress” is determined, the weld size can be specified per AISC 360 (2010b). Note
that the bar-to-plate thickness welds will have a slightly reduced effective throat due to the
oversize of the MDC plate slot (similar to a standard bolt hole; slot width 1/16-inch greater
than weld bar width), therefore the thickness of each weld leg should be increased by 1/16-
inch to ensure adequate strength considering the minimum plane area through the weld.
The required weld thickness determines the minimum dimensions of the weld bar and
MDC plate thickness; as shown in Fig. 5-11, the weld bar must have a width (tangent to
HSS surface) equal to at least two weld thicknesses and a depth (into the plate thickness)
of at least one weld thickness, while the MDC plate thickness is at least two weld
thicknesses.

The weld bar width should be increased above the minimum if a larger cross
sectional area (length—equal to the full length of the HSS tube—by width) is required to
develop the full strength of the welds. For ease of construction, all MDC plates should
have the same thickness; therefore, the minimum MDC plate thickness is twice the

maximum required MDC weld thickness. The MDC plate thickness should be no greater
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than one inch (or whatever value was assumed for the design eccentricity) based on
Equation (5-11). The depth (into the MDC plate thickness) of the weld bars for each MDC
should be the largest nominal bar dimension increment for which the bar-to-MDC plate
welds remain within the thickness of the MDC plate; this allows for easier access to the
weld location during fabrication of the MDCs while maintaining a flat surface on the
backside of each MDC plate. Note that a bevel along the inside edge of the MDC plate
weld bar slot (Fig. 5-11) is necessary for the HSS tube to sit flush against the MDC plates,
which is consistent with the boundary conditions in the round HSS crushing model (Fig.
4-1). This slot in the MDC plates should have a standard oversized width (1/16-inch greater
than the weld bar width), and circular ends to allow for expansion of the weld filler material
under stress and to eliminate stress concentrations in the plate due to geometric
discontinuity. From the center of these circular slot-ends, the minimum bolt hole center-
to-plate edge distance (AISC, 2010b) can be added to the length of the HSS tube per MDC
to determine the minimum MDC plate dimension in the direction along the tube’s

longitudinal axis.

5.3.7.3. End Plate Dimensions and Bolted Connections

The MDC plate dimensions and bolted connection design are highly interdependent.
Example illustrations of the bolts and slotted bolt holes for each MDC type and plate side
are shown in Fig. 3-1. Thermal expansion/contraction slotted holes are included on the
frame-side MDC-V and MDC-L plates. The oversized dimension of these holes should
have a length equal to the expected expansion/contraction of the panel (+/- 3/8-inch for
reinforced concrete panels) plus the bolt diameter. All bolt hole centers—including at the

extreme ends of slotted/oversized holes—should be at least one tube diameter away from
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the centerline of the HSS-to-plate connections to allow for access to the bolts/nuts during
installation, and to prevent premature contact between the bolts/nuts and HSS tube wall
during crushing as the tube flattens against the plates. The number of bolts along the
longitudinal axes of HSS tubes should be determined considering the minimum bolt hole
center-to-center spacing (2-2/3 to 3 times the nominal bolt diameter) and available length
of MDC plate in this direction, as well as the (outward) bending capacity of the trial plate.

For plates on the panel side, the required prying stress from the bolt hole to the plate
edge should also be calculated and limited (by extending the bolt-to-edge distance, if
necessary) to less than the maximum compressive stress of the panel material. Regardless
of which side the plate is on, the required prying force from each bolt line should be
calculated to include in the bolt strength design procedure. For MDC-1s, this prying force
plus the maximum OP force on the MDC should be used to size the bolts on either side of
the HSS tube along with shear interaction from the controlling vertical and LIP demands,
respectively. If the required bolt diameters differ from those assumed to obtain a trial plate
size, the process must be repeated to ensure all plate strength and bolt spacing and strength
requirements are satisfied. Finally, the bolted connections and plate should be checked for
bolt bearing/tear-out, block shear, net section fracture, and gross section yield limit states

to prevent premature failure along each MDC load path.

5.4. Capacity Design of Facade Panels

The required flexural strength of the facade panel is a function of the controlling support
strength provided by the connectors along each panel edge in the inward OP direction
(MDC HSS tube and UFP radial crushing). The target behavior of the system is for the

panel to reach its maximum moment capacity when the connectors reach their maximum
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crushing deformation corresponding to a force equal to twice the MDCs initial plastic
mechanism strength, Po (Equation (4-2)). Assuming the demands on the panel approximate

a uniformly distributed load, the design panel moment capacity, Mp, is given by:

Poh
MP= 7 (5- 1 2)

where Py is the MDC strength per panel edge (Equation (4-2)) and all other terms have
been previously defined. Proportioning the of the fagade panel and MDCs strengths in this
manner regardless of the controlling OP hazard and performance objective follows the
capacity design philosophy to achieve a desired progression of damage along the load path.
This approach provides a guarantee of some force-limited protection of the panel’s

integrity regardless of the loading type or magnitude.

5.5. Building Frame Interaction

Proportional strengthening of the facade system for high hazard events ultimately allows
larger forces to propagate into the main building frame during such events. An early
question raised in this research was whether this reinforcement would require proportional
strengthening of the building’s LFRS relative to traditional design lateral loads due to wind
and seismic inertia. The resulting inter-story shear forces considering static application of,
say, all connectors at their initial radial crushing mechanism strengths (Equations (4-2) and
(4-17)) is on the order of—and in some cases exceeds—traditional LFRS design demands.
A summary of preliminary analysis results of a light-mass braced frame office building
located in Boston, MA with reinforced concrete fagade panels, MDCs, and UFPs subjected
to blast scenarios is provided in Table 5-10. These results suggest that, although several

facade panels may develop their ultimate capacities, the spatial and temporal distribution
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of these forces acting on the main structural framing results in peak story drifts, which are
generally much smaller than what might be predicted considering static application of the
total potential force transfer from facade-to-frame. The analysis models used in this
investigation included connectors which frame directly into the main building floor mass
(with rigid diaphragm constraints), and the inertia of this mass may be adequate to
effectively “absorb” the brief, large forces the fagade exerts on the main building frame
(impulsive loading relative to the main building systems; see Equation (4-27) with large

mass term).
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Table 5-1: Total UFP Width Design with turp = 0.25 in. for Reinforced Concrete Fagade Panel (normal weight, 13°x30°x6”) at Ground

Elevation
Burp (in) Design Short Period Spectral Acceleration, Sps (g)
Wwind (psf) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0 0 2.64 5.28 7.92 10.56 13.20 15.83 18.47 | 21.11 23.75 26.39 | 29.03 31.67 | 3431 36.95 | 39.59
10 12.13 12.13 12.13 12.13 12.13 13.20 15.83 18.47 | 21.11 23.75 26.39 | 29.03 31.67 | 3431 36.95 | 39.59
20 24.27 2427 | 2427 | 2427 | 2427 | 2427 | 2427 | 2427 | 2427 | 2427 | 2639 | 29.03 31.67 | 3431 36.95 | 39.59
30 36.40 3640 | 3640 | 3640 | 3640 | 3640 | 3640 | 3640 | 36.40 | 3640 | 3640 | 36.40 | 3640 | 3640 | 3695 | 39.59
40 48.53 48.53 48.53 | 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 | 48.53 48.53 48.53 48.53 48.53
50 60.67 60.67 | 60.67 | 60.67 | 60.67 | 60.67 60.67 60.67 60.67 60.67 60.67 | 60.67 | 60.67 | 60.67 | 60.67 | 60.67
60 72.80 72.80 | 7280 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80 | 72.80
70 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93
80 97.07 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07 | 97.07
90 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20
100 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33
Notes: Divide extreme wind demands with plastic connector performance objective by 2 (200 pstf = 100 psf shown here).

Gray boxes indicate seismic demands control.
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Table 5-2: Total UFP Width Design with turp = 0.25 in. for Reinforced Concrete Fagade Panel (normal weight, 13°x30°x6”) at Roof

Elevation
Burp (in) Design Short Period Spectral Acceleration, Sps (g)
Wwind (psf) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0 0 3.02 6.03 9.05 12.07 15.09 | 18.10 | 21.12 | 24.14 | 27.16 | 30.17 | 33.19 | 36.21 3922 | 4224 | 4526
10 12.13 12.13 12.13 12.13 12.13 15.09 18.10 21.12 24.14 27.16 30.17 33.19 36.21 39.22 42.24 45.26
20 24.27 24.27 24.27 24.27 24.27 24.27 24.27 24.27 24.27 27.16 30.17 33.19 36.21 39.22 42.24 45.26
30 36.40 36.40 36.40 36.40 36.40 36.40 36.40 36.40 36.40 36.40 36.40 36.40 36.40 39.22 42.24 45.26
40 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53 48.53
50 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67 60.67
60 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80 72.80
70 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93 84.93
80 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07 97.07
90 109.20 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20 | 109.20
100 121.33 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33 | 121.33
Notes:

Divide extreme wind demands with plastic connector performance objective by 2 (200 psf = 100 psf shown here).

Gray boxes indicate seismic demands control.
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Table 5-3: MDC-V HSS Length Design with tuss = 0.25 in. for Reinforced Concrete Facade Panel (normal weight, 13°x30°x6”) at

Ground Elevation

Lmpc-v (in) Design Short Period Spectral Acceleration, Sps (g)

Wwind (psf) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0 8.98 8.98 9.31 9.76 1020 | 10.62 | 11.02 | 1141 | 11.79 | 12.15 | 12,51 | 12.85 | 13.18 | 13.51 13.83 | 14.14
10 9.27 9.54 9.80 10.06 10.31 10.62 11.02 11.41 11.79 12.15 12.51 12.85 13.18 13.51 13.83 14.14
20 10.13 10.38 10.62 10.86 11.09 11.31 11.54 11.76 11.97 12.18 12.51 12.85 13.18 13.51 13.83 14.14
30 10.92 11.15 11.38 11.60 11.82 12.03 12.24 12.45 12.65 12.85 13.05 13.24 13.43 13.62 13.83 14.14
40 11.66 11.88 12.09 12.30 12.50 12.71 12.91 13.10 13.29 13.48 13.67 13.86 14.04 14.22 14.40 14.57
50 12.36 12.56 12.76 12.96 13.16 13.35 13.54 13.72 13.91 14.09 14.27 14.45 14.62 14.80 14.97 15.14
60 13.02 13.21 13.40 13.59 13.78 13.96 14.14 14.32 14.50 14.67 14.84 15.01 15.18 15.35 15.51 15.68
70 13.64 13.83 14.01 14.19 14.37 14.55 14.72 14.89 15.06 15.23 15.40 15.56 15.72 15.89 16.04 16.20
80 14.24 14.42 14.60 14.77 14.94 15.11 15.28 15.44 15.61 15.77 15.93 16.09 16.25 16.40 16.56 16.71
90 14.82 14.99 15.16 15.33 15.49 15.65 15.82 15.98 16.13 16.29 16.45 16.60 16.75 16.90 17.05 17.20
100 15.37 15.54 15.70 15.86 16.02 16.18 16.34 16.49 16.64 16.80 16.95 17.10 17.25 17.39 17.54 17.68

Notes:

Divide extreme wind demands with plastic connector performance objective by 2 (200 psf = 100 psf shown here).

Gray boxes indicate seismic demands control.

Bold values indicate dead load (self-weight) demands control.
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Table 5-4: MDC-V HSS Length Design with tuss = 0.25 in. for Reinforced Concrete Facade Panel (normal weight, 13°x30°x6”) at

Roof Elevation

Lmpc-v (in) Design Short Period Spectral Acceleration, Sps (g)

Wwind (psf) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0 8.98 8.99 9.62 1022 | 1078 | 11.31 | 11.82 | 1230 | 12.77 | 13.22 | 13.66 | 14.08 | 1449 | 1489 | 1528 | 15.66
10 9.27 9.67 10.05 | 1042 | 10.78 | 11.31 | 11.82 | 12.30 | 12.77 | 1322 | 13.66 | 14.08 | 1449 | 14.89 | 15.28 | 15.66
20 10.13 10.50 10.85 11.20 11.53 11.85 12.17 12.48 12.78 13.22 13.66 14.08 14.49 14.89 15.28 15.66
30 10.92 11.26 11.60 11.92 12.23 12.54 12.84 13.13 13.42 13.70 13.97 14.24 14.50 14.89 15.28 15.66
40 11.66 11.98 12.30 12.60 12.90 13.19 13.47 13.75 14.03 14.29 14.56 14.81 15.07 1532 15.56 15.81
50 12.36 12.66 12.96 13.25 13.53 13.81 14.08 14.35 14.61 14.87 15.12 15.37 15.61 15.85 16.09 16.33
60 13.02 13.31 13.59 13.86 14.14 14.40 14.66 14.92 15.17 1542 15.66 15.90 16.14 16.37 16.60 16.83
70 13.64 13.92 14.19 14.45 14.71 14.97 15.22 15.47 15.71 15.95 16.19 16.42 16.65 16.88 17.10 17.32
80 14.24 14.51 14.77 15.02 15.27 15.52 15.76 16.00 16.24 16.47 16.70 16.92 17.14 17.36 17.58 17.80
90 14.82 15.07 15.32 15.57 15.81 16.05 16.28 16.51 16.74 16.97 17.19 17.41 17.63 17.84 18.05 18.26
100 15.37 15.62 15.86 16.10 16.33 16.56 16.79 17.01 17.23 17.45 17.67 17.88 18.09 18.30 18.51 18.71

Notes:

Divide extreme wind demands with plastic connector performance objective by 2 (200 psf = 100 psf shown here).

Gray boxes indicate seismic demands control.

Bold values indicate dead load (self-weight) demands control.
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Table 5-5: MDC-L HSS Length Design with tuss = 0.25 in. for Reinforced Concrete Fagade Panel (normal weight, 13°x30°x6”) at

Ground Elevation

Lmpc-L (in) Design Short Period Spectral Acceleration, Sps (g)

Wwind (psf) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0 0 3.76 5.32 6.52 7.52 8.41 9.22 9.95 10.64 11.29 11.90 12.48 13.03 13.56 14.08 14.57
10 6.21 6.66 7.08 7.47 7.85 8.41 9.22 9.95 10.64 11.29 11.90 12.48 13.03 13.56 14.08 14.57
20 8.78 9.11 9.42 9.72 10.01 10.29 10.57 10.84 11.10 11.36 11.90 12.48 13.03 13.56 14.08 14.57
30 10.76 11.02 | 1128 | 11.53 | 11.78 | 12.02 | 12.26 | 1249 | 1272 | 1295 | 13.17 | 13.38 | 13.60 | 13.81 14.08 | 14.57
40 12.42 12.65 | 12.88 | 13.10 | 13.32 | 13.53 | 13.74 | 1395 | 14.16 | 1436 | 1456 | 1476 | 1495 | 15.14 | 1533 | 15.52
50 13.89 14.10 14.30 14.50 14.70 14.89 15.08 15.27 15.46 15.65 15.83 16.01 16.19 16.37 16.54 16.71
60 15.22 15.40 15.59 15.77 15.95 16.13 16.31 16.49 16.66 16.83 17.00 17.17 17.34 17.50 17.67 17.83
70 16.43 16.61 1678 | 1695 | 1712 | 1729 | 1745 | 17.62 | 17.78 | 1794 | 18.10 | 1826 | 1842 | 18.57 | 18.73 | 18.88
80 17.57 1773 | 17.89 | 18.05 | 18.21 1837 | 1853 | 18.68 | 18.84 | 18.99 | 19.14 | 19.29 | 1944 | 19.59 | 19.73 | 19.88
90 18.64 1879 | 1894 | 19.09 | 19.24 | 19.39 | 19.54 | 19.69 | 19.83 | 1998 | 20.12 | 20.26 | 20.41 | 20.55 | 20.69 | 20.83
100 22.16 2227 | 2239 | 2251 | 22.63 | 2276 | 22.89 | 23.02 | 23.16 | 2329 | 2343 | 23.58 | 2372 | 23.87 | 24.02 | 24.18

Notes: Divide extreme wind demands with plastic connector performance objective by 2 (200 psf = 100 psf shown here).

Gray boxes indicate out-of-plane (OP) demands control.
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Table 5-6: MDC-L HSS Length Design with tuss = 0.25 in. for Reinforced Concrete Fagade Panel (normal weight, 13°x30°x6”) at

Roof Elevation

Lmpc-L (in) Design Short Period Spectral Acceleration, Sps (g)

Wwind (psf) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0 0 5.18 7.33 8.98 10.37 | 11.59 | 1270 | 13.72 | 14.66 | 15.55 16.39 | 17.19 17.96 | 18.69 | 19.40 | 20.08
10 6.21 7.47 8.55 9.51 10.38 | 11.59 | 1270 | 13.72 | 14.66 | 15.55 16.39 | 17.19 17.96 | 18.69 | 19.40 | 20.08
20 8.78 9.72 10.57 | 1136 | 12.10 | 12.79 | 1345 14.08 | 14.68 15.55 16.39 | 17.19 17.96 | 18.69 | 19.40 | 20.08
30 10.76 11.53 1226 | 1295 13.60 | 1422 | 14.81 1539 | 1594 | 1647 | 1699 | 1749 1798 | 18.69 | 1940 | 20.08
40 12.42 13.10 | 13.74 | 1436 | 14.95 1552 | 16.06 | 16.59 | 17.11 17.60 | 18.09 | 18.56 19.02 | 1947 | 1991 | 20.34
50 13.89 1450 | 15.08 | 15.65 16.19 | 16.71 1722 | 17.72 | 1820 | 18.67 | 19.12 | 19.57 | 20.01 | 20.44 | 20.85 | 21.26
60 15.22 15.77 | 16.31 16.83 17.34 | 17.83 18.31 18.77 | 19.23 19.67 | 20.11 | 20.53 | 2095 | 21.36 | 21.76 | 22.15
70 16.43 16.95 17.45 1794 | 1842 | 18.88 19.33 19.78 | 2021 | 20.63 | 21.05 | 2145 | 21.85 | 2224 | 22.63 | 23.01
80 17.57 18.05 18.53 1899 | 1944 | 19.88 | 2031 | 20.73 | 21.14 | 21.55 | 21.94 | 2233 | 22.72 | 23.09 | 23.47 | 23.83
90 18.64 19.09 | 19.54 | 1998 | 2041 | 20.83 | 21.24 | 21.64 | 22.03 | 2242 | 22.81 | 23.18 | 23.55 | 23.92 | 2427 | 24.63
100 22.16 22.17 | 2220 | 2223 | 2227 | 2231 | 2236 | 2251 | 22.89 | 2327 | 23.64 | 2400 | 2436 | 24.71 | 25.06 | 25.40

Notes: Divide extreme wind demands with plastic connector performance objective by 2 (200 psf = 100 psf shown here).

Gray boxes indicate out-of-plane (OP) demands control.
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Table 5-7: Total MDC-V+L HSS Length Design with tyss = 0.25 in. for Reinforced Concrete Facade Panel (normal weight,

Lmbc-Edge (in)

13°’x30°x6”) at Ground Elevation

Design Short Period Spectral Acceleration, Sps (g)

Wwind (psf) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0 17.96 21.72 | 23.93 26.04 | 2792 | 29.65 31.26 | 32.78 3422 | 35.59 36.91 38.18 3940 | 40.59 | 41.74 | 42.86
10 24.74 25.73 26.68 | 27.59 | 28.46 | 29.65 31.26 | 32.78 3422 | 35.59 36.91 38.18 3040 | 40.59 | 41.74 | 42.86
20 29.04 29.86 | 30.65 31.43 32.19 | 32.92 33.65 34.35 35.04 | 35.72 36.91 38.18 3040 | 40.59 | 41.74 | 42.86
30 32.60 33.33 34.04 | 34.73 3542 36.09 36.74 37.39 38.02 38.64 | 39.26 39.86 | 4046 | 41.04 | 41.74 | 42.86
40 35.75 36.41 37.06 37.70 | 38.33 38.95 39.56 | 40.15 40.75 41.33 41.90 | 4247 | 43.03 43.58 | 44.12 | 44.66
50 38.61 39.22 | 39.83 4042 | 41.01 41.59 | 42.16 | 42.72 | 43.28 43.83 4437 | 4490 | 4543 4596 | 4647 | 46.98
60 41.25 41.83 4240 | 42.96 | 43.51 44.06 | 44.60 | 45.13 45.66 | 46.18 | 46.69 | 47.20 | 47.71 48.20 | 48.70 | 49.19
70 43.72 4427 | 44.81 4534 | 45.86 | 46.38 | 46.90 | 4740 | 4791 48.40 | 48.90 | 49.38 | 49.87 50.34 | 50.82 | 51.29
80 46.06 46.58 47.09 | 47.60 | 48.10 | 48.59 | 49.08 49.57 50.05 50.53 51.00 51.47 51.93 52.39 52.85 | 53.30
90 48.27 48.77 | 49.26 | 49.75 50.23 50.70 | 51.17 51.64 | 52.10 52.56 53.02 53.47 53.91 54.36 54.80 | 55.23
100 52.90 53.35 53.79 54.23 54.67 55.12 55.56 56.00 | 56.44 56.89 57.33 57.77 58.22 58.66 59.10 | 59.54

Notes:

Divide extreme wind demands with plastic connector performance objective by 2 (200 psf = 100 psf shown here).
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Table 5-8: Total MDC-V+L HSS Length Design with tyss = 0.25 in. for Reinforced Concrete Facade Panel (normal weight,

Lmbc-Edge (in)

13°x30°x6”) at Roof Elevation

Design Short Period Spectral Acceleration, Sps (g)

Wwind (psf) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
0 17.96 23.17 | 26.58 29.41 31.92 3421 36.33 38.32 40.20 | 42.00 43.71 45.36 46.95 48.48 49.96 51.40
10 24.74 26.81 28.66 30.35 31.94 34.21 36.33 38.32 40.20 | 42.00 43.71 45.36 46.95 48.48 49.96 51.40
20 29.04 30.71 32.27 33.75 35.15 36.50 37.79 39.03 40.23 42.00 43.71 45.36 46.95 48.48 49.96 51.40
30 32.60 34.06 35.45 36.78 38.06 39.30 40.49 41.65 42.77 43.86 44.93 45.97 46.98 48.48 49.96 51.40
40 35.75 37.07 38.34 39.56 40.75 41.89 43.01 44.10 45.16 46.19 47.20 | 48.19 49.16 50.10 51.03 51.95
50 38.61 39.82 | 41.00 42.14 43.25 44 .33 45.38 46.41 47.42 48.40 49.36 50.31 51.23 52.14 53.04 | 53.92
60 41.25 42.38 43.49 44.56 45.61 46.63 47.63 48.61 49.57 50.51 5143 52.34 53.23 54.10 54.97 55.81
70 43.72 44.79 | 45.83 46.85 47.85 48.82 49.78 50.71 51.63 52.53 53.42 54.29 55.15 56.00 56.83 57.65
80 46.06 47.07 | 48.06 49.03 49.98 5091 51.83 52.73 53.61 54.48 55.34 56.18 57.01 57.82 58.63 59.42
90 48.27 49.24 50.19 51.11 52.03 52.92 53.80 54.67 55.52 56.36 57.18 58.00 58.80 59.59 60.38 61.15
100 52.90 53.41 53.92 54.42 54.93 55.43 55.94 56.54 57.36 58.17 58.97 59.76 60.54 61.31 62.07 62.82

Notes:

Divide extreme wind demands with plastic connector performance objective by 2 (200 psf= 100 psf shown here).
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Table 5-9: MDC-B HSS Length Design with tuss = 0.25 in. for Reinforced Concrete Fagade Panel (normal weight, 13°x30°x6”)

Lmpc-s (in) Total MDC-V and MDC-L HSS Tube Length, Lmpc-gdge (in)
Burp (in) 0 10 20 30 40 50 60 70 80 90 100 110 120
0 0 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00 110.00 120.00
10 -3.63 6.37 16.37 26.37 36.37 46.37 56.37 66.37 76.37 86.37 96.37 106.37 116.37
20 -7.27 2.73 12.73 22.73 32.73 42.73 52.73 62.73 72.73 82.73 92.73 102.73 112.73
30 -10.90 -0.90 9.10 19.10 29.10 39.10 49.10 59.10 69.10 79.10 89.10 99.10 109.10
40 - -4.53 5.47 1547 2547 3547 45.47 55.47 65.47 75.47 85.47 95.47 105.47
50 - -8.17 1.83 11.83 21.83 31.83 41.83 51.83 61.83 71.83 81.83 91.83 101.83
60 - -11.80 -1.80 8.20 18.20 28.20 38.20 48.20 58.20 68.20 78.20 88.20 98.20
70 - - -5.43 4.57 14.57 24.57 34.57 44.57 54.57 64.57 74.57 84.57 94.57
80 - - -9.07 0.93 10.93 20.93 30.93 40.93 50.93 60.93 70.93 80.93 90.93
90 - - -12.70 -2.70 7.30 17.30 27.30 37.30 47.30 57.30 67.30 77.30 87.30
100 - - - -6.34 3.66 13.66 23.66 33.66 43.66 53.66 63.66 73.66 83.66
110 - - - -9.97 0.03 10.03 20.03 30.03 40.03 50.03 60.03 70.03 80.03
120 - - - -13.60 -3.60 6.40 16.40 26.40 36.40 46.40 56.40 66.40 76.40
Notes: Negative values included for interpolation purposes. Minimum Lyvpc-s = 0 in.
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Table 5-10: Maximum Inter-Story Drift for Light, East-Coast Office Building Design

Subjected to Air-Blast Events

W (IbsTNT): 500 300 100
R (ft) 30 100 200
Story Maximum Inter-Story Drift (%)
3 0.29 0.19 0.06
2 0.16 0.08 0.02
1 0.24 0.08 0.03
Note: Air-blast analyses performed on 3-story

steel braced frame office building
designed for Boston, MA hazards with
floor mass equivalent to uniform 60psf
load per floor (light mass).
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Fig. 5-1: Pseudo-Static Experimental Testing of MDCs Subjected to (a) Design Blast Loading and (b) Radial Pulling (Adapted from

Rendos, 2018)
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Fig. 5-2: Total UFP Width per Panel Edge with turp = 0.25 in. for Reinforced Concrete Panels at (a,b) Roof or (¢,d) Ground Elevation,

Primarily considering (a,c) Wind or (b,d) Seismic Hazards

5-42



20 . 20 .
5 M N M
—8—SDS=1.5¢ 10
s%— SDS=1.0g —&— wind=100psf
o~ - —%— wind=80psf
R=! —h— =0. .
= 5 SDS_O 6g 5 —&— wind=60psf
§ —+—SDS=0.4¢ —+— wind=40psf
3 —8—SDS=0.2¢g —— wind=20psf
5 0 0
8 0 20 40 60 80 100 0 0.5 1 L3
72}
72}
'.I: 20 20 d i
> 20 1 (c) _ (d) Ground Elevation
é Ground Elevation W
10 10
q
5 b
0 " 0.5 1 L5
0 20 40 60 80 100 ‘ " _ -
Uniform Pressure (psf) Design Short-Period Spectral Acceleration, Spg (g)

Fig. 5-3: MDC-V HSS Length with tuss = 0.25 in. for Reinforced Concrete Panels at (a,b) Roof or (¢,d) Ground Elevation, Primarily

considering (a,c) Wind or (b,d) Seismic Hazards

5-43



30 ] 30 _
() Roof Elevation (b) RoofElevation
§ ._H_._././'/./. ® ._._._._._._H—-l—"‘.*.*.—.
20 20 M’J
15 15
—8—SDS=1.5¢ —— wind=100psf
10 —x—SDs=1.0g | 10 —<—wind=80psf
= —&—SDS=0.6g —— wind=60psf
=3 ——SDS=04g | ° —— wind=40psf
% o —8—SDS=0.2¢g 0 —8—wind=20psf
— 0 20 40 60 80 100 0 0.5 1 L5
[£2)
0 30 .
EB (©) . () Ground Elevation
o Ground Elevation
%—5
20
15
10
5
0 0
0 20 40 60 80 100 0 0.5 1 15
Uniform Pressure (psf) Design Short-Period Spectral Acceleration, Spg (g)

Fig. 5-4: MDC-L HSS Length with tuss = 0.25 in. for Reinforced Concrete Panels at (a,b) Roof or (c,d) Ground Elevation, Primarily

considering (a,c) Wind or (b,d) Seismic Hazards
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Fig. 5-5: Total MDC-V+L HSS Length with tuss = 0.25 in. for Reinforced Concrete Panels at (a,b) Roof or (c,d) Ground Elevation,

Primarily considering (a,c) Wind or (b,d) Seismic Hazards
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Fig. 5-10: MDC HSS Length per Panel Edge Design for Insulated Metal Panel Fagade System Subjected to Impulsive Loading
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6. Integrated Design Procedure

The detailed procedures from the previous sections will be summarized in this section with

a step-by-step guideline to the proposed MDC and UFP design procedure. An example

design of a reinforced concrete fagade panel system with MDCs and UFPs will be

presented, as well as a discussion of the viability of the proposed approach for other

common fagade types.

6.1. Step-by-Step Design Guideline

1. A few known values and assumptions should be established going into the design

procedure, such as:

a.

Gross building dimensions (BxDxH), fagade panel dimensions and
properties (material weight/mass, flexural strength and stiffness,
deformation capacity).

Performance objectives for panel and connectors subjected to various
hazards (Table 3-1).

Configuration/location of MDC types (Sections 3, Fig. 3-1 and Fig. 3-2).
Round HSS section diameter, duss (recommended six inches), and wall
thickness, tuss (recommended 1/4"), for all MDCs (Section 5.1)

Plate bend diameter, durp, and thickness, turp, for UFPs, which match MDC
cross sectional properties as closely as possible, based on availability

(Section 5.1).



f.

Length of unconnected, straight plate included in UFP cross section, lsee, at
least equal to the maximum expected inter-story drift under design-basis

earthquake (DBE) loading (Section 5.1).

2. Calculate the required UFP length per panel edge, Burp, to satisfy all non-impulsive

outward OP demands (Section 5.2).

a.

Obtain design reference wind speed and seismic spectral acceleration
values. Follow the procedures in ASCE 7-10 to calculate the design
components and cladding load for the facade panel of interest (Section 3).
Also, determine any minimum panel strengths (such as that considering
temperature and shrinkage reinforcement ratio for reinforced concrete
panels of 0.18%) which might provide a lower-bound limit on the connector
and panel strengths.

Determine controlling total UFP width per panel edge considering elastic
(Equation (5-1)) and plastic (Equation (5-2)) performance considering
outward OP (radial pulling of UFP section) loads (Fig. 5-2, Table 5-1, and
Table 5-2).

Calculate the maximum in-plane UFP rolling force and (for corner panels
only) corner panel contact force (Section 5.2.2; and Equation (5-3)). From
this force, calculate the vertical force per MDC-V required forming a couple

which resists the moment caused by the eccentric UFP LIP force (Equation

(5-4)).
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3. Calculate the required HSS tube length for (two) MDC-Vs, Impc-v, and the (single)
MDC-L, Impc-L,min, to elastically resist all vertical and LIP forces, respectively, via
longitudinal shearing of the HSS tubes.

a. Determine ImMpc-Lmin (Section 5.3.1; Equation (5-5), Fig. 5-4, Table 5-5, and
Table 5-6).

b. Determine Impc-v (Section 5.3.2; Equations (5-6) and (5-7), Fig. 5-3, Table
5-3, and Table 5-4).

4. Calculate the required HSS tube length per panel edge, Impc-Edge, for all non-
impulsive OP panel demands (Section 5.3.3)

a. Determine HSS tube length per edge for non-impulsive OP loads with
elastic performance objective (Equation (5-8), Fig. 5-5, Table 5-7, and
Table 5-8).

b. Determine HSS tube length per edge for non-impulsive OP loads with
plastic performance objective (Equation (5-9), Fig. 5-5, Table 5-7, and
Table 5-8).

c. Compare IMpc-Edge to 2lvpc-v plus Impc-Lmin and add any additional HSS
tube length per panel edge required for non-impulsive OP demands to the
MDC-L HSS tube length (Section 5.3.4).

5. Calculate the required HSS tube length per panel edge for design blast loading (if
considered).

a. Determine appropriate design-basis blast scenarios and performance

objectives (Sections 3.2.5 and 5.3.5; Table 3-1).
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b. Determine the required HSS tube length per panel edge to satisfy all
performance objectives for the design-basis scenario(s) (Section 5.3.5;
Equation (4-38), Fig. 5-7 through Fig. 5-10).

c. Compare the total HSS tube length per panel edge for blast and non-
impulsive demands and add any additional length required for blast
demands to the MDC-L HSS tube length.

6. Calculate the required inward OP bearing-only MDC-B HSS tube length, Impc-s,
based on the total MDC-V plus MDC-L HSS tube length and the total UFP width
(Section 5.3.6; Equation (5-10)).

7. Capacity design the facade panel flexural yield capacity, M,, for the desired
progression of damage during extreme OP loading based on the controlling total
HSS tube length per panel edge (Section 5.4; Equation (5-12)).

8. Evaluate the design for impact loading (optional; Sections 3.2.5.2 and 5.3.5.2).

a. Develop an FEA model, which captures the OP response of the fagade panel
and connectors based on the established mechanics (Section 4).

b. Determine design basis impact missile(s) and calculate applied impulse
(momentum transferred) from the object’s mass and impact velocity.

c. Define critical impact point or area where loading is applied to panel. Add
object mass to panel in this impact zone. Optionally, loading and panel
mass can be applied to the panel through an in-series elasto-plastic spring
element with properties, which approximate the expected energy dissipation

due to plastic deformation of the impact missile.
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d. Define loading time history and magnitude to achieve the design-basis

momentum transfer (impulse).

Perform analysis and evaluate peak response. Strengthen panel M, as
needed until satisfactory performance is observed. If such a design cannot
be achieved, increased connector strength per panel edge may help
however, care should be taken to avoid interfering with the system
performance considering other load types (recheck hazards and associated
performance objectives for all load combinations). If a satisfactory design
still cannot be achieved, choosing a different facade panel type and

restarting the design procedure may be necessary.

9. Perform detailing calculations for the final UFP (Section 5.2.3) and MDC (Section

5.3.7) designs.

a. Determine required vertical and lateral bolt slot dimensions based on

C.

expected thermal/moisture panel expansion/contraction (Section 3.2.1;
Equation (3-1)).
Assume end plate thickness of one inch for all connectors and calculate the
design force eccentricities and corresponding moment values for all
relevant connector degrees-of-freedom (Sections 5.2.3.1 and 5.3.7.1;
Equation (5-11)).
Design MDC connection details (Section 5.3.7).

1. Set minimum MDC plate thickness equal to twice the maximum

specified weld thickness among all MDCs (Section 5.3.7.2).



ii.

1il.

1v.

Assume trial bolt size and configuration and plate dimensions
(Section 5.3.7.3).

Calculate plate bending strength and adjust dimensions (or iterate
HSS section choice) as necessary to provide adequate strength.
Ensure plate thickness does not exceed what was assumed when
calculating the design eccentricity (maximum plate thickness of
one-inch is recommended; Equation (5-11)).

Calculate required number and size of bolts per MDC plate
considering shear-axial force interaction and prying action due to
plate bending.

Check bolted connection limit states: bolt bearing/tear-out, block

shear, net section fracture, and gross section yielding.

d. Design UFP connection details (Section 5.2.3)

1.

ii.

1il.

1v.

Determine number of UFPs located along panel edge (at least two
required) and split Burp evenly amongst these connectors.

Take end plate thickness equal to the final MDC end plate thickness.
Calculate the required number and size of bolts to attach UFPs to
end/boundary plates (if bolted connections are used; Section
5.2.3.2).

Calculate the required weld thickness and leg lengths (if welded
connections are used; Section 5.2.3.3).

Perform limit state checks on the connection detail and adjust design

as needed.



6.2. Example Design of Reinforced Concrete (RC) Facade Panel System

Details of a reinforced concrete panel fagade system with MDCs and UFPs are provided in
Table 6-1 through Table 6-3 for a three-story office building located in Los Angeles, CA
(high seismic, low wind/tornado hazards). The fagcade panels are six-inch thick normal
weight reinforced concrete assumed to span the entire thirteen-foot high, thirty-foot wide
story and bay dimensions. These panels are located at the corner of the building (includes
corner panel contact and increased wind design force). The fagade panel strength factors
shown in this table are relative to the strength of a panel with the code-prescribed minimum
reinforcement ratio per ACI (2011); this minimum strength is calculated to be about 1148
kip-in for a 6-inch thick 30-foot wide panel with 5 ksi compressive strength concrete and
reinforcing steel yield stress of 60 ksi. All MDCs use HSS6x0.25 sections, while UFPs
have durp = 6” and turp = 1/4" to match. The UFP cross section “free” length, lfe, 1s taken
as 4” assuming a maximum inter-story drift of 2.5% ((13°)(0.025)=3.9").

On the first story (Table 6-1), the total MDC-V plus MDC-L HSS tube length—
and, consequently, the panel moment capacity—is controlled by design blast scenario 1
(5001bsTNT at 30 ft with plastic panel and connector performance objectives). The
increase in panel flexural strength can be achieved with a reinforcement ratio of about
1.2%, which does not result in an over-reinforced section. Panels and MDCs on the upper
stories (Table 6-2 and Table 6-3) are controlled by the minimum required HSS lengths to
resist vertical and LIP demands. The UFPs are controlled by the design-basis wind, which
is identical for all stories in this low-rise prototype building. The 56” total UFP width is
assumed to be split into four separate connectors (14 each) along the bottom edge of the

panel with all connections using four bolts on either side of the UFP section. The Lurp



term included in this table refers to the distance between the UFP section curve apex to the
far end of the section including the connection zone (bolts with minimum hole center-to-
edge spacing provided). Connection details (welds, bolts, plate dimensions) included for
MDCs and UFPs were designed following the guidelines provided in this document. The
maximum expected crushing force for MDC-Bs is also included to assist in detailing the

connection/bracing scheme at the spandrel beam.

6.3. Viability of Design Methodology for Alternate Facade Panel Systems

The MDC and UFP design methodology detailed herein was largely developed
considering precast reinforced concrete fagade panels. This common facade type benefits
from the inherent flexural strength considering even minimum reinforcement and cracked
panel section moduli; the OP strength considering the minimum reinforcement ratio for
temperature and shrinkage is often greater than the requirements for design wind and
seismic forces. This panel type is also desirable for blast and impact protection due to its
high mass, which reduces the panel’s initial kinetic energy and requires less plastic
work/elastic energy storage to achieve a given performance objective (Equation (4-38)).
Preliminary work has been done to determine the viability of the proposed MDC design
approach for other common fagade systems, including brick veneer with steel stud backing,
exterior insulation and finish systems (EIFSs) with steel stud backing, and insulated metal
panels (IMPs) (Fig. 5-8 through Fig. 5-10). Typical as-built properties relevant to blast
design were taken from Salim et al. (2005) and Idriss ef al. (2016). Relative to the high-
mass reinforced concrete system, the brick veneer system is characterized as
“intermediate” mass, while both EIFSs and IMPs have low mass. IMPs have

approximately the same flexural moment capacity as reinforced concrete panels
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considering typical as-built details. The steel stud-backed systems (brick veneer and EIFS)
rely primarily on cold-formed steel channels, which comprise the backing wall during OP
loading. The flexural strength of the brittle brick wall is disregarded for blast design as it
is expected to fracture, however the stud wall alone provides almost five times the flexural
strength of a minimally reinforced concrete panel. EIFSs benefit from the strength of the
stud wall plus the flexural strength of the veneer panel resulting in a composite section,
which is roughly an order of magnitude stronger than a minimally reinforced concrete
panel. Example MDC and UFP system designs or these facade types are summarized in
Table 6-4. These designs consider the same prototype Los Angeles, CA office building
used to design the example MDC and UFP system for reinforced concrete panels. Design
for impact loading was disregarded for these facade types. The panel flexural strength
factors shown in this table are relative to typical as-built details described by Salim et al.
(2005) and Idriss et al. (2016). The insulated metal panel facade type requires the most
strengthening due to its low mass and elastic stiffness, making it a poor choice for blast-
protected structures. However, the steel stud wall-backed systems are likely viable for
blast protection using MDCs and/or UFPs. Significant reinforcement of the steel stud wall
systems can be achieved through use of thicker cold-formed steel stud sections and/or
decreased center-to-center spacing of studs, while insulated metal panels can likely only
be reinforced through the use of thicker gauge metal which has a limited effect due to the
lack of section depth (bending stresses have a relatively small moment arm).

Steel stud walls can achieve fairly large ductile rotations during blast loading
(Salim et al., 2005), however incorporation of the MDCs and/or UFPs within the

connection load path(s) may not be possible without significant alteration of typical design



practice, which normally has the stud walls standing outside of the building floor slabs’
footprint. Additionally, brick veneer systems require anchorage to the stud wall on a
regular grid (say, 18- or 24-inches square) to provide pseudo-continuous OP support of the
relatively brittle brick wall, likely making any veneer-to-stud wall MDC/UFP placement
unrealistic. MDCs with HSS tubes oriented with their longitudinal axes in the fagade’s
LIP direction could be included at each floor elevation; however, this would require the
stud wall to be pushed even further outside the building footprint to make room for the
MDCs. Another possible option is to move the stud wall within the building footprint such
that each story contains a single slab-to-slab wall span. The round HSS sections could be
attached to the top- and bottom-end cap channels (and anchored to the slabs) such that OP
loading engages the tubes in their rolling direction. The MDCs in either of these
arrangements would have more space available for HSS tube length (up to the entire width
of the “panel”), as well as a greater selection of HSS section diameters. Additional work
is needed to determine if either of these approaches are realistic for steel stud wall-backed

facade systems.



Table 6-1: Example Reinforced Concrete Facade Panel System Design for Building in

Los Angeles, CA (Story 1 of 3)

o Story 1of3
Building .
L Location Edge panel
ayout
Placement Centered on frame
MDCs HSS section HSS6x0.25 MDC-V plates

(1) MDC-L + [ ,.¢¢/ edge (in) 74.75 dooiis (i) Count  hpjate (in)  bplare (in)

(2) MDC-Vs Py / edge (kips) 100 0.5 12 16.25 16

on one edge,

(1) MDC-B on  Wwnc / edge (kip-in) 578 MDC-L plates

opposite edge  Lypc.v (in) 14.25 dboits (in) Count hplae (in) ~ bplace (in)
Lmpc-L (in) 46.25 0.625 32 48.25 16
Lmpc.s (in) 54.5 Weld details (in)
2Py MDC-B (klps) 146 Wiweld Wagap Whar thar
tplates (1N) 0.75 5/16 0.75 0.625 0.25

UFPs durp (in) 6 UFP details

(4) on edge { (in) 0.25 Lurp (in)  lgee (in)  dpors (in) ~ Count

with MDC-B Burr / edge (in) 56 10 4 0.625 4
Panel type Reinforced concrete

Facade panel M, min. (kip-in) 1148

M, (kip-in) 7823

Factor increase

6.81 (pL=6.81 x 0.0018 = 1.22%)

Controlling Design Considerations

Burp / edge OP strength (outward)

Design wind

Elastic —— -
Seismic inertia

Tornado suction

Plastic -
Tornado wind

Non-impulsive
demands

Length of MDC-L + MDC-Vs (for LIP, V loads)

Design wind

Elastic o
Seismic (+contact)

OP strength -
Tornado suction

Plastic -
Tornado wind

Luss / edge

Impulsive demands

DBS1: W = 5001bsTNT, R = 30ft
Plastic panel and MDCs

DBS2: W = 300IbsTNT, R = 100ft
Elastic panel, plastic MDCs

Blast

DBS3: W = 100IbsTNT, R = 200ft
Elastic panel and MDCs

TR3: Wy = 25951bs, V= 791t/s

Impact ]
Plastic panel and MDCs
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Table 6-2: Example Reinforced Concrete Facade Panel System Design for Building in

Los Angeles, CA (Story 2 of 3)

o Story 2 of3
Building .
L Location Edge panel
ayout
Placement Centered on frame
MDCs HSS section HSS6x0.25 MDC-V plates
(1) MDC-L + 15/ edge (in) 46.25 dbors (i)~ Count  hpjgee (in)  bypiage (i)
(2) MDC-Vs Py / edge (kips) 62 0.625 12 16.5 16
on one edge,
(1) MDC-B on  Wwc / edge (kip-in) 358 MDC-L plates
opposite edge  Lypc.v (in) 14.5 dpors (in)  Count  hplaee (in)  bpiae (in)
Lmpc-L (in) 17.25 0.625 14 19.25 16
Lmpc.s (in) 26 Weld details (in)
2P0 MDC-B (klps) 70 Wweld Wgap Whar tar
tplates (1N) 0.75 5/16 0.75 0.625 0.25
UFPs durp (in) 6 UFP details
(4) on edge { (in) 0.25 Lurp (in)  lfee (in)  doors (in) ~ Count
with MDC-B Burr / edge (in) 56 10 4 0.625 4
Panel type Reinforced concrete
Facade panel M,, min. (kip-in) 1148
M, (kip-in) 4840
Factor increase 4.22
Controlling Design Considerations
Elastic De'51gr'1 Wmd -
Bugr / edge OP strength Seismic inertia
o (outward) . Tornado suction
Plastic -
Tornado wind
Length of MDC-L + MDC-Vs (for LIP, V loads)
Non-impulsive Elastic De'51gr'1 wind
OP Seismic (+contact)
demands -
strength . Tornado suction
Plastic -
Tornado wind
DBS1: W = 500IbsTNT, R = 30ft
Luss / edge Plastic panel and MDCs
Blast DBS2: W = 300IbsTNT, R = 100ft
Impulsive d d Elastic panel, plastic MDCs
fpulstve demands DBS3: W = 100IbsTNT, R = 200ft
Elastic panel and MDCs
Tmpact TR3 :. W= 25951bs, Vm = 791t/s
Plastic panel and MDCs

6-12



Table 6-3: Example Reinforced Concrete Facade Panel System Design for Building in

Los Angeles, CA (Story 3 of 3)

o Story 3 of 3
Building .
L Location Edge panel
ayout
Placement Centered on frame
MDCs HSS section HSS6x0.25 MDC-V plates
(1) MDC-L + 15/ edge (in) 48.25 dbors (in)  Count g (in)  bypiare (i)
(2) MDC-Vs Py / edge (kips) 65 0.625 12 17 16
on one edge,
(1) MDC-B on  Wwc / edge (kip-in) 373 MDC-L plates
Opp()Site edge LMDC-V (ln) 15 dbolts (1n) Count hplate (1n) bplate (1n)
Lmpc-L (in) 18.25 0.625 14 20.25 16
Lmpc.s (in) 28 Weld details (in)
2P0 MDC-B (klps) 75 Wweld Wgap Whar tar
tplates (1N) 0.75 5/16 0.75 0.625 0.25
UFPs durp (in) 6 UFP details
(4) on edge { (in) 0.25 Lurp (in)  lfee (in)  doors (in) ~ Count
with MDC-B Burr / edge (in) 56 10 4 0.625 4
Panel type Reinforced concrete
Facade panel M,, min. (kip-in) 1148
M, (kip-in) 5049
Factor increase 4.40
Controlling Design Considerations
Elastic De'51gr'1 lend -
Bues / edoe OP strength Seismic inertia
urp / €Ag (outward) . Tornado suction
Plastic -
Tornado wind
Length of MDC-L + MDC-Vs (for LIP, V loads)
Non-impulsive Elastic De'51gr'1 wind
OP Seismic (+contact)
demands -
strength . Tornado suction
Plastic -
Tornado wind
DBS1: W = 500IbsTNT, R = 30ft
Luss / edge Plastic panel and MDCs
Blast DBS2: W = 300IbsTNT, R = 100ft
Impulsive d d Elastic panel, plastic MDCs
fpulstve demands DBS3: W = 100IbsTNT, R = 200ft
Elastic panel and MDCs
Tmpact TR3 :. W= 25951bs, Vm = 791t/s
Plastic panel and MDCs
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Table 6-4: Example Designs for Alternative Fagade Systems

Brick Veneer with Steel Stud Backing Wall

StOI’y Lypey (1n) Lmpe-L (1n) Lmpes (1n) Burp (1n) Mp (klp—ln) Factor
3 8.75 28.25 25.5 56 4788 1
2 8.75 55.5 52.75 56 7639 1.6
1 8.75 138.5 135.75 56 16330 3.41

EIFS with Steel Stud Backing Wall

StOI’y Lypey (1n) Lmpe-L (1n) Lmpes (1n) Burp (1n) Mp (klp—ln) Factor
3 10 89.5 89.25 56 11460 1
2 10 274.25 274 56 30790 2.69
1 8.75 291.75 291 56 32570 2.85

Insulated Metal Panel

StOI’y Lmpey (1n) Lmpe-L (1n) Lmpes (1n) Burp (1n) Mp (klp—ln) Factor
3 10.5 27 27.75 56 5023 4.28
2 10.25 74.25 74.5 56 9916 8.45
1 10.25 127.75 128 56 15510 13.22

Notes

All designs use HSS6x0.25 for MDCs, dyrp = 6", turp = 1/4"
All panels 13'x30' surface area (nominal)

Seismic and wind demands for Los Angeles, CA

Corner panel designs, but contact force ignored for brick veneer
Design for impact disregarded for these facade types

Factor increases in M, are relative to typical as-built details
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7. Multi-hazard Design Connector (MDC) Experimental Testing

7.1. Experimental Testing Phase I: MDC Pulling, Crushing, Shearing Tests

The first phase of experimental testing was conducted during Summer/Fall 2017 at the
Case Western Reserve University Vanderhoof Research and Education Facility (a.k.a Case
Structural Engineering Laboratory, CSEL) to evaluate the quasi-static behavior of multi-
hazard ductile connectors (MDCs). A total of (3) specimens were tested during this testing
phase. The multi-hazard ductile connector (MDC) designs were tested quasi-statically in
a setup that was capable of applying the critical fagade panel gravity loads, deformations,
and rotations to various MDC specimens. The testing was intended to physically evaluate
the designs and provide critical data for the calibration and validation of the MDC finite
element analysis models. The tested specimens represented MDCs connected at different
locations on the prototype building panel as described below:
e “MDCI1” Pulling Test (Seismic Corner Panel Contact Load Case)
o The MDC specimen shown in Fig. 7-1 was tested for outward seismic drift
compatibility expected for corner facade panels, which includes outward
(tensile) translation and rotation about horizontal.
e “MDC2” Crushing with Gravity Load Test (Air-blast Impulse Load Case)
o The MDC specimen shown in Fig. 7-2 was tested with constant fagade panel
gravity loading and quasi-static blast deformation history including inward
(compressive) translation, outward (tensile) translation, and rotation (about
horizontal). The deformation protocol was determined based on the design

air-blast scenarios and analyses described in previous sections.



e “MDC3” Longitudinal Shearing Test (Panel In-plane Shear Load Case)
o The MDC specimen shown in Fig. 7-3 was tested to determine maximum
load carrying capacity along the MDC longitudinal axis.
Critical dimensions of the first three MDC designs (MDC1, MDC2, MDC3) are provided
in Table 7-1 while fabrication drawings for are provided in Appendix C. Note that the end
plate bolt hole details are significantly different for each MDC type. Each type needs to

accommodate moisture, thermal, or seismic drift deformations in different directions.

Note: At the time of this testing phase, connector Configuration 1 (see Appendix B) was
utilized for design. These designs included end plates, which are intended to accommodate
seismic in-plane and corner-contact drift compatibility through slotted holes and end plate
bending. Later designs included UFPs to accommodate seismic drift compatibility (not

utilizing the potentially unreliable long bolt hole slots).

Drawings of each MDC design are provided in Appendix C and annotated pictures
of each MDC specimen are shown in Fig. 7-1, Fig. 7-2, and Fig. 7-3. The steel grade of the
HSS was ASTM A500 grade C and the MDC end plates were fabricated from ASTM A36

steel.

Tensile test coupons were taken from the same section of HSS tube used for all
MDC types and the end plates for MDC1. The HSS coupon specimens possessed the tube
curvature across its width. The MDCI1 end plate coupon specimens were machined from
the % thick plates into 3/8” thick plates to fit the end grips available within the Case
Western Reserve University’s Structural Engineering Laboratory (CSEL) test setup. The

coupon dimensions and tension test procedure were based on ASTM standard A370-12



(ASTM 2012). These coupons were used to determine the stress-strain behavior of the

steel used to fabricate the MDCs.

7.1.1. MDC1 and MDC2 Experiments

7.1.1.1. Testing Setup

An illustration of the test setup arranged in the laboratory is shown in Fig. 7-4. The key
components of the facility used for the experiments include the strong floor, L-shaped
strong wall, a 55-kip actuator with 6 inch total stroke (+-3”), and (2) uni-directional shake
tables (run quasi-statically in these experiments). Each shake table had a 22-kip force
capacity and 10 inch total stroke (+-5") and was attached to the strong floor or strong wall
W1 in the positions shown in Fig. 7-4.

A reaction frame was designed and installed in the laboratory to resist loading from
the 55-kip actuator. The reaction frame consisted of a vertical column (Reaction Frame,
RF Column) to which the actuator was attached, a foundation beam (attached to the
laboratory strong floor), and a diagonal brace between the RF column and foundation
beam. The RF column and foundation beam were used in prior experiments in the lab and
had adequate capacity for the MDC tests. Minor fabrication was performed on the RF
column and foundation beam at connection points. The frame diagonal and lateral bracing
were designed as part of this test setup. Due to errors in the diagonal brace fabrication, it
did not completely bear on the foundation beam. A mortar pad was made to allow the base
of the diagonal brace to fully bear on the foundation beam. The mortar pad was 1” thick

at its highest location.



The specimen was installed between the vertical table (attached to strong wall W1)
and a vertical column. The vertical column (Rocker Bearing, RB column) was supported
at its base on a rocker bearing attached to the floor table. The top of the RB column was
attached to the 55-kip actuator. The movements of the 55-kip actuator and the floor table
allowed both translation and rotation of the RB column, which was then imposed on one
end plate of the MDC specimen. In the MDCI test, the 55-kip actuator was directly
attached to the RB column using high-strength threaded rods with some “spacing” nuts.
However, in the MDC2 experiment, there was a steel spacer section between the RB
column and the actuator.

The entire setup was designed to the force limits of the equipment rather than the
expected force demands from the specimens. Early MDC designs suggested that (2) 55-
kip actuators would be necessary to supply appropriate force to deform and rotate the MDC
specimens. All connections and the reaction frame were designed to remain within the
elastic range under the application of a maximum lateral force of 132 kips (2*55 kip + 22
kip) and a maximum vertical force of 22 kips to the MDC specimen. Final MDC specimen
designs only required (1) 55kip actuator. The setup used in the experiments could apply a
maximum lateral force of 77 kips (55kip + 22kip) and a maximum vertical force of 22 kips.

The floor table and actuator were capable of imposing translation and/or rotation to
the RB column to apply an inward panel (-X, -xr) translation, outward panel (+X, +xr)
translation, and/or rotation on one end plate of the MDC1 and MDC2 specimens. The
differential movement between the floor table and the actuator created the rotation of the

MDC specimen. The vertical table attached to the W1 strong wall provided a constant



gravity load (panel vertical in-plane, -Y) for the MDC2 test and held a constant position
(Y) for the MDCI test.

Lateral bracing was provided to both the RB column, which translated and rotated
significantly during the tests, and to the RF column, which remained essentially stationary
during the tests. The RB column had a lateral bracing system consisting of two anchors
attached to the strong wall W2 and HSS sections spanning between the two anchors. The
RB column was installed between the HSS sections, and a low-friction plastic was placed
between the RB column and HSS sections to reduce the friction between the two
components during test movements. This lateral bracing system allowed the RB column
to move and rotate in the direction of the MDC specimen deformations, but stopped out-
of-plane movement. The RF column also had a lateral bracing system that directly attached
to the strong wall W2. It consisted of two plates, two threaded rods, and two Dwiydag bars
cantilevered from the strong wall and attached to the RF column. This bracing system
ensured that the RF column did not move out of plane during the testing. The lateral
bracing systems were designed based on the requirements of the AISC Specifications
(AISC 2010b) Appendix 6.

A four channel MTS Flextest 60 controller, with a model number of 494.06, was
used during all experiments. This controller utilized the MTS software model 793.10
MultiPurpose TestWare Version 5.6 to run all of the equipment and record all experimental

data.

7.1.1.2.Loading Protocols

The experimental program was established for what is believed to be the most critical

loading conditions for each MDC type. For instance, MDCI1 participates in the blast
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resistance of the panel but is also critical for the seismic drift compatibility scenario for
corner panels. The MDCI1 specimen was tested to simulate the seismic drift compatibility
requirements for a facade corner panel where contact between panels from two
perpendicular sides of the building is expected to occur. The load protocol requires
application of a radially outward (tensile) deformation of the HSS tube of 3.1 inches (+xv
direction) while simultaneously applying a rotation (about the horizontal) of 0.025 radians
(about zp axis). These deformations are based on basic deformation compatibility
requirements of this connector when the building is at an inter-story drift of 2.5%.
However, the test was run to deformations and rotations exceeding these design-basis
deformations and to the stroke limits of the testing equipment. The deformation protocol
for each of the controlled experimental channels and the intended resulting MDCI1
deformations and rotations are illustrated in Fig. 7-5.

The MDC2 specimen test simulated the tributary fagade panel gravity load to the
MDC and the deformations and rotations resulting from the critical blast loading scenario.
The wall shake table represented the building frame side and the RB column was the facade
panel side of the MDC. This configuration allowed the maximum MDC deformations and
rotations to be applied to the specimen. It fully utilized the stroke of the floor table while
maintaining the gravity loading and rotation consistent with the loading and movement of
the fagade panel during the critical blast load scenario. The vertical shake table applied the
tributary gravity load to a single MDC2 which was equal to 15.08 kips in zp. direction of
MDC?2. The gravity load was held constant on the single MDC2 over the entire test. This
loading was applied vertically upward by the wall table, which represented the vertical

support reaction provided on the building frame side. The design blast deformation



required applying a radially inward (compressive) deformation on the HSS of -4 inches (-
xt. direction) followed by a rotation (about the horizontal) of 0.105 radians (about y axis).
The actual rotation of the specimen was limited to a slightly smaller value of 0.097 rad due
to the stroke limits of the 55-kip actuator and floor table. The max translation applied in
the experiment was reduced to -3 inches due to contact between the HSS and plate nuts.
The translation was reduced to limit the influence of contact between the HSS and plate
nuts in the experiment. Contact with the nuts is not considered in the design and was a
design oversight. The HSS/nut contact could have been avoided by moving the connection
hardware further from the HSS on the end plates. The -3 inch translation and 0.097 radians
of rotation was followed by reversing the deformations to a radial translation of -0.945
inches (xp direction) and rotation of +0.037 radians (about yr axis) relative to the
undeformed MDC shape. The simulated blast deformation history is based on nonlinear
dynamic blast analyses (Section 9.3). The loading protocol for each of the controlled
experimental channels and the intended resulting MDC2 deformations are illustrated in
Fig. 7-6.

The MTS controller separately operated each piece of equipment in either a force
or deformation-controlled mode. During the MDC2 experiment, the shake table on strong
wall W1 was operated in force control mode to simulate the tributary facade panel gravity
loading to MCD2. The wall shake table was run in displacement-controlled mode with a
zero relative displacement during the MDCI1 experiment because MDC1 does not support
any of the fagcade panel gravity load. Both the floor shake table and 55kip actuator operated

in deformation control in the MDC1 and MDC2 experiments. The deformation control



mode of these pieces of equipment simulated the translation and rotation imposed on the

MDC:s by the facade panel under the relevant loading scenario.

7.1.1.3.

Instrumentation

The instrumentation layout for the MDC1 and MDC 2 experiments is shown in Fig. 7-7.

The following instruments were used to collect the raw experimental results:

Strain gauges (SG1, SG2, SG3, SG4): Four Micro-Measurement EA-06-
250BG-120/L strain gauges were attached to the RB column below the
MDC. Two strain gauges were attached to each flange of the RB column,
which is a W12x58 section. The readings from these gauges were used to
determine the internal shear force and bending moment in the RB column.
These RB column forces were then used to calculate lateral force and
moment acting on the MDC.

String potentiometers (SPotl, SPot2, SPot3, SPot4): Four Unimeasure
HX-PB-10 string potentiometers were used to record the movement of the
MDC during the test. Each string potentiometer had a 10 inch (+/-57)
total range. SPotl and SPot2 were set up to record the radial (xr)
movement of the MDC to obtain the MDC translation and rotation. The
other two sting potentiometers were placed to record vertical MDC
movement and differential movement between the MDC plates.

Actuator Load Cells (Fact, Fut, Fvr) of the 55-kip Actuator, Horizontal
(Floor) and Vertical (Wall) Shake Tables: All of the actuator and table
load cell data was recorded during the experiments. The 55-kip actuator

uses an MTS 661.22C-01 load cell. The 22-kip actuators in the horizontal
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and vertical tables utilize MTS 661.20E-03 load cells. The actuator and
the vertical wall table load cell data were used to calculate MDC loads.
Although the horizontal floor table load cell data was recorded, it was not
used in the MDC calculations.

e Actuator LVDTSs (0act, OuT, Ovt): The movement of the 55-kip actuator
and tables were recorded using the standard LVDTs for the MTS 244.22
and 244.31 actuators. This data was not used in the MDC deformation
calculations because these LVDT measurements included elastic
deformations of the test setup components and any slippage within
connections of the experimental setup.

e Camera (OHss 1, Opp 1, Orp_1): Both MDC1 and MDC?2 experiments were
recorded with a Panasonic HC-V700 video camera. Still shots of the
video were used to estimate the relative deformations of the MDC1 HSS,
panel plate, and frame plate at critical states during the tests.

Measuring the strains, displacements, and forces allowed for calculation of the
following desired quantities: lateral force applied to MDC (Fmpc vat), vertical force applied
to MDC (Fmpc verr), moment applied to MDC (Mwmpc), total centerline displacement of
MDC (dmpc), rotation of MDC (Bmpc), and the local deformations across MDC1 (8uss 1,
Orp 1, Orp 1). All of these desired quantities are calculated from the measured instrument
quantities except the local deformations across MDC1, which were estimated using video
recordings of the test for each component of the MDC (end plates and HSS). The relevant
dimensions between the strain gauges, string potentiometers, MDC, and equipment

relevant to the MDC calculations are shown in Fig. 7-4 and Fig. 7-7. The lateral force



applied to the MDC (Fwmpc rat) 1s equal to the sum of the 55-kip actuator load cell
measurement (Fac) and shear force in the RB column (obtained from the strain gauges):

Egteer - Ix,RBC

drpc * (&s61 — €s62) (7-1)

Fupc Lat = Fact + I
sG1

The vertical force on the MDC (Fumpc vert) was determined from the vertical wall table load

cell:

FMDC_Vert = Fyr (7-2)

The moment applied to the MDC (Mwmpc) is determined from the 55 kip actuator load cell
and moment in the RB column (obtained from the strain gauges) and can be determined
using the equation:

Egteer - Ix,RBC

Mypc = * (&s61 — €s62) — Fact * (Hace — Hupc) (7-3)

drec
—Fupc yore " €RBC

The deformation applied to the MDC (dmpc) is determined from the string pots lateral
movement measurement and calculated from the following:

Dupc 5 5
- ( SPotl — SPotZ)
SPot

7-4
Smpc = Ospotz + (7-4)

The rotation applied to the MDC (Bmpc) is also determined from the string pots lateral

movement measurement and can be calculated using the following equation:

(8spot1 — 55Pot2)) (7-5)

HMDC = tan_l( D
SPot



7.1.2. MDC3 Experiment

7.1.2.1. Test Setup

While MDC1 and MDC2 required a specially designed and constructed experimental setup
to simulate the critical hazardous loading scenarios, MDC3 utilized a self-reacting MTS
220-kip compression machine in the CSEL. The MTS 220-kip compression machine has
a total stroke of 5.8 inches (+/-2.9”). A critical design loading scenario for MDC3 occurs
during seismic loading and requires this MDC to carry the entire lateral seismic inertia
force and the lateral force imposed during contact of the building corner panels. This MDC
is intended to remain elastic under this loading scenario. The test’s primary objective was
to evaluate the maximum load carrying capacity of this MDC design. Therefore, this MDC
is subjected to a large lateral shear force in the longitudinal HSS direction (z. direction).
Because the MDC3 end plates experienced fixed end conditions imposed by the building
facade panel and connection to the perimeter frame, the MDC experiences equal and
opposite end moments in addition to the applied shear. In the experiment, MDC3 was
attached to loading arms and placed inside the compression machine load frame (Fig. 7-8).
The loading arms allowed a compression force to be applied by the machine concentrically
through the HSS centerline, which resulted in a shear force and equal and opposite
moments on the two plates of the MDC. A cylindrical steel member was placed between
the bottom load arm and the bottom of the loading frame to act as a roller bearing. At the
top loading arm, the springhead of the actuator also acted as a bearing. These bearings
ensured that only a concentric compressive force was applied to the loading arms during

the experiment.



7.1.2.2.

Loading Protocol

The controller applied a slowly ramped deformation history to the MDC3 specimen until

it ran out of actuator stroke or the operator stopped the test. Translation was applied to the

MDC at a rate of 0.00235 in/sec.

7.1.2.3.

Instrumentation

The MTS 220kip compression machine was run using the same MTS 494.06 Flextest

controller and 793.10 MultiPurpose TestWare Version 5.6 software as in the previously

described MDC1 and MCD2 experimental setup.

The instrumentation used in this test is shown in Fig. 7-8. The following

instruments were used to collect the raw experimental results:

String potentiometers (SPotl 3 and SPot2 3): Two Unimeasure HX-PB-
10 string potentiometers were used to record the movement of the MDC
during the test. Each string potentiometer had a 10 in (+/-5”) total range.
One string pot was attached to each of the two MDC plates to record the
vertical movement of each plate separately.

Actuator LVDT (dact 3): The deformation of the 220-kip actuator was
recorded using the standard LVDT for the MTS 244.51 actuator.
Although this data was recorded, it was not used to calculate relevant
MDC3 data.

Actuator Load Cell (Fact 3): The 220-kip actuator in the compression
frame uses a 661.31A-02 load cell to record the force it applies. The load

cell force is equal to the applied longitudinal shear force on MDC3.



e Camera: The MDC3 experiment was recorded with a Panasonic HC-V700
video camera.

e Vic-3D V7 Digital Image Correlation (DIC) System (enss contours): Two
cameras and software for the Vic-3D V7 system from Correlated Solutions
were used to map the MDC HSS strain contours over the test. A white
background with a black speckle pattern was painted onto one side of the
MDC HSS. The dots in the speckle pattern were tracked by the DIC
system throughout the test. The software analyzed the speckle pattern
movement, which created strain contours on the HSS over the experiment
length.

Measuring the displacements and forces allowed for calculation of the following
desired quantities: shear force applied to MDC (Fwmpc shear) and total differential
displacement of MDC plates (dmpc). The vertical force that was applied to the MDC was
determined using the actuator load cell:

Fupc_shear = Fact 3 (7-6)

The differential movement between the MDC plates was calculated using the data
from the string potentiometers. The actuator LVDT was not used because it recorded both
the deformations in the MDC specimen and the deformations in the entire setup (loading
arms, rocker bearings, bolted connections, etc.). The differential shearing movement

between the MDC3 end plates is:

6MDC_3 = 55Pot1_3 - 55Pot2_3 (7'7)



7.1.3. Experimental Test Results

7.1.3.1. Material Coupon Tension Test Results

A total of four tensile coupons were tested to examine the material properties of the MDC
components. Two coupons were tested for both the MDC1 end plate material (specified
as ASTM A36) and the HSS material (specified as ASTM A500 Gr. C). The results from
these tests were intended to develop material stress-strain curves for the FEA models of
the MDCs (Section 8).

The resulting stress-strain curves for the MDC1 end plate coupons are provided in
Fig. 7-9. The yield stress of the MDC1 plate coupons was approximately 50 ksi. The
measured plate yield stress met the criteria of A36 steel (36 ksi minimum). MDC1 was
designed assuming that the plates would have a yield stress of 1.3*Fy (46.8 ksi), which is
the expected yield stress (RyFy) for A36 steel based on the AISC Seismic Provisions (AISC
2010a). During the hardening phase, the MDCI plate strain hardened from 50 ksi to
approximately 70 ksi. The expected tensile stress (R¢Fu) from AISC (2010a) is equal to
1.2*%58 ksi (69.6 ksi) and is consistent with the observed measurements. Overall, the
MDCI plate material behaved as expected. The coupon stress-strain data for the MDCI1
end plates was used in the finite element models in the following section (Section 8).

The HSS expected yield stress (RyFy) and expected tensile stress (RF.) were also
determined using the AISC Seismic Provisions (AISC 2010a). The yield strength of the
two HSS tensile coupons varied greatly. Coupon 1 had a yield stress of 52 ksi and coupon
2 had a yield stress of 36 ksi, which are significantly lower than the expected yield stress

(RyFy) of 64 ksi (Fig. 7-10). Additionally, the coupons also had a tensile stress (R¢Fu) that
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was lower than the expected value of 80.6ksi. These discrepancies may be due to the

machining of the coupon and subsequent modifications required to adjust the coupon.

The HSS coupons were cut out of the HSS tube section that was used in the
MDC fabrication such that the long side of the coupon was cut from the longitudinal
dimension of the tube. The coupons possessed the HSS curvature across its width.
Extracting these coupons from the tube is a more difficult and involved process than
machining a coupon from plate. As a result, the dimensions of HSS coupons were more
variable than those of the plate coupons. In order to allow the grips of the testing machine
to sufficiently grip an appropriate area of the coupon ends, the curvature of the coupon
ends needed to be reduced. The coupon ends were placed between two pieces of wood and
flattened with an actuator applying a force of approximately 30 kips to the coupon ends.
However, even after this flattening process, the coupon ends were too curved and slipped
in the machine grips. The coupon ends were then ground down to a flatter surface using a
surface grinder. This created a flattened surface on the coupon ends that could be
appropriately gripped by the machine for tensile testing. Although the grip ends of the
coupon were flattened before the tensile tests, the reduced section of both the coupons
maintained the HSS tube curvature. During the tensile tests, the curvature of the reduced
sections also flattened. This flattening visibly occurred very early in the coupon 2 test, but
was not observed in the coupon 1 test until near the end of the test. Ultimately, the HSS
coupon test results were deemed unreliable and are not used as the basis for the material

model of the finite element analysis of Section 8.
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7.1.3.2. MDC1 Specimen Test Results

During this experiment, MDC1 was deformed to +4.53 inches in the tensile direction (+xr)
while simultaneously rotated (about zp axis) +0.0357 radians. This deformation and
rotation was beyond the design-basis deformations of +3.1 inches and +0.025 rad. These
deformations were limited by the equipment stroke limits. Fig. 7-11a shows the
deformation and rotation of the MDC throughout the experiment. MDC1 was designed to
allow yielding of both the HSS and its end plates in order to accommodate the seismic drift
compatibility requirements. Forcing all of the deformation onto the HSS alone would have
resulted in an increase in force due to the large deformation stiffening of the HSS. The
MDC component contributions to the total deformation are shown in Fig. 7-11b. The MDC
plates began deforming approximately at +0.2 inches and a rotation of +.0025 radians. At
+3.1 inches of translation and +0.025 radians of rotation, the HSS deformed approximately
+1.8 inches, the panel plate deformed about +0.6 inches, and the frame plate also deformed
about +0.7 inches. At the maximum MDC displacement of +4.53 inches, the HSS
deformed +2.2 inches, the panel plate approximately deformed +1.3 inches, and the frame
plate deformed +1.0 inch. The MDC experienced a maximum force of 59 kips of tension
and a maximum moment of 58 kip-ft, which both occurred at a +4.23 inches of deformation

(Fig. 7-11c-d).

7.1.3.3. MDC2 Specimen Test Results

Initially, a gravity load of 15.08 kips was applied to MDC2, which was held constant
throughout the experiment (Fig. 7-12b). Then, a deformation of -2.75 inches

(compression) was applied to the MDC. That deformation was maintained while a rotation
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of -.087 radians was applied. Then, a compressive deformation of -0.96 inches and a
rotation of +0.031 radians (both relative to the original MDC position) were applied to the
MDC. All of the deformations and rotations throughout the experiment are available in
Fig. 7-12a. As with MDCI1, the prescribed movement of the tables and actuators were
intended to create the desired MDC deformation and rotations described above. However,
the experimental setup components between the actuators and the MDC also deformed,
reduced the deformation and rotation applied at the MDC location. MDC 2 experienced a
maximum force of 23.3 kips of compression and a maximum moment of 43 kip-ft. Both
of these maximum values occurred when the MDC was deformed to -2.75 inches and
rotated to -.087 radians. The nuts that attached at the MDC2 end plates to attach to the test
equipment contacted the HSS at about -0.75 inches of compression (-x1) and any further
compression. The resulting HSS deformation at a nut location is pictured in Fig. 7-12f.
MDC?2 absorbed approximately 43 kip-inches of energy throughout the entire experiment.
The design energy absorption was 42.4 kip-in. This energy absorption was determined
using the trapezoidal rule for the area under the force-deformation curve in Fig. 7-12¢ from
the undeformed position at 0 inches to the maximum displacement of -2.78 inches:
energy = area = Ax - (% +y+y+... +y7n) (7-8)

After the initial experiment, MDC2 was deformed in three further experiments.
Experiment 2 applied nearly the same deformations and rotations as experiment 1.
Experiment 3 and 4 applied -4.0 inches of compression (-x1) to MDC2 and did not apply
any rotation (Fig. 7-13a). All four of the experiments applied the 15.08 kip tributary gravity

load to MDC2 (z. direction) (Fig. 7-13b). Over the course of the experiments, the



maximum force on MCD?2 increased (Fig. 7-13c). Ultimately, at the end of Experiment 4,
MDC?2 failed. The HSS fractured outside the plate weld locations on both the frame and
panel plate. The HSS entirely separated from the frame plate and partially separated from

the panel plate (Fig. 7-13d).

7.1.34. MDC3 Specimen Test Results

The resulting force-deformation plot for the MDC3 specimen is shown in Fig. 7-14b. The
data recorded by the instrumentation had a noticeable variance throughout the experiment.
The data was modified by finding a linear approximation from 0 inches to 0.075 inches
and 0.75 inches to 0.22 inches of MDC translation. This linear modification created a
smoother force-deformation curve. The specimen behaved linear-elastically to a loading
of approximately 140 kips, which was the design elastic strength. At its limit, MDC3
experienced approximately 0.27 inches of differential movement between the MDC plates
and a maximum force of 172 kips. After about 0.27 inches of deformation, the loading
arms began to rotate out-of-plane and the force applied to the MDC began to decrease.
Tearing of the HSS just outside the weld bar (connected into the end plate) was observed
as seen in Fig. 7-14d and is believed to have triggered an asymmetric failure mode resulting
in torsion and twisting of the specimen. The test was stopped due to the out-of-plane
rotation of the loading arms. In Fig. 7-14c, a clear yield line is visible on the HSS in the
picture at the ultimate displacement. This yield line began developing about half way
through the experiment and continued to propagate until the full yield line appeared.

The Vic-3D DIC software and cameras recorded the HSS speckle pattern movement
throughout the experiment. The first principal strain contours at points throughout the

experiment, including the design loading of 135 kips, are available in Fig. 7-15. The
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cameras and software did not recognize small areas within the speckle pattern, so there are
small areas on the HSS that do not have principal strain data available. The DIC recorded
principal strain contours that were roughly symmetric about the center (z-direction) of the

HSS.

7.1.4. Summary of Phase I Tests

All of the MDC designs and tensile coupons were experimentally tested in the CSEL. Four
tensile coupons were tested for the MDC materials, including two plate coupons and two
HSS coupons. The plate coupons produced results close to the expected stress-strain
curves for A36 steel. However, the HSS coupon results were drastically different form the
expected stress-strain curves for A500 grade C steel. This discrepancy may be due to the
machining and flattening of the coupon. The plate coupon data was used in the following

finite element models, but the HSS coupon data was not utilized for the models.

The MDC1 and MDC?2 designs were tested in a custom experimental setup designed
to apply gravity loads, lateral translations, and rotations. MDC3 was tested in an MTS
220-kip compression frame that applied a shear deformation to the MDC. Each MDC was
tested using a loading protocol based on its controlling hazardous loading condition. All
raw strains, deformations, and forces were recorded from the equipment and through
additional instrumentation as applicable for each experiment. This raw data was used to
create force-deformation curves for each MDC, which confirmed each MDC design and
will be used to validate the finite element models described in Section 8. A comparison of
the design objectives and the recorded experimental values are available in Table 7-2. The

MDCI1 experimental results showed that the maximum tensile force was within about 11%



of the design maximum tensile force. In the experiment, the MDC1 HSS translated more
than expected from the design while the MDC1 plates translated less than expected. MDC2
dissipated 1.5% more energy than anticipated in the design. MDC?2 had a higher maximum
compressive force than the design maximum compressive force. MDC3 remained elastic

up to the 140 kips design elastic strength. It experienced an ultimate strength of 172 kips.

7.2. Experimental Testing Phase II: MDC Rolling Tests (Seismic In-plane Drift

Load Case)

7.2.1. Introduction

A series of experimental tests were performed in the summer of 2018 at the Case Western
Reserve University Vanderhoof Research and Education Facility to examine the response
of multi-hazard ductile connectors (MDCs) considering “rolling” action of the round HSS
tubes, which provide strength and ductility to foster improved performance of facade
systems subjected to various hazardous load effects. During a previous iteration of the
proposed multi-hazard fagade system (MHFS) design methodology (Configuration 1), all
MDCs had HSS tubes with their longitudinal axes oriented vertically. While this
configuration appeared satisfactory considering all potential hazards and performance
objectives, some questions remained regarding the connectors’ capacity to accommodate
large inter-story drifts due to seismic events via rolling action of the HSS tubes along the
top and bottom panel edges. Although finite element analyses (FEA) of this behavior
suggested peak plastic strains which exceed failure prior to reaching the target deformation,
a previous MDC experimental test where an HSS tube was radially crushed while

maintaining a longitudinal shear load suggested that the analytically-predicted failure was
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perhaps premature. This uncertainty in the predicted rolling deformation capacity

prompted the performance of the experimental tests described in the following sections.

7.2.2. Test Specimen

A prototype MHFS was designed for an office building located in Los Angeles, CA with
three stories measuring thirteen feet each and thirty-foot bay widths. The fagcade system
was chosen as a normal-weight (145 pcf) reinforced concrete panel type with nominal
dimensions of 13°x30°x6” (height by width by thickness). The panel was assumed to be
on the top story of the building to maximize design seismic and wind forces; the panel type
was also chosen to maximize mass and, therefore, seismic inertia forces. The final MDC
design for this prototype building and panel used two HSS6x0.375 lengths at the top and
bottom edges of the panel (four MDCs total), with nine inches per top-edge MDC and 4.5
inches per bottom-edge MDC. The 4.5-inch long tubes were chosen for testing because all
rolling mechanics are—aside from some minor anticlastic bending effects—a linear
function of tube length, and the predicted force required to reach the maximum desired
deformation (barring failure) of this shorter tube could be achieved with available
laboratory equipment. Fabrication drawings of the design are shown in Fig. 7-16. Bolt
slots or oversized (greater than standard) bolt holes were not specified for the test specimen
despite their inclusion in this MHFS connector configuration because the intent of these
tests was to evaluate the HSS tube itself, not necessarily the MDC connector’s function
(including bolt slots) as a whole. The size and location of bolt holes (and, consequently,
the plate dimensions) were chosen to conform with existing adapter plates, which were

fabricated for prior MDC tests. Three identical specimens were ordered for fabrication by
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the same local steel fabricator that was used for the previous tests due to the quality of

those specimens and for consistency.

7.2.3. Deformation Protocol

The intent of these tests was to evaluate the performance of the proposed MDC
configuration during seismic (in-plane) story drifts. Preliminary analytical nonlinear
dynamic analysis of the proposed MDC configuration suggested that peak MDC rolling
deformations were generally equal to or slightly greater than peak inter-story drifts. The
seismic prequalification testing protocol for beam-to-column moment connections in AISC
341-10 (AISC, 2010a) Chapter K was chosen to formulate an appropriate specimen
deformation time history because it is a function of story drift (as opposed to, say, member
hinge rotation specified for other seismic prequalification deformation protocols). This
protocol consists of incrementally larger sets of story drift cycles (plus/minus excursions
of a given amplitude) to perform until failure. The story drift and corresponding
deformation protocol chosen for testing are provided in Table 7-3. Note that this protocol
does not end at the last set of two cycles at +/- 0.04 radians, but continues until failure with
sets of two cycles with drifts increasing by 0.01 radians after each set however; failure of
the specimen was expected prior to this stage. Successful completion of the protocol is
defined as the completion of all cycles up to and including the maximum expected inter-
story drift without failure. A target inter-story drift of 2.5% (3.9 inches for a 13-foot story
height) was chosen for the MDCs as this is the limit for newly constructed buildings.

The deformation protocol given in Table 7-3 was turned into a pseudo-static, saw-
tooth deformation time history with several-second pauses between cycle sets and at all

deformation peaks. A similar low-amplitude test protocol was also formulated consisting

7-22



of two cycles within the specimen’s elastic deformation range to check instrumentation
output and correct for any difference between displacement commands and deformation
readings due to bolt slippage. A dynamic test was proposed which would prescribe a story
drift time history from a prototype moment frame building with peak drift at 2.5% when
subjected to a scaled ground motion record across the specimen; however, this test was not
performed due to the results of the cyclic, pseudo-static testing. A high-cycle fatigue
testing protocol based on temperature fluctuation effects on the reinforced concrete panel
was also investigated, however the decision was made to abandon this test as it would
potentially damage laboratory equipment (e.g. shake table bearings). For all tests,
specimen deformation protocols had to be appropriately split between actuator signals in

the proposed test setup to ultimately achieve the desired deformation across the specimen.

7.2.4. Test Setup and Instrumentation

Testing the specimen to the desired deformation presented a challenge due to the lack of a
single hydraulic actuator with adequate force capacity and stroke to perform the test to
failure, assuming the specimen was able to achieve larger rolling deformations than
predicted via FEA (as was the case for HSS tube crushing experimental tests). The
Vanderhoof laboratory includes four unidirectional shake tables, each powered by a 22-kip
hydraulic actuator with a stroke of +/- 5.25 inches. A 55-kip capacity, +/- 3.25” stroke
actuator was also available. If the specimen were to survive to a rolling deformation of,
say, five inches, FEA results indicated that a force of about 25 kips would be required, with
a sharp increase in force after this point (about 60 kips required at six inches). This force
cannot be achieved by the longer stroke (22-kip) actuators, and the target deformation (at

least 3.9 inches) cannot be achieved by the stronger (55-kip) actuator.
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The solution to this issue—illustrated in Fig. 7-17 and Fig. 7-18—was to: (1) utilize
two shake tables, each powered by two actuators — one “internal” 22-kip actuator installed
within the table, and one “external” actuator attached to the tabletop; (2) distribute the
specimen deformation protocol amplitude between the two tables (both internal and
external actuators) and run these protocols in opposite directions; and (3) link the specimen
to both tables via a loading beam, resulting in a total deformation across the specimen equal
to the full amplitude protocol. With this setup, the force capacity of each table is increased
due to multiple actuators running in parallel, and the deformation capacity across the
specimen increases by applying displacements on both sides of the specimen. A 22-kip
actuator was used as the external Table 1 actuator and installed on the strong wall and
tabletop (via an adapter fabricated in-house). The 55-kip actuator was used as the Table 2
external actuator because the last remaining 22-kip actuator was installed on a shake table
mounted to the strong wall which could not be removed without significant effort;
additionally, this test setup allowed the test to be performed without the need for the extra
stroke afforded by using a 22-kip external actuator as opposed to the 55-kip actuator. The
55-kip actuator was installed on a reaction column attached to a foundation beam, which
was tensioned to the laboratory strong floor. With this setup, a maximum force capacity
of 44 kips—Ilimited by the two 22-kip actuators powering Table 1—and maximum stroke
of +/- 8.57—5.25” from Table 1 plus 3.25” from Table 2 (limited by 55-kip actuator)—
could be achieved. These limits were believed to be likely adequate to perform the desired
tests.

The loading beam was adapted from previous MDC tests where it served as the

pseudo-fagade panel for quasi-static blast and seismic corner panel contact testing. The
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rocker bearing attaching the loading beam to Table 1 has a single large pin, which
effectively provides an idealized “pinned” boundary condition with zero moment
resistance. This boundary condition was desired to allow the beam to rotate with the
specimen, approximating the “free” other degree-of-freedom constraint as discussed in
Section 8. Note that this is not an exact recreation of the “free” condition because the
rocker bearing is essentially fixed to the tabletop, preventing the beam from dropping
vertically as the specimen deforms radially. In reality, the boundary condition is likely
somewhere between the “free” and “fixed” conditions; therefore, this configuration was
believed to be reasonably realistic. The specimen is attached to fastener plates on either
side, and the adapter plates connect to the loading beam and tabletop via threaded rod as
shown in Fig. 7-17. These Adapter plates were fabricated for the previous MDC tests to
account for misalignments between the shake table(s) and rocker bearing and load beam
assembly. Spacer plates and extra nuts and washers were added along the free span of
threaded rods to increase the cross section to resist bending demands during loading
(checked and confirmed to be less than the bending capacity of the bars). The shearing
action performed in these tests necessitated calibrated torqueing of all slip-critical
connections to minimize slippage.

Lateral bracing was devised and constructed to prevent lateral instabilities during
testing due to eccentric loading and/or buckling of the loading beam. This scheme
consisted of two towers installed on each shake tabletop, with one tower on either side of
the loading beam. A rectangular HSS tube sections coated with a polymer material (to
reduce friction) extended to contact the beam flanges, thereby bracing it against any lateral

motion. The two towers on the Table 2 (where the specimen was installed) were connected
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at the top via a welded length of steel angle section to increase the torsional stiffness of the
bracing near the specimen.

An instrumentation plan was developed to capture all measured quantities of
interest during testing. The primary quantities of interest were the force and deformation
applied across the specimen. The instrumentation inventory and illustration of the plan are
provided in Table 7-4 and Fig. 7-19, respectively. All actuators include a built-in load cell
for measuring force, and linear variable displacement transducer (LVDT) for measuring
displacement. These measurements could be used to determine force and deformation
across the specimen; however, a more direct measure of these quantities was desired due
to the multitude of slip-critical connections in-series between the actuators and specimen.
A group of four strain gauges was installed on a clear span on the loading beam between
the rocker bearing and specimen as shown in Fig. 7-19 to calculate applied force using
another method. The average strain of strains of top and bottom of a given cross section
can be used to calculate axial force in the beam, which should equal the rolling force
applied to the specimen. This strain gauge array can also be used to calculate bending
moment and shear force diagrams of the loading beam throughout the test. String
potentiometers (string pots) were installed on the top and bottom specimen adapter plates
to calculate rolling deformation closer to the specimen. Another string pot was installed
on top of the upper adapter plate to monitor radial deformations of the specimen; the
housing of this string pot was placed on the overhead crane near the ceiling in the lab to
minimize the angle of the measurement line with respect to vertical as the measurement

point displaces laterally. A final string pot was planned to measure out-of-plane
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deformations of the specimen however; this instrument was not included in the final test
setup.

A set of photographs of the finished test setup are provided in Fig. 7-20 through
Fig. 7-22. Fig. 7-20 shows the elevation view (as illustrated in Fig. 7-17), with a closer
angle and additional details shown in Fig. 7-21. The lateral bracing can clearly be seen in
Fig. 7-21, as well as the external actuator connection to Table 2 and the location of string
pots to measure specimen displacement. The housing of these string pots were attached to
the reaction column (where the 55-kip external Table 2 actuator was attached) rather than
somewhere between the two tables as shown in Fig. 7-19. Detailed photos of the specimen
installed within the setup before and after testing, as well as the failure surface of the

section, are shown in Fig. 7-22.

7.2.5. Results

Some diagnostic tests were performed prior to installation of the test specimen, after which
any deformations prescribed to any actuators would impose deformations across the
specimen. The full-amplitude cyclic loading protocol was performed with all actuators
running simultaneously to ensure the correct orientation was assigned to their respective
displacement inputs. The external actuators were then attached to the tabletops and the test
was repeated to monitor any potential feedback issues with multiple actuators driving one
table. Time histories of actuator displacement signals (input) and readings (output) are
shown in Fig. 7-23, with no discernable difference between the signals and readings. This
test indicated that there were no problems running multiple actuators in-parallel, with only
a small amount of force feedback observed in the 55-kip (Table 2 external) actuator. This

is to be expected due to all other actuators being the same model, however the 55-kip
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actuator has excess force capacity for the setup (limited to 44-kips by the combined Table
1 actuators) therefore this force feedback was not considered an issue. With the actuators
working properly, the specimen was then installed. Small small-amplitude tests were
performed with peak deformations within the specimen elastic range to check
instrumentation output and attempt to identify and correct for any slippage in the setup.
Some differences were observed in the prescribed and measured displacements; therefore,
some adjustments were made to the deformation protocol to achieve the target
displacement in each cycle. After making this correction, the full-scale cyclic test was
performed.

String pot readings for the full-scale cyclic test are shown in Fig. 7-24. The
summation of the two specimen string pot readings was used to calculate deformation
across the specimen. This displacement is compared to the target (Table 7-3) and corrected
deformation protocols in Fig. 7-25. The adjustments for slippage made to the target
deformation protocol were successful in achieving the desired deformation, with errors on
the order of hundredths of an inch. Some vertical displacement (radial specimen
deformation) was observed, specifically at higher rolling deformation cycles. Note that
this vertical deformation is all in one direction—positive indicating extension of the string
pot corresponding to inward (crushing) radial deformation of the specimen, which is
expected, based on the mechanics and observed FEA behavior.

Actuator load cell readings are shown in Fig. 7-26. The distribution of forces
between internal and external actuators is different in the two tables; Table 1 is primarily
drive by the external actuator, while Table 2 is mostly driven by the internal actuator. This

is likely due to Table 1 having two identical actuators installed, and the external actuator
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having perhaps a more direct load path to the loading beam than the internal actuator, while
the response time (rate of hydraulic fluid flow) in the larger 55-kip actuator may allow it
to simply lag slightly behind the internal 22-kip actuator, which responds quicker and,
therefore, carries most of the force. Strain gauge readings are shown in Fig. 7-27, which
indicate fairly stable (non-noisy) readings despite operating in a very small strain range.
The rolling force across the specimen calculated from load cells and strain gauges are
shown in Fig. 7-28. These calculated rolling forces seem to indicate that more force was
required to impose deformations in one direction, which is likely a function of the test
setup. Because the source of this behavior was unknown but consistent between both the
strain gauge- and load cell-calculated rolling force, the strain gauge forces were believed
to be more reliable as there are fewer connections between their locations and the specimen.
Additionally, the axial force—which can be calculated from just two strain gauges—must
be constant over the clear span, therefore having two pairs of gauge readings available
lends some redundancy to the rolling force calculated using these instruments. The average
of the applied rolling force calculated from the two pairs of strain gauges was taken as the
most accurate measure of rolling force applied during the test.

The specimen rolling force-deformation hysteresis from the static cyclic test to
failure is shown in Fig. 7-29 (entire curve) and Fig. 7-30 (detailed view). Results from
FEA models and the theoretical HSS tube rolling force-deformation relationship are
compared to these results. The experimental specimen elastic stiffness appears to be
slightly higher than either the FEA or theoretical results, which match very closely. The
FEA models match the transition from elastic to plastic behavior, with the theoretical

(design) curve precisely predicting the onset of yield. At larger deformations, the test
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specimen follows the “free” FEA model results fairly well, with some degradation of
strength, which is not captured by the analytical models.

Failure of the specimen occurred during the 2.34” target displacement cycles due to
fracture of the HSS tube wall right outside of the weld location as identified in Fig. 7-22.
This failure location matches the FEA results, where the maximum equivalent plastic
strains occurred in this region. The maximum deformation at failure matched the
prediction as well (Section 9.2.1.4). Two specimens performed this full-amplitude test,
with both failing during the same cycle; the results of the second specimen test are shown
here as additional corrections were made to the displacement signals based on feedback
from the first specimen’s full-amplitude test. The first specimen also failed along the HSS
tube’s weld seam, which happened to be located right outside the HSS-to-plate weld
location with maximum expected plastic strain. The decision was made to rerun the same
test with a second specimen, whose HSS weld seam was not located near the plastic hinge

region, however the same failure mode was observed at the same deformation amplitude.

7.2.6. Summary of Phase II Tests

Experimental tests were performed to evaluate the rolling deformation capacity of round
HSS tubes to potentially accommodate inter-story drifts in an MDC application. A
deformation protocol based on AISC 341-10, Chapter K for prequalified seismic beam-to-
column moment connections was developed for testing, and a setup was devised and
constructed in the CSEL. The tests were performed successfully, with the desired
deformation protocol matching the measured specimen deformation almost exactly across
all cycle amplitudes. Two specimens were subjected to the same deformation protocol,

both of which failed during the +/- 2.34” deformation cycles. Failure of the specimens
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well below the target minimum deformation of 3.9” (2.5% inter-story drift) prompted the
abandonment of additional (seismic dynamic) planned testing, as well as this MDC

layout/configuration.
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Table 7-1: Nominal Dimensions of MDC Specimen Components

Specimen HSS HSS Wall | HSS MDC End (Panel/Frame)
Design | Diameter | Thickness | Length Plate Thickness
MDCI1 6.0in 0.25in 8.0in 0.75in
MDC2 6.0in 0.25in 13.5in 0.75in
MDC3 6.0in 0.25in 16.5in 1.0in

Table 7-2: Comparison of MDC experimental results to design values

Maximum Tensile Force (kips)

Maximum HSS Translation (in)

Design Exp. Design Exp.
45.9 50.7 1.6 1.95
MDC Maximum Panel Plate Maximum Frame Plate
1 Translation (in) Translation (in)
Design Exp. Design Exp.
0.75 0.58 0.75 0.58
Energy Dissipation (kip-in) | Maximum Compressive Force (kips)
MDC2 Design Exp. Design Exp.
42.4 43.0 19.1 233
Elastic Strength (kips) | Ultimate Strength (kips)
MDC3 Design Exp. Design Exp.
135 140 N/A 172.2
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Table 7-3: Seismic Qualification Testing Displacement Protocol

Cycles  Story Drift (rad)  Displacement (in)

6 0.00375 0.585

6 0.005 0.78

6 0.0075 1.17

4 0.01 1.56

2 0.015 2.34

2 0.02 3.12

2 0.03 4.68

2 0.04 6.24
Notes:  Protocol per ANSI/AISC 341-10.

Displacements for 13' story height.

Table 7-4: Instrumentation Inventory

Channel Name Type Location Units
1 Dli LVDT Internal Table 1 (w/rocker bearing) 22-kip actuator inches
2 Fli Load Cell Internal Table 1 (w/rocker bearing) 22-kip actuator kips
3 Dle LVDT External Table 1 (w/rocker bearing) 22-kip actuator inches
4 Fle Load Cell External Table 1 (w/rocker bearing) 22-kip actuator kips
5 D2i LVDT Internal Table 2 (w/specimen) 22-kip actuator inches
6 F2i Load Cell Internal Table 2 (w/specimen) 22-kip actuator kips
7 D2e  LVDT External Table 2 (w/specimen) 55-kip actuator inches
8 F2e Load Cell External Table 2 (w/specimen) 55-kip actuator kips
9 SG1 Strain Gauge  Loading beam top flange closer to strong wall pstrain
10 SG2  Strain Gauge  Loading beam bottom flange closer to strong wall pstrain
11 SG3 Strain Gauge  Loading beam top flange closer to foundation beam pstrain
12 SG4  Strain Gauge  Loading beam bottom flange closer to foundation beam  pstrain
13 SP1 String Pot Specimen top adapter plate (lateral) inches
14 SP2 String Pot Specimen bottom adapter plate (lateral) inches
15 SP3 String Pot Loading beam flange at specimen location (vertical) inches
16 SP4 String Pot Specimen top adapter plate (out-of-plane) inches
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Fig. 7-1: MDC1 axes and details
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Fig. 7-2: MDC2 axes and details
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Fig. 7-3: MDC3 axes and details
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b)
Fig. 7-4: Experimental Setup a) Plan view of the laboratory with test equipment b)
Elevation view of the laboratory with test equipment
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Fig. 7-5: MDC1 experimental loading protocol a) 55-kip actuator, floor table, and wall
table deformation protocol b) Resulting MDC translation and rotation
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b)

Fig. 7-6: MDC2 experimental loading protocol a) 55-kip actuator and floor table
deformation protocol and wall table loading protocol b) Resulting MDC translation and

rotation
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b)
Fig. 7-7: Instrumentation Layouts a) Instrumentation layout for the MDC1 experiment b)
Instrumentation layout for MDC2 experiment
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b)

Fig. 7-8: MDC3 Experiment Setup a) Equipment and instrumentation in 220kip machine
b)Vic 3-D DIC speck pattern on the HSS
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Fig. 7-12: MDC2 Experiment 1 Results a) Applied radial deformation -xi. and applied
rotation (about yr) b) Applied gravity load +z1 ¢) Force-Deformation curve d) Moment-
Rotation curve e) Deformation of the MDC at times throughout the loading protocol f)
Nut contact with the HSS at times throughout the loading protocol
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Fig. 7-13: MDC 2 Experimental 1-4 Results a) Applied radial deformations -xr. and applied
rotations (about yr) for four consecutive experiments b) Applied gravity loads +z for four
consecutive experiments c¢) Force-Deformation curves for four consecutive experiments d)

Final fracture surfaces at the end of MDC2 Experiment 4 on panel plate (left) and frame
late (right)
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Fig. 7-14: MDC3 Experiment Results a) The shearing deformation imposed between the
MDC plates in zr b) Force-Deformation curve ¢) Deformation of the MDC d) Failure
surface of MDC3 (left) and failure locations (right)
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Fig. 7-15: MDC3 Vic-3D DIC first principal strain results
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Fig. 7-20: Photograph of Test Setup
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Fig. 7-21: Photograph of Test Setup Details
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Fig. 7-22: Photographs of Specimen Details and Failure

7-59



Table 1 External Actuator Table 2 External Actuator

—

1
’ < <
Y Y L L

Displacement (in)

1
—_
1

o

—

<o
k2 h = h O Lh = Lh I

1
<

Displacement (in)

1
—
1

o

= = Command -
— LVDT 1.5
Reading 1
£ 05
g 0
§-0.5
2
= -1
A-L5
-2
500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (s) Time (s)
Table 1 Internal Actuator Table 2 Internal Actuator
3.5
3
2.5
g 2
E 1.5
g 1
2 0.5
0
A.0.5
-1

500 1000 1500 2000 2500 0 500 1009, 00 2000 2500
Time (s) fllune 855)

Fig. 7-23: Actuator Displacements

7-60



weeenee §P3 - Vertical

H
: “'Q“'!'!'“hhhhmlmmhh“““m “h
L l‘l‘l"""w""""'m"m""




Displacement (in)

4 Displacement Protocol Command: +/- 264"

- - -~ Specimen Displacement Command ;?rget: ;{' Ej;; 0.-2.329
Combined Table Displacement cstire TaS e

3
Displacement Measured at Specimen (String Pots) (_'lﬂ

Command: +/-0.785"
2 | Target: +/- 0.585"
Measured: +0.520,-0.552

0 o 15p0) 20(*0 1500
{ J
2 Command: +/- 1.03" Y | |
Target: +/- 0.785" Y
N Command: +/-1.47"
Measured: +0.761,-0.794 Target: +/- 1.17" Command: +/- 1.86"
3 Measured: +1.185,-1.215 larget: #/- 1.56"
Measured: +1.564.-1.579
Command: +/- 3.42"LY—)
Target: +/- 3.12"

-4
ed: )
Time (s) Measured: +3.137.-3.261

Fig. 7-25: Specimen Displacement

7-62



Internal Force (+Tension) (Kips)

10

=)}

(8]

]
2

-10

= = Table 1 External Actuator Load Cells
Table 1 Internal

- - - - Table 2 Internal 1 \ 'I i '|

— Table 2 Externa : ' :: A
m — thHi NIILITIREE T ninihi
f:'I:::: :.?f';.":ﬁ'. .':::.'"n.'i'u-":: ":':-s":"':."-"':n"l":e::':z:l"iu':;i"'?:E'l'f:i""'li':5' ey
::' :'|-||:| ::'|"'|I"' |l"'l."l l| L LT R A R AT R
I.Illlillrlllllllllll ‘|l'|:' p I' |: :' I'l t' :a": |l:|' || I|l|I :' III ": : I :'l n *
AP A T VI TR Y WY
Luuuntnnnl‘ l “ ‘ “ : ‘I : Q

|

Hlll HH\H // ( // j f 'f 'f-" |; u"

ll'l'lll ll‘ " 1 1 "l't ' II ' 'l" '.rll ) ! "
:|:||||“:l::|: ll‘lll:ﬁ:ll:lllrlll"”l.”“: :ll :| 'll :I |:I ‘ti {, i :1. :: " :: ': 1 I :I ol 0o v
||i|,||::|lll|ll‘||.‘|| Il'l:'l'll'l i ‘l‘ '“ ! ;“”‘“". LRI :\ I SN
Ly sll |I‘ |I|$ Illlf (AL ¥ 1 Wiy, Yool g, W
l,:,,ll |: u. u[‘ '| I|‘ "”‘l""“"" ‘Il|‘l |||‘|I|||1 ||1‘|\| B
‘fllf" || A "\| :!“!“” "I‘|‘:“‘|“‘I:"‘1:~

b l' ¢ ' \ \ HILIRT! L ARTE
y ¥ f ' ‘I:
(!
0 500 1000  Time (s) 1500 2000 2500

Fig. 7-26: Actuator Load Cell Readings

7-63



o0 O < ol =] o g 8 =
S



15 Measured Force

Force (kips)

10
5
0
0
-5
= = Table 1 Actuators' Load Cells
100 Table 2 Actuators' Load Cells
—— SG1+SG2 Calculated Beam Axial Force
-------------- SG3+SG4 Calculated Beam Axial Force
-15

Time (s)

Fig. 7-28: Specimen Rolling Force Calculations

7-65



12

Experimental
== ==FEA (Free) .
8 = = Theoretical i
i
6 ;
_ & b
= ¥ §
= 4 §
S 2 / ;
& /
= ) ff
<0 / £
2 z xy 4
-4
-6 !ﬁalﬁ;ﬁw it
-8
-3 -2 -1 0 1 2 3

Rolling Deformation (in)

Fig. 7-29: Specimen Force-Deformation Hysteresis and Comparison with FEA and Theoretical Response

7-66



12

Experimental
= FEA (Fixed)
====FEA (Free)

-
- _------

------

10
= = Theoretical ”
' \l Failure: 2.34”
F target cycles
8
=
& 6
&n ¥
3 H
4 _;?
2
0 0.5 1 1.5 2 2.5

Rolling Deformation (in)

Fig. 7-30: Specimen Force-Deformation Hysteresis Detail

7-67



8. Development and Validation of MDC Finite Element Model

8.1. Introduction

Computational models of the experimentally tested multi-hazard ductile connector (MDC)
designs were developed using finite element analysis (FEA) to simulate the static,
nonlinear behavior of the MDC under various forms of loading expected from each hazard.
The particular MDC considered was that proposed by Lavarnway (2013), which consisted
of a circular, steel hollow structural shape (HSS) connected between two flat steel plates.
Initial baseline MDC models were analyzed and its results were compared with the
experimental test results from Lavarnway (2013). This study was chosen as the baseline
analysis due to the simpler loading protocol compared to that of this project. These
analyses will be referred to as “baseline” or “base” models. Once the base model
reasonably matched the Lavarnway (2013) results, the MDC model was adapted to the
three current MDC designs and analyzed for the loading scenarios that occurred in the
experiments as described in Section 7.1. This section provides a description and validation
of the base model, development of a more comprehensive MDC model, and comparison of

the FEA model results with design criteria.

8.2. Base Model

8.2.1. Model Description

All finite element analysis was performed using ANSYS Mechanical, Academic Research

Versionl17.2 (ANSYS Inc., 2016). The MDC considered by Lavarnway consists of three



components, an HSS circular tube between two flat steel plates. A local coordinate system
was used for all the FEA models as shown in Fig. 8-1. The end plates are connected to
either the facade panel or the building frame and are assumed parallel to one another. The
MDC was modeled using shell elements (ANSYS Shell 181), which are four-noded
elements with six degrees of freedom per node (ANSYS Inc., 2016). The structural
behavior of both the HSS and end plate components of the model are defined by the shell
elements. The HSS and plate shell elements are assigned a plasticity material model that
includes kinematic and isotropic hardening with a Von-Mises yield criterion (ANSYS
Multi-linear Isotropic Hardening Model), and is defined by a series of stress-strain points.
The stress-strain data for the baseline models and the MDC models are presented in their
respective sections.

Contact between the HSS and end plates was simulated because the MDC is
expected to undergo large deformations during high hazard loading events such as blast
and impact loading. Large radial deformations to the HSS will cause it to contact the plates.
Contact elements (ANSYS Conta 173) were used around the centerline of the HSS with a
mesh matching the shell element mesh. These elements sit on the centerline of shell
elements and are part of a pair of elements used to represent contact between 3D surfaces.
Target elements (ANSYS Targe 170) are applied to the end plates. The target element
mesh matches the shell element mesh of the flat plates. The contact and target elements
identify the potential contact surfaces that may occur due to the HSS deformation during
the analysis. However, these elements do not contribute to the modeled structural behavior,

such as stiffness and strength.



The nodes in each flat plate are coupled together to behave as a rigid plane (ANSY'S
Cerig) to simulate the relatively rigid bodies to which the MDC end plates are attached.
One plate represents the building frame and acts as a fixed connection that will not allow
movement. The fixed plate is constrained in all directions. The opposite plate is then
assigned the translational and/or rotational displacements of the fagade panel during the

high hazard loading event.

8.2.2. Verification of Base Model Results

Two baseline MDCs, consisting of HSS16x0.375 and HSS10.75x0.25, were modeled and
verified with the results from the Lavarnway (2013) experiments. An HSS7x.025 MDC
was also tested in the Lavarnway (2013) experiments, but that size HSS was not considered
for this verification. Since tensile coupon data was not available for this size HSS, its
material properties were unknown. The stress-strain values considered in the FEA base
model for the HSS16x0.375 and HSS10.75x0.25 are available in Fig. 8-2. These curves
were developed from the tensile coupon tests performed as part of the Lavarnway (2013)
experiments. Both the HSS16x0.375 and HSS10.75x0.25 models were compressed 6
inches radially inward (x-direction). These deformations were performed to match the
Lavarnway (2013) experiment deformations.

Both the HSS16x0.375 and HSS10x0.25 FEA results closely matched with the
Lavarnway (2013) experimental results as seen in Fig. 8-3 and Fig. 8-4. HSS10.75x0.25
FEA yield strength is about 5.8 kips and the FEA strength at 6 inches of deformation (x-
direction) is 8.6 kips. Both of these strengths closely match the Lavarnway (2013)
experimental strengths in Fig. 8-3a. Some difference was observed in the initial elastic

strength, but the post-elastic strength and material strain hardening was well captured. In
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Fig. 8-4a, the FEA yield strength of the HSS16x0.375 is 7.8 kips and FEA strength at 6
inches (x-direction) is 10.9 kips. The Lavarnway (2013) experimental yield strength is 8.2
kips and the strength at 6 inches of deformation is 10.1 kips (Fig. 8-4a). The HSS16x0.375
FEA model experienced slightly more strain hardening than the experiment, but there was
not a significant difference between the FEA Lavarnway (2013) experimental results in the
hardened region. Despite the small differences between the FEA and Lavarnway (2013)
experimental results, both of the force-deformation curves produced by the FEA models
were deemed acceptably close to those of the experimental results. Reasonable deformed
shapes were created in the FEA base model throughout the loading procedure (Fig. 8-3b
and Fig. 8-4b). The equivalent plastic strain diagrams for both of the FEA models show
plastic hinge yield lines are developing (Fig. 8-3d and Fig. 8-4d). The plastic hinges
occurred in expected areas of the HSS where large changes in the HSS curvature are
occurring. The maximum plastic strain in these diagrams show both models are
experiencing likely acceptable levels of plastic strain. The Von-Mises stress diagrams in
Fig. 8-3¢ and Fig. 8-4c show areas of high stress where the plastic hinges are forming
corresponding to the strain levels and specified material model. Again, the maximum stress

values available on these contour diagrams show reasonable values.

8.3. MDC Models of Experimental Specimens

8.3.1. Introduction

Once the base model results were verified against the Lavarnway (2013) experimental data,
the model was adapted to the designs of the different types of MDCs considered in this

research (MDC1, MDC2, and MDC3). The three MDC designs still consisted of a circular
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HSS attached between two parallel plates. The plates were ASTM A36 steel and the HSS
were ASTM 500 Gr. C steel. All of the HSS tubes in the MDC designs were various
lengths HSS6x0.25. The MDC plates included standard, short-slotted, or long-slotted bolt
holes for attaching to the facade panel or building frame. Although the MDC design
models were constructed from the base model, the geometries, material properties, contact
surfaces, supports, and loading of the three designs varied from the base model. The FEA

axis directions remained consistent with those of the base model as seen in Fig. 8-1.

8.3.2. MDC Material Models

The multi-linear plasticity material models for the HSS and plates with stress-strain
properties for each MDC component are shown in Fig. 8-5. The material model of the A36
plates was developed from the tensile coupon data presented in Section 7.1.3.1. Due to the
issues testing the HSS coupons discussed in Section 7.1.3.1, the HSS material model was
developed from a combination of the expected stresses from AISC 341-10 Seismic
Provisions for Structural Steel Buildings (AISC, 2010a) and the material tests in Fadden
(2013). The HSS material model yield stress was specified as Ry*Fy and the tensile stress
as R¢*Fu. A value of 1.3 was used for Ry and a value of 1.2 was used for R¢ per AISC 341-
10. The model between the yield stress and tensile stress was developed based on the tests
from Fadden (2013). The model was developed using the Fadden (2013) data from side-
wall coupon tests from 0.25 inch thick HSS, the same HSS thickness used in this study.
The coupons from the HSS corners were not used because the corner curvature is too large
to be representative of the circular HSS. The corner areas experience significantly more

strain hardening during the HSS fabrication process compared to the rest of the cross
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section. The weld seam coupon data was also not used because it is not representative of

the average material properties over the HSS cross-section.

8.3.3. MDC Type 1 Model (MDC1)

8.3.3.1. Model Descriptions

The drawings of MDCI1 are available in Appendix C. The long bolt slots on the frame
plate allow relative lateral movement to accommodate seismic drift and those on the panel
plate allow relative vertical movement between the fagade panel and connector for thermal
expansion. The MDC type 1 (MDC1) was designed to simultaneously undergo 3.1 inches
of outward radial translation (x-direction) and 0.025rads of rotation about the lateral in-
plane panel axis (z-axis) (Fig. 8-6a). These deformations were determined from the critical
loading scenario of out-of-plane seismic forces acting on a facade edge panel.

Two MDC1 models were considered, which are referred to as Model 1 and Model
2. Each model had different boundary conditions to simulate bounds of potential initial
bolt-hole bearing contact (Fig. 8-6¢). Neither of the MDCI1 models utilized any
contact/target planes because the deformed HSS will not contact the plates during tensile
MDC deformation. Like the base model, the structure of the HSS and plates consisted of
shell181 elements in both MDC1 models. The MDC welded connection at the end plate
was modeled by coupling nodes at the weld slots between the plates and HSS using the
ANSYS Cerig constraint equation.

Boundary conditions were the only difference between the two MDCI1 models.
Model 1 applied boundary conditions only to areas of the plates that would experience

bearing on the facade panel or building frame. These areas were on the top and bottom of



both plates (y-direction) from the center of the bolt slot to the outside of the plate where
plate prying will occur. These areas on each plate in Model 1 were coupled together using
the “cerig” command. The top and bottom edges (y-direction) of the plates act as a rigid
body while the centers of the plates allowed deformation. For both plates in Model 1, the
boundary conditions were applied assuming that the bolt was in the center of the bolt slot.
The panel plate was a fixed boundary while the frame plate experienced the translations
(x-axis) and rotation (about z-axis) imposed on the MDC. Model 2 had these same plate
boundary conditions on the panel plate plus additional boundary conditions on the frame
plate. The moving frame plate changed slightly in Model 2 to account for the bolts on the
panel plate. On this frame plate, the nodes around the bolt locations were assumed
stationary and could not move in the z or y directions. They were free to move in the x
direction with the prescribed movement of the rest of the plate. For both Model 1 and
Model 2, the HSS and the plates in MDC1 are designed to yield to provide the necessary
behavior and create boundary conditions consistent with the connection details. To
determine the appropriate plate thicknesses for MDCI1, analyses were performed for
various plate thicknesses including 1in, 0.75in, and 0.50in. Ultimately, a plate thickness
of 0.75in was chosen for MDC1 and used in the experiment. The same plate thicknesses

were applied to MDC2 and MDC3 to maintain the same MDC thickness.

8.3.3.2. Convergence Study

Convergence studies were performed on Model 1 to determine appropriate mesh size for
both MDC1 models. The same final mesh size was applied to both models because these
models are fundamentally the same and differ only in their boundary conditions. Force-

deformation, Von-Mises stress, Von-Mises elastic strain, and equivalent plastic strain were
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studied for convergence at four points (P1, P2, P3, P4) on the MDC cross section (Fig. 8-
6b). All of the points were studied near the center of the MDC length (z-direction). Once
the change in the force-deformation, stress, and strain was below 3% between each mesh
size, these criteria were considered adequately converged. The average mesh size for each
MDC component used in the convergence study is available in Table 8-1. The force-
deformation curve for MDCI1 (Fig. 8-6d) converged before most of the stress and strain at
localized points. The force-deformation data was converged by mesh size 3. The stress
and strain generally converged at the same mesh size at each point. For P1 located on an
HSS hinge area, the Von-Mises stress and equivalent plastic strain converged at mesh size
4 (Fig. 8-6¢). The stress and strain at point P2, located between the HSS hinge locations,
was near convergence (10%) by mesh size 6. However, the values did not reach below the
3% convergence threshold (Fig. 8-6f). The Von-Mises stress and elastic strain on frame
plate point P3 converged by mesh size 5 (Fig. 8-6g). The Von-Mises stress and elastic
strain on panel plate point P4 both achieved convergence at mesh 3 (Fig. 8-6h). After the
convergence study was performed, mesh size 6 was used in Model 1 and Model 2 to

accurately obtain force, stress, and strain data.

8.3.3.3. Results

The force-deformation curves of MDC1 Model 1 and Model 2 are shown in Fig. 8-7a with
the MDCI1 experimental curve. Model 1 matches the experimental curve better than Model
2 at low deformations. However, the Model 2 force-deformation curve matches the
experimental results better at high deformations. Due to these force-deformation curves,
it can be determined that the boundary conditions in the MDCI1 experiment were a

combination of the Model 1 and Model 2 boundary conditions. During the experiment, the
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frame plate bolts engaged at higher deformations, which stopped the frame plate from
moving in the y-direction at the bolt locations. The force-deformation plots for each MDC
component in Model 1, Model 2, and the MDCI1 experiment is available in Fig. 8-7b.
Overall, both models underestimated the deformation of the HSS while overestimating the
deformations of the panel and frame plates. Noticeable differences between the Model 1
and Model 2 deformed shapes occurred at the design deformations of 3.1in of translation
(x-direction) and design rotation of 0.025 rads (about z-axis) (Fig. 8-7c). In Model 1, both
the panel and frame plates show similar amounts of deformation at the MDC design
deformation and rotation. However, in Model 2, the frame plate clearly shows more
deformation than the panel plate. These differences in deformed shape were due to the
different boundary conditions applied in the models. The true deformed shape at the design
deformation and rotation is closer to that of Model 2 because this model better represents
MDCI at higher deformations. Although the deformed shapes of Model 1 and Model 2
vary slightly, there were no significant differences in the Von-Mises stress and equivalent
plastic strain plots at the design deformation and rotation (Fig. 8-8a-d). In Fig. 8-8c-d, the
there are areas of significantly high plastic strains (40%-50%) in localized areas near the
HSS weld connection to the plates. Such high plastic strains are not realistic and are due
to the highly restrained mesh in these areas. The mesh refinement may also be locally
inadequate in this area of the model. The average strains within the plastic hinge regions

are on the order of 5-10% strain at the design deformation.
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8.3.4. MDC Type 2 Model (MDC2)

8.3.4.1. Model Description

The MDC type 2 (MDC2) must withstand the tributary gravity load imposed on it by the
facade panel in addition to the high hazard loading. The MDC2 drawings are available in
Appendix C. The controlling out-of-plane loading for this connector is due to air-blast
effects on the prototype system considered. The gravity load applied to each MDC2 on the
considered panel connection configuration is 15.08kips (Fig. 8-9b). After the gravity load
is applied, MDC2 was compressed by -2.78 in of translation (x-direction) then rotated by
0.087 rads about the horizontal in-plane fagade panel axis (about y-axis). After this
compression and rotation, a rebound phase occurs that creates an inward translation to -
0.96 in (x-direction) and the rotation of -0.031 rads (about y-axis) relative to the original

position (Fig. 8-9a). Lastly, MDC2 is brought back to its zero position (Fig. 8-9a).

Both the HSS and plates utilized the shell181 elements from the base model. When
the MDC was compressed, the walls of the HSS contact the plates as the HSS deforms.
Therefore, the model needed the contact/target elements from the base model. The ANSYS
“target” elements were copied from the shell plate mesh to ensure they exactly overlapped.
The plate shell nodes, plate target nodes, and the HSS nodes near the plate weld line were
coupled together using the ANSYS “cerig” command to simulate the welded connection
between the HSS and plates. The boundary conditions were then applied to each of these
rigid areas using a master node. The standard holes on the frame plate and the short slotted
holes on the panel plate were not modeled due to the plates behaving rigidly and not

contributing to the MDC deformation. The frame plate was held fixed in all directions
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while the panel plate experienced the translation (x-direction) and rotation (about the y-
axis) imposed by the hazard loading as well as the gravity load (z-direction) (Fig. 8-9c).
The panel plate was also constrained from rotating about the z-axis. The plates for MDC2
were made into rigid components because the plates do not deform or yield to absorb any
of the loading energy. Only the circular HSS deforms to absorb the blast loading that

MDC?2 experiences.

8.3.4.2. Convergence Study

Convergence studies were conducted to determine an appropriate mesh size for the model
force-deformation, stress, and strain data. The average mesh sizes of the MDC2
components are available in Table 8-1. Convergence studies were conducted at two points
on the HSS cross section and no points on the rigid plates (Fig. 8-9d). Both of these HSS
cross section points were analyzed at approximately the center of the HSS (z-direction).
Point P1 is at a hinge location on the HSS and point P2 is between the HSS hinge locations.
The convergence studies were conducted at the two design-level translations and rotations.
The first design-level deformations occurred at load step 20 has -2.78 in of translation (x-
direction) and 0.087 radians of rotation (about y-axis) and the second design-level
deformations occurred at load step 29 has -0.96 in of translation (x-direction) and -0.031
radians of deformation (about y-axis). The mesh size was reduced until the changes of
force-deformation, stress, and strain change by 3% or less between the mesh sizes. The
force-deformation curve converged by mesh size 3 (Fig. 8-9¢), which was before most of
the Von-Mises stress, Von-Mises elastic strain, or equivalent plastic strain converged. At
P1, the Von-Mises stress converged at mesh size 4 during step 20 and 29. The Pl

equivalent plastic strain converged at mesh size 5 during step 20 and mesh size 4 during
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step 29 (Fig. 8-9f). The Von-Mises stress and elastic strain at P2 converged with mesh size
2 at step 29 and mesh size 5 at step 20 (Fig. 8-9g). Point P1 required a finer mesh to
converge because there is a large stress and strain gradient at the HSS hinge. Mesh size 5
was the required mesh size for the convergence of all relevant FEA data and was used in

the final MDC2 model.

8.3.4.3. Results

The MDC2 force-deformation FEA results reasonably represent experimental results until
approximately -0.75 inches of inward radial translation (x-direction) (Fig. 8-10a). The nuts
holding the frame and panel plates to the experimental setup begin contacting the MDC
HSS around this deformation, which is not represented in the model. The experimental
results from -0.75 inches to -2.87 inches of compressed translation (x-direction) show a
larger increase in force than during 0 inches to -0.75 inches of translation. This is expected
because in the experiment the HSS had to deform around the nuts after contacting them.
As the MDC is pulled back out (x-direction) to its original position, less force is also
required to overcome the additional strain hardening caused by the nut contact. The energy
that the MDC absorbed during the FEA was determined by numerical integration of the
area under the resulting force-deformation curve. From 0 inches to -2.78 inches of
translation (x-direction), MDC2 absorbed approximately 35.7 kip-in of energy. The FEA
reasonably approximated the energy absorption, which was 43 kip-in in the MDC2
experiment. The FEA produced deformed shapes, Von-Mises stress contour plots, and
equivalent plastic strain contour plots (Fig. 8-10b-c). The maximum plastic strains (Fig.
8-10d) were very high (25%-50%) in a few elements near the weld of the HSS to the plates.

The maximum plastic strain outside these weld areas were 20-25%. The plates did not
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experience stress, strain, or deformation during the FEA loading because they were

assumed rigid during the analysis.

8.3.5. MDC Type 3 Model (MDC3)

8.3.5.1. Model Description

The MDC drawings are available in Appendix C. The MDC type 3 (MDC3) must
withstand all of the lateral in-plane forces applied to the fagade panels and is designed to
have elastic behavior throughout its loading. The analysis applied a 0.315 inch translation
(z-direction) on the MDC3 to determine its elastic strength and ultimate strength (Fig. 8-
11a). Seismic loading controls the critical forces for design of MDC3.

Both the HSS and plates utilized the shell181 elements from the base model. When
the deformation is applied to MDC3, the walls of the HSS contact the plates as the HSS
deforms. Therefore, this model also required the contact/target elements from the base
model. MDC3 also has weld slots and standard bolt holes on the plates. Each plate has a
total of sixteen bolt holes, with eight holes above and eight below (y-direction) the weld
slot. It is assumed that no relative movement can occur within these bolt holes. The contact
planes, and end plate constraints were created similar to previous MDC models. Both the
HSS contact elements and target plate elements had the same mesh as the respective shell
elements. Both of the plates were made rigid using the “cerig” command and each had a
master node to control plate movement. The deformation was applied by holding one plate
fixed in all directions while the other was translated laterally in-plane (z-direction) (Fig. 8-
11¢). This moving plate was also constrained from moving out of plane in the x and y

directions.
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8.3.5.2. Convergence Study

A convergence study was conducted to evaluate an appropriate mesh size for MDC3.
Average mesh sizes for each MDC component used in the study are available in Table 8-
1. The force-deformation, Von-Mises stress, Von-Mises elastic strain, and equivalent
plastic strain were evaluated for convergence. Convergence occurred when the difference
between force-deformation, stress, and strain values were less than 3% between mesh sizes.
Two points on the HSS cross-section were studied for convergence, both of which were
located near the center of the HSS (z-direction) (Fig. 8-11b). The force-deformation curve
converged at mesh size 3 (Fig. 8-11d). The Von-Mises stress and equivalent plastic strain
at P1 also converged at mesh size 3 (Fig. 8-11e). At the location of P2, the Von-Mises
stress and elastic strain converged at mesh size 4 (Fig. 8-11f). Because most of the desired
quantities had converged by or before mesh size 5, this mesh size was used in the final

MDC3 model.

8.3.5.3.Results

The MDC3 model force-deformation curve is compared with the experimental force-
deformation data in Fig. 8-12a. Beyond 0.2 inches of translation, the experiment specimen
began moving out-of-plane. This out-of-plane accounts movement is believed to cause the
large difference between the curves at 0.2-0.315 inches of deformation. It is observed that
the FEA slightly overestimates the MDC elastic stiffness and strength while the model
underestimates its material hardening. The FEA created deformed shapes and Von-Mises
stress contours (Fig. 8-12b-c). In the plastic strain contours in Fig. 8-12d, small areas of

extremely high strain are found at the HSS connection to the plates. The high plastic strains



(50%-60%) 1n these regions are unreasonable and are likely due to the way the HSS was
rigidly connected to the plates within the model. It may also be due to inadequate mesh
refinement in these localized areas. The plate/HSS connection likely caused only a few
elements to experience high strains, while the other element plastic strains are reasonable

(1%-5%).

8.4. Summary

An FEA model was created and first validated against the experimental data from
Lavarnway (2013). Following this validation, the model was adapted to three current MDC
designs subjected to more complex loading protocols consistent with the hazardous loading
considered. The MDC models also included more realistic fabrication details.

All three of the MDC designs deformed as expected in the analyses. Under radial
compression (x), the circular HSS of MDC2 initially created four plastic yield lines and
then six yield lines as contact between the HSS and end plates occurred. Under radial
tension, the HSS in MDC1 formed four plastic hinges. The 0.751n thick end plates of the
MDCI1 was also designed to yield and form a plastic mechanism to accommodate the large
radially outward deformations and absorb a portion of the energy from the loading
scenario. The design intent of MDC3 was to resist the prescribed loads in an elastic manner
however; the analysis performed determined the ultimate force deformation behavior of
the MDC in addition to confirming the intended elastic strength. Overall, the analysis of
the three MDC designs provided force-deformation behavior, deformed shapes, stress, and
plastic strains consistent with the MDCs design intent. Some of the models experienced

very large plastic strains. However, these high strains occurred on very few elements in



the models in regions where the mesh refinement was likely inadequate to capture the large
strain gradient.

When compared to the design calculations, the FEA models performed as expected
in terms of critical force, deformation, or energy absorption criteria for each MDC type
(Table 8-2). The maximum tensile force of MDC1 FEA model was 51 kips, which is near
the expected max force of 45.9 kips from the design calculations. However, the individual
components of MDC1 behaved differently in the FEA model than in the design. The HSS
was responsible for less than its design deformation, while the maximum plate deformation
varied from their design deformation. Both plates were anticipated to deform the same
about, and they did do so in MDC1 Model 1. However, the frame plate deformed more
than the panel plate in MDC1 Model 2. MDC?2 absorbed 35.7 kip-in of energy, which is
15% lower the design energy absorption. MDC?2 also experienced approximately the same
compressive force in the FEA as expected in the design (19 kips). Lastly, the MDC3 model
showed the MDC remains elastic up to the design elastic load of 120 kips. MDC3 had an
ultimate strength of 151 kips in the model. The calculations assumed that the shear capacity
of the MDC3 tube was dependent on the center cross section of the HSS. The failure of
the HSS in MCD3 may move from outside the center to the center, which would cause a

lower maximum force.
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MDC Mesh1 | Mesh2 | Mesh3 | Mesh4 | Mesh 5 | Mesh 6
Component
MDC1 HSS 1.89in | 0.94in | 0.63in | 0.47in | 0.31in | 0.24 in
Frame Plate | 0.70in | 0.53in | 0.421in | 0.35in | 0.261in | 0.21 in
Panel Plate 1.16in | 0.70in | 0.50in | 0.39in | 0.27in | 0.20 in

MDC Mesh 1 | Mesh2 | Mesh 3 | Mesh4 | Mesh 5
Component
MDC2 HSS 1.35in | 0.791in | 0.41in | 0.291in | 0.25in
Frame Plate | 1.04in | 0.721in | 0.381in | 0.28 in | 0.24 in
Panel Plate | 1.04in | 0.721in | 0.38in | 0.28 in | 0.24 in

MDC Mesh 1 | Mesh 2 | Mesh 3 | Mesh4 | Mesh 5
Component
MDC3 HSS 1.57in | 0.67in | 041in | 0.30in | 0.24 in
Frame Plate | 1.58in | 0.70in | 0.421in | 0.32in | 0.24 in
Panel Plate | 1.91in | 0.84in | 0.51in | 0.38in | 0.30 in

Table 8-1: Convergence study mesh sizes for each MDC component. Final mesh size for
each MDC model is bold.

Maximum Tensile Force (kips) | Maximum HSS Translation (in)
Design FEA FEA Design FEA FEA
Model I | Model 2 Model 1 Model 2
45.9 47.5 50.9 1.6 1.44 1.55
MDCl1
Maximum Panel Plate Maximum Frame Plate
Translation (in) Translation (in)
Design FEA FEA | Design FEA FEA
Model 1 | Model 2 Model 1 Model 2
0.75 0.86 1.17 0.75 0.80 0.38
Energy Dissipation (kip- | Maximum Compressive
in) Force (kips)
MDC2 Design FEA Design FEA
30.9 35.7 36.2 19.0
Elastic Strength (kips) | Ultimate Strength (kips)
MDC3 Design FEA Design FEA
135 120 N/A 151.4

Table 8-2: Comparison of the FEA results to the desired design values for each MDC
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Fig. 8-1: An example base model showing the coordinate system for all of the base and
MDC models

Fig. 8-2: Stress-strain curves input into the base FEA models for HSS16x0.375 and
HSS10.75x0.25. Based on tensile coupon data from Lavarnway (2013) experiments
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Fig. 8-3: HSS10.75x0.25 Base Model FEA Results a) Force-deformation response
including comparison between FEA and Lavarnway (2013) experiment b) Deformed
shapes of HSS10.75x0.25 ¢) Von-Mises stress of the HSS10x0.25 at ouss=6". Stress in
units of ksi. d) Plastic strain of the HSS10x0.25 at dnss=6"
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Fig. 8-4: HSS16x0.375 Base Model FEA Results a) Force-deformation response including
comparison between FEA and Lavarnway (2013) experiment b) Deformed shapes of
HSS16x0.375 ¢) Von-Mises stress of the HSS16x0.375 at duss=6". Stress in units of ksi.
d) Plastic strain of the HSS16x0.375 at dnss=6"
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Fig. 8-5: Stress-Strain data defining MDC material models for A36 plate and A500 Grade
C HSS used in the FEA
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Fig. 8-6: MDC1 Convergence study at design basis of 3.1in translation and 0.025 rads
rotation a) Deformation (x-direction) and rotation (about z- axis) applied in the FEA, b)
Approximate point locations on MDCI1 cross section analyzed for convergence study, c)
Model 1 and Model 2 boundary conditions, d) Force-Deformation results, e) Convergence
results of P1 on HSS, f) Convergence results of P2 on HSS,, g) Convergence results of P3
on frame plate, h) Convergence results of P4 on panel plate
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Fig. 8-7: FEA Results of MDCI1 a) Force-deformation curves of the FEA and MDCl1
experiment, b) Force-deformation curves of the MDC components from the FEA and
MDCI experiment, ¢) Deformed shapes throughout the FEA
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Fig. 8-8: FEA MDCI1 Stress and Strain Contours a) Model 1 Von-Mises stress (ksi)
contours at the design deformation and rotation b) Model 2 Von-Mises stress (ksi) contours
at the design deformation and rotation ¢) Model 1 Equivalent plastic strain contours at the
design deformation and rotation d) Model 2 Equivalent plastic strain contours at the design
deformation and rotation
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Fig. 8-9: MDC2 Convergence Study a) Deformation (x-direction) and rotation (about y-
axis) applied in the FEA b) Vertical gravity load (z-direction) applied in the FEA c)
Applied boundary conditions d) Approximate point locations on MDC2 cross section
analyzed for convergence study e) Force-Deformation results f) Convergence results of P1
on HSS g) Convergence results of P2 on HSS
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Fig. 8-10: FEA Results of MDC2 a) Force-deformation curves of the FEA and MDC2
experiment b) Deformed shapes throughout the FEA ¢) Von-Mises stress (ksi) contours at
the design deformation and rotation d) Equivalent plastic strain contours at the design
deformation and rotation

i di S
-——
-

[

[
!
!
|
|
i

(i

I
/’:-"
’f
[ ] IUUUU""...........".
=] P
=

/
|
|

UUUUTU
[

=) : +
EAPCTITIN

= = = ANSYS Model

* o o o » Nuts Contact HSS

b)

8-37



d)

8-38



Fig. 8-11: MDC3 Convergence Study a) Deformation (z-direction) applied in the FEA b)
Approximate point locations on MDC3 cross section analyzed for convergence study c)

Applied boundary conditions d)Force-Deformation results €) Convergence results of P1 on
HSS f) Convergence results of P2 on HSS
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Fig. 8-12: FEA Results of MDC3 a) Force-deformation curves of the FEA and MDC3
experiment b) Deformed shapes throughout the FEA ¢) Von-Mises stress (ksi) contours at
the design deformation d) Von-Mises elastic strain contours at the design deformation e)
Equivalent plastic strain contours at the design deformation
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9. MHFS Component and Building System Confirmation Analyses

9.1. Introduction

The proposed multi-hazard facade system (MHFS) design methodology relies on
component and system behaviors ranging from elastic resistance of static loads, to large-
deformation plastic response under dynamic or impulsive demands. While most design-
critical prototype connector theoretical behaviors have been verified experimentally in this
and past research (Baird, 2014; Rendos, 2018), the development of reliable finite element
analysis (FEA) models allows for the expansion of the parameters of tested components,
as well as the incorporation of component behaviors into larger system models which
would otherwise be impractical to study via experimental testing. To this end, FEA models
of (1) detailed models of the multi-hazard ductile connectors (MDCs) and U-shaped
flexural plates (UFPs) were developed to confirm component-level behaviors, which were
then incorporated into (2) single facade panel with connectors MHFS models, and finally
(3) idealized building models including interaction between the lateral force resisting
system (LFRS) and MHFS subjected to hazardous loading events. The development and

analysis of component-, system-, and building-level models are detailed in this section.

9.2.Multi-hazard Facade System (MHFS) Connectors

FEA models were developed to confirm the mechanics and experimental testing results of
both MDCs and UFPs considering all design-critical degrees-of-freedom for their
respective applications within the proposed MHFS design methodology. All analyses were

performed using ANSYS Mechanical ADPL Version 17.2 (ANSYS Inc., 2016). Each
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model consisted of the connector’s primary deformable body—the HSS tube for MDCs
and U-shaped plate for UFPs—constrained to rigid, parallel planar boundary surfaces at
the location of connections in the proposed design. A multi-linear material stress-strain
model with kinematic and isotropic hardening and a von Mises yield criterion was assigned
to all HSS and UFP elements; details of the stress-strain data for each connector type are
included in their respective subsections. All deformable bodies used the SHELL181
element type in ANSY'S, which is a four-node element with six degrees-of-freedom per
node. All default options were specified with the exception of including full integration
with incompatible modes, and nine integration points per element.

Each element spans the entire thickness of the cross section. For both MDCs and UFPs,
each quarter arc of circular section is divided into 38 segments, and 32 divisions are used
along the length of each element. SHELLI181 elements are suitable for moderately-thick
shell structures undergoing large nonlinear strains and rotations, and the proposed mesh
resolution has been verified through a convergence study (Section 8). The parallel “plate”
boundaries (as well as the flat “free” lengths of the UFP cross section) are meshed with
(effectively) the same resolution. Potential contact between the deformable body and
boundary plate(s) is included by adding “contact” and “target” surface elements to this
mesh. These elements ensure that the target (boundary plates) and contact (centerline
thickness of deformable body) surfaces cannot move freely through one another. Each
boundary plate is constrained to remain planar using the CERIG command with a single,
centrally-located master node for each plate. Analyses are performed by assigning zero
deformation in all degrees-of-freedom at one boundary plate’s master node, and

incrementing deformations in the desired degree-of-freedom at the other master node. The



remaining degrees-of-freedom at the displacing master node are either prescribed as zero—
referred to as the “fixed” models—or left unconstrained (“free” models). In MHFS
applications, the effective connector boundary conditions are somewhere between these
idealized “fixed” and “free” conditions, therefore both cases are examined for the

applicable degrees-of-freedom to consider the extremes.

9.2.1. Multi-hazard Ductile Connectors (MDCs)

All MDC models used HSS6 cross sections, and wall thicknesses of 1/8”, 1/4”, and 1/2”
were chosen to examine the full range of commercially-available HSS6 sections. Tube
lengths of three, six, nine, twelve, and sixteen inches were considered for each tube length
for a total of fifteen MDC models. The six-inch diameter of these sections refers to the
outer diameter, which is reflected in the model geometry. Only HSS6 sections were
considered because they have been the most effective sections for the prototype MHFS
applications considered thus far. All MDC models have connection regions at the HSS-to-
boundary plate intersections, which constrain a 1/2" wide strip along the entire HSS tube
length to the adjacent (rigid) boundary plate nodes. This dimension was chosen to
approximate the proposed MDC design detailing and experimental testing specimens
which feature a bar welded to the HSS tube’s outer surface and slot in the boundary plate.
The radial crushing and pulling, longitudinal shearing, and rolling degrees-of-freedom
were examined to the maximum expected deformations, or at least until the expected onset
of material failure due to large plastic strains. The length of the HSS tube only has a
significant effect on longitudinal shearing behavior; the behavior considering other
degrees-of-freedom of interest (crushing, pulling, rolling) is—aside from minor anticlastic

curvature and boundary effects—a linear function of tube length. “Fixed” and “free”
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boundary condition cases are only relevant for the rolling behavior where the tubes tend to
deform radially (inward; crushing) at large deformations. Stress-strain points defining the
HSS material model (ASTM A500 Gr. B steel assumed) are shown in Fig. 9-1. The first
point on this curve is defined by the expected material yield strength (Ryfy = (1.4)(46 ksi)
= 64.4 ksi) and steel elastic modulus of 29,000 ksi, while the remaining points were taken

from experimental testing data (Fadden, 2013).

9.2.1.1. Radial Crushing

Simulations of radial crushing of HSS tubes were performed up to a deformation of four
inches, which was chosen as the maximum crushing deformation for air-blast design. One-
foot long HSS6 sections were used for all simulations as the behavior in this deformation
mode is (essentially) a linear function of tube length; wall thicknesses of 0.125”, 0.25”,
and 0.5” were used. Force-deformation plots from these simulations are provided in Fig.
9-2, along with the proposed theoretical force-deformation behavior and bilinear
idealization used in design. These plots show reasonable agreement between FEA and
theoretical results over the elastic region and transitioning into the plastic region, with some
apparent over-strength in the FEA models relative to the theoretical curves. The theoretical
curves tend to underestimate strength at smaller deformations and overestimate strength at
the target deformation of four inches, however the idealized bilinear approximation appears
to capture the same area under the force-deformation curve (work-energy capacity) as the
FEA results, which is critical for air-blast design.

Comparisons between FEA and theoretical plastic mechanism strengths and elastic
stiffnesses are given in Table 9-1 and Table 9-2, respectively. Note that the theoretical

expressions always underestimate both quantities by greater than 20% at times, however
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this error can largely be accounted for by differences in the geometry used in the FEA
model and theoretical expressions. The theoretical expressions use the nominal outer
diameter (six inches), whereas in reality this diameter—which provides the moment arm
for the crushing force resulting in bending of the tube walls—should be calculated from
the tube wall cross section’s neutral axis (mid-thickness); this realistic geometry is included
in the FEA model, resulting in a smaller moment arm and, therefore, less bending demand
at tube wall hinges per unit crushing force. The dimensions of the connection region are
also included in the FEA model but neglected in the theoretical expressions, further
reducing the moment arm of the FEA model. This region should be neglected in design
calculations because, in reality, the flexibility of the welds likely reduces the effects of this
region on mechanism strength and elastic stiffness. Accounting for (all or some
combination of) these geometric differences in the theoretical expressions reduces the error
relative to FEA results to within 10%, which is typical of an FEA verification of mechanics.
Contour plots of the von Mises stress and equivalent plastic strain of the 1/4" thick tube
model are provided in Fig. 9-3 and Fig. 9-4, respectively. The maximum stress and strain
at this crushing deformation is at the “side wall” hinges (midway between the boundary
plates) at mid-length of the tube. The tube length and boundary effects at either tube end
are visible in both plots.

Plastic strains can be used as a predictor for material failure, with 23% plastic strain
as the specified minimum for A500 Grade B steel. The maximum equivalent plastic strain
in the HSS tube was extracted from the analyses at each load step in an attempt to predict
the onset of failure in this deformation mode. Maximum equivalent plastic strain is plotted

as a function of crushing deformation in Fig. 9-5. These strain values exclude elements



which are at the “welded” connection boundaries as these zones tend to have the highest
stress and strain at lower crushing deformations until contact between the HSS tube and
boundary plates develops, however this is not likely realistic given the flexibility of the
actual weld. Plastic strains develop more rapidly with larger tube wall thickness, and all
tubes are expected to hit 23% plastic strain prior to reaching the four-inch target crushing
deformation. The expected points of failure are also identified in Fig. 9-2. Note that the
1/2" tube thickness model could not run to the full four-inch target crushing deformation,
even with reduced load steps and increased mesh resolution; this tube may require a
different element type more suited to thick shells, however the simulations were able to
run at least up to the predicted onset of failure.

Premature material failure may prevent MDCs (and UFPs) from reaching the target
crushing deformation, which could necessitate changes to the design methodology. The
pseudo-static air-blast experimental test successfully applied 2.78” of crushing
deformation—the approximate onset point of material failure—plus rotation and load
reversal all while supporting a tributary reinforced concrete panel gravity load (via
longitudinal shearing of the HSS tube), so the predicted points of failure shown here are
perhaps conservative, however this issue may require additional study to confirm the HSS
tube’s ultimate radial deformation capacity. A small (but perhaps significant in this
context) point to note is that the wall thicknesses used in these simulations are the nominal
dimensions of real HSS6 sections, however the actual thicknesses are less than the nominal
values, resulting in a reduction of the expected maximum plastic strains at any deformation
as shown in Fig. 9-4. The failure strain of 23% is also a specified minimum, however the

actual expected failure strain is not known.
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9.2.1.2.Radial Pulling

Radial pulling simulations were performed using the same set of one-foot long HSS6
sections (wall thicknesses of 1/8”, 1/4”, and 1/2") to a maximum deformation of three
inches. While the preferred MHFS connector layout (Configuration 3; Appendix B) does
not include large radial pulling deformations of the MDCs as a performance objective for
any hazard, there is interest in verifying the proposed mechanics and nonlinear behavior of
this deformation mode for other potential applications and to assess the reserve capacity of
these members for outward OP panel demands. Force-deformation response plots are
provided in Fig. 9-6, along with the theoretical and idealized bilinear behaviors.
Agreement between FEA and theoretical response is similar to the radial crushing
deformation mode, with greater strength and stiffness in the FEA model. Plastic
mechanism strength and elastic stiffness values are provided in Table 9-1 and Table 9-2;
note that these quantities are theoretically the same considering radial crushing or pulling
based on the established mechanics, and very small differences (less than 2%) were
observed between crushing and pulling FEA results. The same geometric considerations
discussed in the previous section apply here to account for a significant portion of the
observed error. The shape of the theoretical force-deformation curves matches the FEA
results particularly well up to a deformation of about 1.75”, indicating that the proposed
mechanics capture the observed response, albeit with the aforementioned over-strength in
the FEA models.

Von Mises stress and equivalent plastic strain contour plots for the 1/4" thick tube wall
model are shown in Fig. 9-7 and Fig. 9-8, respectively, at three inches of pulling

deformation. At this point, the tube is effectively two flat plates in tension and—based on



the maximum equivalent plastic strain—would almost certainly have failed prior to this
point. The location of maximum plastic strain is highly concentrated at the welded
boundary region throughout these simulations, and failure at this location was observed
during experimental testing. The maximum plastic strains for each wall thickness as a
function of pulling deformation are provided in Fig. 9-9. As with the crushing case, these
values neglected elements with constrained nodes (where the highest plastic strains were
observed) to acknowledge the flexibility of the weld. Plastic strains accumulate more
rapidly as a function of deformation during radial pulling than crushing. The predicted
onset of material failure for each tube wall thickness is identified in both Fig. 9-9 and Fig.
9-6, with thicker walls failing sooner due to their increased rate of plastic strain

accumulation.

9.2.1.3.Longitudinal Shearing

Analyses of longitudinally sheared HSS6 tubes were performed for all fifteen combinations
of prototype dimensions: tube wall thicknesses of 1/8”, 1/4", and 1/2", and tube lengths of
three, six, nine, twelve, and sixteen inches. Examining different tube lengths is crucial for
this degree-of-freedom as the proposed theoretical (and observed FEA); force-deformation
response is not linearly related to tube length. The force-deformation response of each tube
is given in Fig. 9-10. Longitudinal shearing response lacks a clear plastic mechanism
formation point, with the onset of plastic stress and strains occurring at very small (less
than 0.1”") deformations in most cases and a gradual transition to a linear post-yield force-
deformation relationship. Strength and stiffness are observed to increase with increased
tube length and wall thickness, while increased thickness for a given tube length also tends

to increase the acuteness of the transition between pre- and post-yield responses. The
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plastic mechanism strength can be estimated using the intersection of trace lines included
in the plots in Fig. 9-10, which are tangent to the initial elastic stiffness and post-yield
regions. Plastic mechanism strengths obtained via this method are compared with the
design longitudinal shearing capacity in Table 9-3. The large discrepancy between these
values is partly because the design equation seeks to estimate the onset of significant
nonlinear force-deformation response, which always preempts the tangent intersection
taken as the plastic mechanism strength, garnered from FEA. The design equation is,
therefore, predictably conservative, however it provides a good estimation for the point
where the force-deformation response begins to deviate from the initial elastic tangent in
any appreciable way.

Elastic stiffness values for this set of prototype HSS6 tubes are provided in Table
9-4 and plotted in Fig. 9-11. The top and bottom plots shown here are the same data set
with different x-axes; the top plot is a function of tube length with curves for different
thickness values, while the bottom plot is a function of thickness with different curves for
tube lengths. These results indicate that this deformation mode is by far the stiffest of those
examined in this study. The stiffness plots also include second-order polynomial
regression equations with force zero-intercepts for each set of points, each of which has an
R? value of at least 0.99 indicating an excellent fit. While no theoretical expression was
developed for the longitudinal shearing elastic stiffness, these expressions can be used to
estimate the stiffness based on the critical parameters. A similar regression equation was
generated for this data set considering both tube length and wall thickness to be
independent variables, however the fit was not nearly as good (R? ~ 0.9) and negative

stiffness values were calculated by the fit equation within the domain of positive length
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and thickness values. This, coupled with the extremely good fits obtained considering one
independent variable at a time, indicates the true stiffness includes one or more terms which
are a function of, perhaps, a non-integer exponential (e.g. square root, or raised to the power
of 3/2) of length and/or thickness, or a non-multiplicative operation (e.g. trigonometric
ratio, logarithm, etc.) involving these (or other) variables.

The complexity of the longitudinal shearing behavior is apparent in the von Mises
stress contour plots provided in Fig. 9-12. The HSS6 tube in this figure has a wall thickness
of 1/4" and a one-foot length at one-inch of shearing deformation with all other degrees-
of-freedom fixed. At this large (for this degree-of-freedom) deformation, the initially
circular cross section forms mirrored teardrop-like shapes at either end with some tube-to-
boundary plate contact at the wide side of each teardrop. At smaller deformations, the
locations of maximum stress occur near both ends of the tube along the quarter points of
the cross section as predicted in Section 4.2.2. These maximum stress locations never
extend to the point where they span the full length of the tube. Shearing deformations are
apparently accommodated through radial warping of the cross section, which varies along
the tube length, and uniform (with respect to tube length) rotation of the cross section about
the y-axis as shown in Fig. 9-12. Contour plots of equivalent plastic strains at this state of
stress are shown in Fig. 9-13. The strain contours are comparatively simple, with the
maximums occurring at the “weld” locations at the tube ends. This location of maximum
strain is consistent with the failure observed during experimental testing of this
deformation mode, where the tube was torn at these locations. Maximum plastic strains as
a function of shearing deformation are provided in Fig. 9-14 for both the “free” and “fixed”

other degree-of-freedom conditions. Here, the expected failure is at a much smaller
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deformation than for other modes, therefore longitudinal shearing should not be relied upon
for any large ductile deformations. The expected failure points are also identified in the

force-deformation plots in Fig. 9-10, where applicable.

9.2.14. Rolling

Analyses of one-foot long HSS6 tubes with wall thicknesses of 1/8”, 1/4", and 1/2”
undergoing so-called “rolling” deformations were performed to verify the proposed elastic
and large-deformation plastic mechanics. As with the radial crushing and pulling degrees-
of-freedom, rolling response is (essentially) a linear function of tube length. Rolling force-
deformation plots are provided in Fig. 9-15 along with the proposed theoretical
relationships. Both the “fixed” and “free” non-rolling degree-of-freedom conditions as
discussed in the introduction to this section. As expected, the increased constraints of the
fixed case results in larger forces than the free case at a given deformation, however these
differences do not become significant until about two inches of rolling deformation. The
theoretical mechanism strength and stiffness appear to match very well with the observed
results, with comparisons provided in Table 9-5 (mechanism strength) and Table 9-6
(elastic stiffness). The geometric issues which contributed to errors considering radial
deformations are significantly reduced for the rolling degree-of-freedom because the
applied force—and, therefore, moment arm in question—are perpendicular to those for
radial deformations, rendering the reduction of moment arm due to the width of the
constrained “welded” region negligible. The effects of tube wall thickness are still present,
which may account in part for the remaining errors in stiffness and mechanism strength.

The theoretical force-deformation relationship appears to approximate the fixed FEA



results between about two and four inches of rolling deformation, however the thicker tubes
are expected to fail prior to reaching this deformation regardless of boundary conditions.
Von Mises stress and equivalent plastic strain contour plots are provided in Fig. 9-16
and Fig. 9-17, respectively, for the 1/4" thick, one-foot long HSS6 tube at a rolling
deformation of five inches (fixed other degrees-of-freedom condition). Maximum stress
and strain are concentrated at the welds, which is consistent with the failure location
observed during experimental testing. Maximum plastic strains are plotted as a function
of rolling deformation in Fig. 9-18 for both fixed and free cases. As previously mentioned,
the rolling degree-of-freedom is the one most significantly affected by the fixed vs. free
non-rolling degree-of-freedom distinction. Similar to the force-deformation response, the
fixed case sees a more rapid accumulation of plastic strains with increasing rolling
deformations than the free case. The expected onset of failure is also identified in Fig. 9-
15 for both fixed and free cases. The failure observed during experimental testing is

consistent with the onset of failure predicted here.

9.2.2. U-shaped Flexural Plates (UFPs)

A single prototype UFP design was used for all FEA analyses. This design has a six-inch
(outer) diameter, 1/4" thickness, six-inch width, and four-inch “free” straight plate length
between the curved and connected regions of the cross section. These dimensions were
chosen to match the prototype UFP designs (diameter, free length and thickness; all
behaviors of interest are a linear function of section width). Rolling and radial crushing
and pulling were the degrees-of-freedom of interest for this connector. Only the “fixed”
other degree-of-freedom condition was examined for the rolling case because the MDC-B

(located along the same fagade panel edge as the UFPs) provides significant strength and
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stiffness relative to UFPs in the radial crushing direction, preventing any large out-of-plane
panel deformations during in-plane building drifts (which result in UFP rolling
deformations). Connection of the UFP to the boundary plates was achieved by constraining
all nodes beyond the “free” section length to the adjacent boundary plate nodes. Stress-
strain points for the UFP material model (A36 steel) are provided in Fig. 9-19; this data

was obtained from tension coupon tests performed as part of this research (Rendos, 2018).

9.2.2.1. Rolling

The most critical function of UFPs is to provide force-limited, large-deformation rolling
behavior to accommodate in-plane seismic drifts along one facade panel edge. This
behavior has been examined in previous research (Baird, 2014); however, the UFPs used
in this research differ somewhat from past applications in that they lack any “housing” for
the UFP and feature an extended “free” length section between the circular and connected
portions of the member cross section. The force-deformation relationship for the prototype
UFP model is shown in Fig. 9-20 along with the theoretical relationship based on the elastic
stiffness and maximum rolling force equations. The theoretical elastic stiffness—given by
Baird (2014)—is low relative to the FEA model; however, this quantity is not critical for
design. Conversely, the theoretical maximum force is conservative relative to the FEA
response, which is desirable because this force is used solely for capacity design of the
MDCs (there are no minimum force design requirements for rolling UFPs). The FEA
force-deformation curve is relatively flat over a large deformation range, which indicates
that this type of UFP functions similar to past applications by providing large deformation

capacity with limited force.



Contour plots of von Mises stress and equivalent plastic strain for the prototype
UFP at six inches of rolling deformation are shown in Fig. 9-21 and Fig. 9-22, respectively.
The phenomena discussed in the context of UFP rolling mechanics (Section 4.3.1) can be
seen in these plots, with the free length on one side rolling into the circular section
corresponding with the location of maximum stress and strain, while an initially circular
portion of the section is “unrolled” to join the straight, free length section at the other plate
boundary. Maximum plastic strains are plotted as a function of rolling deformation in Fig.
9-23, which indicates a nearly constant maximum plastic strain after the formation of the
rolling plastic mechanism consistent with Equation (4-16) . There is a slight increase
apparent near six inches of rolling deformation likely because this exceeds the initial free
length of four inches, which halts the “traveling” plastic hinge behavior that prevents
accumulation of plastic strains greater than those given by Equation (4-16). However, even
at a rolling deformation, which is 50% greater than the initial free length, the maximum
plastic strain is well below the expected failure strain of 23%, indicating that the prototype
UFPs are expected to function reliably at story drifts which exceed the expected design
maximum. This may justify reducing the free length used in design, which would reduce
the total required UFP width per panel edge by strengthening the radial pulling mechanism

which always controls this parameter.

9.2.2.2. Radial Crushing

UFPs are expected to undergo radial crushing deformations in parallel to the MDCs during
extreme OP panel loading to mitigate damage to the fagade panel itself. Ideally, the radial
crushing force-deformation relationship of UFPs would precisely match that of MDCs,

albeit with half the strength due to the semicircular portion of the UFP section as opposed
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to the full-circle HSS used in MDCs. This is almost certainly not the case in reality,
however, due to three primary reasons: (1) the preferred materials for UFPs (A36 steel)
and HSS (A500 Grade B steel) are different, (2) the UFPs have a different boundary
condition at the circular curve-to-boundary plate interface, and (3) thickness of the
members will always be different based on the true (non-nominal) HSS thickness and
standard available plate sizes for UFPs (e.g. in 1/8” increments).

An analysis of the prototype UFP model crushed radially to four inches was
performed to examine the force-deformation response and identify any differences in
behavior, which might have implications for the proposed MHFS design methodology.
The force-deformation relationship obtained from this analysis is shown in Fig. 9-24, along
with the idealized bilinear force-deformation relationship used in design. In contrast to the
MDC crushing analyses, the theoretical elastic stiffness for UFPs is greater than the
observed FEA stiffness, likely due to the design equation’s neglect of the effects of the free
length; this free length reduces some of the constraints, which are intrinsic to the design
strength and stiffness equations. While the FEA model still shows greater plastic
mechanism strength than predicted—Iikely due to the use of the outer diameter in design
(neglects wall thickness)—the difference is less than that observed in the crushed MDC
analyses. After formation of the plastic mechanism, the UFP force-deformation curve
seems to increase in strength at a more constant rate than the MDCs, however this may
simply be an artifact of these particular models rather than a genuine behavioral difference.
In general, the idealized curve matches the UFP crushing force-deformation behavior
well—perhaps better than the MDCs—and any differences between the UFP and MDC

crushing responses are likely insignificant relative to the uncertainties of (and design



idealizations made for) the OP hazard fagade loadings which might prompt radial crushing
of the connectors.

Von Mises stress and equivalent plastic strain contour plots are shown in Fig. 9-25
and Fig. 9-26, respectively, for the UFP crushing analysis. These contours illustrate some
of the similarities and differences in UFP and MDC (Fig. 9-3 and Fig. 9-4) crushing
behaviors. In both cases, the maximum plastic strain is located at the “side” hinge at mid-
length/width of the circular arc(s), however the UFP hinge is longer (along the arc length)
resulting in less strain concentration and, therefore, smaller maximum plastic strain at the
target crushing deformation of four inches. This is perhaps due, at least in part, to the
differences in material models; the UFP material model (Fig. 9-19) features a more gradual
transition up to its ultimate stress, whereas the MDC model (Fig. 9-1) hardens much more
abruptly after yield. This rapid hardening of the material may promote increased
concentration of strain because internal work is initially minimized by straining a local
group of material fibers to reach this hardened strength, thereby generating the necessary
internal forces (and resulting bending moments) to achieve equilibrium; after this point,
additional crushing deformations can continue straining this local group of fibers to achieve
the necessary hinge rotation for deformation compatibility without incurring a significant
increase in stress (again, minimizing internal work). By contrast, the UFP material model
promotes the spread of plastic strains to fibers surrounding the initial hinge as continued
local strain accumulation results in a more significant increase in stress than in the HSS
tube hinges.

In addition to these material model differences, the free length in UFPs clearly

shows a distribution of plasticity in Fig. 9-25 and Fig. 9-26, which is not available to the



MDC:s, further reducing the concentration of plastic strains. Maximum plastic strains as a
function of crushing deformation are plotted in Fig. 9-23, with the onset of failure expected
at about 3.5” of deformation, compared to about 2.75” for the 1/4" thick HSS MDC
crushing analysis. While failure of UFPs prior to achieving the target crushing deformation
of four inches is detrimental to MHFS performance during extreme OP loading (e.g. air-
blast events), it is less consequential than failure of the MDCs because the UFPs do not
support the weight of the panel and can hopefully be replaced before any design-level

outward OP loading occurs which might pull the panel off of the building.

9.2.2.3. Radial Pulling

UFPs are relied upon to accommodate contact between adjacent corner panels during
seismic building drifts via radial pulling. Analysis of this deformation mode was
performed using the prototype UFP model to confirm the mechanics developed for design.
The force-deformation results from this analysis are shown in Fig. 9-27, along with the
idealized theoretical force-deformation model. An expression for theoretical elastic
stiffness was not developed in this research, therefore the starting point of the idealized
force-deformation curve was chosen as the FEA model deformation where its strength
reached the theoretical plastic mechanism strength, which is a good match for the FEA
model mechanism strength although the model is slightly stronger than predicted
(consistent with all models developed in this research). This slight under-prediction of the
plastic mechanism strength is conservative for design. After yield, the idealized force-
deformation curve is a good match for the FEA results up to the maximum deformation of
six inches, indicating that this model is appropriate for determining capacity design forces

for the MDCs considering the seismic corner panel contact scenario.



Von Mises stress and equivalent plastic strain contour plots are provided in Fig. 9-28
and Fig. 9-29, respectively. These plots indicate that the maximum stress and strain occurs
at the boundary between the constrained (connected) and free regions of the straight UFP
sections. As such, this maximum strain is largely a function of the free length. The
maximum strain as a function of UFP pulling deformation is shown in Fig. 9-23, which
indicates that failure is not likely to occur during UFP pulling with these cross sectional

dimensions.

9.3.MHFS Air-Blast Impulse Dynamic Analysis

A simplified model of a single fagade panel and connectors was developed in OpenSees
(McKenna & Fenves, 2004) to confirm the assumptions made in the proposed MHFS
design methodology for uniformly-distributed out-of-plane (OP) impulsive loading, such
as an air-blast event. This model—illustrated in Fig. 9-30—discretizes the facade panel
into one-foot segments along its height with nonlinear fiber section beam-column elements
(three integration points each) spanning between the mass-containing nodes. The model
assumes a 13-feet high by 30-feet wide six-inch thick normal weight (145 pcf) reinforced
concrete panel with a total weight of 28.275 kips which is distributed equally to the 14
nodes along the panel’s height (28.275 kips / 386.4 in/s*> / 14 nodes = 0.00523 kip-
s?/in/node). The nonlinear fiber cross section assigned to each panel element is six-inches
deep (panel thickness) and 15-feet wide (half of the panel’s width) with fibers which are
one-inch (deep) by one-foot (wide). Only half of the panel’s width is assigned to the
section to capture the cracked section moment of inertia, which is assumed half of the gross
section’s moment of inertia. The panel material model is essentially elasto-plastic, with

slight rounding near the yield point and very small post-yield stiffness (for convergence
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purposes). The stiffness and yield strength are assigned to achieve the design plastic
moment capacity at the calculated yield deformation when the section is fully plastic.

At the top and bottom panel nodes, a zero-length spring element with an idealized
force-deformation behavior based on the MDC mechanics connects the panel to a rigid
boundary. The top and bottom connector springs are identical, despite some differences in
the post-yield crushing force-deformation behavior along these edges (UFPs vs. MDCs),
and their force-deformation model is symmetric in the positive (tension) and negative
(compression) directions based on idealized MDC crushing mechanics. The trilinear force-
deformation behavior is defined by the elastic stiffness and plastic mechanism strength.
The linear-elastic region ends at a deformation equal to the mechanism strength divided by
the elastic stiffness. The force then varies linearly from the yield point to a value of twice
the mechanism strength at a deformation of four inches (2/3rds of the nominal HSS6
diameter). After four inches, the elastic stiffness is assigned with a large yield force to
approximate the steep hardening observed at large crushing deformations. These
simplifications are consistent with those made in design and are thus preserved in this
model to confirm the nonlinear dynamic behavior of the system.

The prototype panel used in this model is taken from the first-story (interior)
reinforced concrete MHFS design given in Table 9-7. The OP connector (and panel)
strengths for this panel were controlled by the chosen performance objective of fully
crushed connectors and maximum panel end rotation when subjected to design blast
scenario (DBS) 1, which is a 500 IbsTNT charge at a standoff distance of 30 ft centered
along the panel’s width. Inherent in this design is the satisfaction all other DBS scenario

performance objectives, namely crushed connectors and elastic panel response when



subjected to DBS2 (300 IbsTNT at 100 ft), and elastic connector and panel response for
DBS3 (100 IbsTNT at 200 ft). The design impulse values for a first-story panel subjected
to these events are 19.1 kip-s, 3.87 kip-s, and 0.914 kip-s for DBS1, 2, and 3, respectively,
as described in Section 3.2. These impulsive loads were applied to the model using
identical point loads applied at each mass-containing panel node as shown in Fig. 9-30.
These loads have a triangular force time-history with very short duration (0.1
milliseconds), and the summation of the integral of all applied loads over time equals the
desired impulse value for the DBS of interest. A load duration of 0.1 milliseconds was
found to be sufficiently brief relative the panel’s modal periods to render the loading
essentially impulsive. The panel’s first three modal periods and shapes are shown in Fig.
9-31; note that only odd-numbered (symmetric) modes participate in the response of this
idealized model due to the symmetry of the model and loading. These mode shapes are
consistent with those of a simply-supported beam with uniformly distributed mass, albeit
with the inclusion of elastic springs in-series at each end (non-zero modal displacements
at the ends). Simulations were performed with a time step of 0.01 milliseconds (i.e. loading
takes place over 10 steps) with a duration of 0.2 seconds.

Time history responses of critical model deformations when subjected to the three
DBS impulses are shown in Fig. 9-32. These plots show the deformation of connectors,
the midpoint of the panel, and the difference between the two, which is the OP deformation
of the panel itself from end(s) to midpoint. Positive deformation on these plots corresponds
to inward (in the direction of loading) deformation, which in-turn corresponds to radial
crushing of the connectors. When subjected to DBS1, the initial velocity (at the conclusion

of the applied loading) is about 260 in/s, which is equal to the applied impulse divided by
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the total panel mass, indicating that the panel is effectively displacing as a rigid body with
negligible difference between OP displacements at the ends and midpoint. This
observation is consistent with the design assumption that any performance objective, which
includes crushed connectors, should use the full panel mass to determine the initial panel
kinetic energy. The connectors reach their target crushing deformation of four inches, at
which point the combination of connector hardening at this deformation and the capacity
designed strength of the panel forestalls additional connector crushing deformations in
exchange for increased rotation of the panel’s plastic hinge (at midpoint). The maximum
rotation of the panel hinge is about 8.8 degrees (6 inches of deformation between the panel
ends and midpoint), which is less than the target maximum of 12 degrees. Given the fact
that this model was designed to essentially replicate the MHFS design assumptions as
closely as possible, this discrepancy in maximum rotation is not insignificant. One
potential reason for the difference is the neglect of higher modes in design, which should
be expected to participate due to the nature of impulsive loading as a “white” function (i.e.
composed of all frequencies and, therefore, excites all modes).

The model’s response to DBS2 and DBS3 impulse values are also shown in Fig. 9-
32. The initial panel velocity for DBS2 is 52.2 in/s, which is approximately equal to the
applied impulse divided by the entire panel mass as was the case for DBS1. The connectors
do yield in this case (yield deformation is about 0.16 inches); however they do not reach
the maximum crushing deformation. Nevertheless, the design assumption regarding the
effective panel mass for yielding connectors still holds true. When subjected to DBS3, the
connectors do not yield, resulting in an initial panel velocity of 12.4 in/s, which is again

equal to the impulse divided by the entire panel velocity, however this is not consistent
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with the assumption made in design. The belief was that since the connectors are stiff
relative to the panel’s effective OP stiffness (in a single degree-of-freedom idealization)
and yield at such a small deformation (again, relative to the panel), they could be treated
as effectively rigid boundaries, resulting in first mode dynamic response akin to that of a
simply supported beam with uniformly distributed mass. The shape of this mode is a half-
sine wave, and the effective mass of a single degree-of-freedom idealization is exactly one-
half of the total mass. Hence, the assumption made in design was that if the connectors are
to remain elastic, the initial panel kinetic energy should be calculated using half of the total
panel mass, rather than the full mass used for crushed connector designs. This discrepancy
simply makes the design aids for DBS3 conservative, since they effectively achieve the
desired performance objectives while relying on half of the mass, which actually
participates in the response. In these analyses, the performance objectives for both DBS2

and 3 are satisfied.

9.4.Building with MHFS Dynamic Analysis

9.4.1. Seismic Response

A set of prototype building frame and MHFS finite element models were constructed to
perform nonlinear dynamic seismic analyses of varying intensity to assess the performance
of MHFS components and to evaluate the effects of this system on peak building drift
response. A prototype 3-story special concentrically braced frame (SCBF) office building
in Los Angeles, CA was designed by Sabelli (2001) as an analog to the prototype special
moment frame buildings developed by the SAC steel project (FEMA, 2000). These two

versions (braced and moment frame) of the prototype building were chosen for this study
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because they are representative of post-Northridge design practices and have fairly well-
established dynamic properties and seismic performance (FEMA, 2000; Sabelli, 2001).
Both buildings consist of three thirteen-foot stories and a four-by-six layout of thirty-foot
bays with all lateral force-resisting systems (LFRSs) located along exterior column lines.
Details of the prototype MHFS design used for both buildings are given in Table 9-7.
Models of each type of LFRS, a leaning gravity column (to include P-A load effects), and
the MHFS were constructed in OpenSees (McKenna & Fenves, 2004).

An Illustration of the prototype SCBF versions of the prototype building is given
in Fig. 9-33. One half of the building is tributary to each exterior building face (with
MHEFS), therefore the model must consider at least half of all gravity framing and floor
mass and two braced frames (per the prototype building design with four braced frames in
each principal building direction) to adequately assess facade-building interaction. The
leaning gravity column consists of a lumped floor mass, which serves as the master node
for rigid diaphragm constraints applied to all other nodes at the same elevation, along with
a (vertical) P-A load corresponding to the total floor mass applied at this node. Cross
sectional area (A), moment of inertia (I), and plastic section modulus (Z) were calculated
as the summation of the average of strong- and weak-axis (for I and Z) properties for all
tributary gravity frame columns. The gravity column model is identical for either LFRS.
The braced frame model includes details, which capture limit-state behaviors, and is
suitable for analysis up to the point of collapse. This model has been used extensively in
past research (Slovenec, 2016), and its nonlinear seismic response compares favorably with
experimental testing results. Key features of the braced frame model illustrated in Fig. 9-

33 include:
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Nonlinear fiber section brace elements discretized into 13 segments, which include
initial out-of-straightness to simulate buckling response.

Low-cycle fatigue material failure model for brace section fibers based on
experimental testing of HSS braces. The model can simulate complete fracture of
brace sections and continue to the point of frame collapse with the aid of elastic,
low-stiffness “ghost truss” brace elements, which run parallel to each brace member
(aid in convergence).

Zero-length, nonlinear fiber gusset plate elements at each brace end to simulate
“folding” of gusset plates along “2t” (or elliptical) brace end clearance line.

Rigid elastic zones at all member intersections to account for beam/column member
section depths and large in-plane stiffness of brace gusset plates. Gusset plate/brace
joint offsets based on the real dimensions of gusset plates designed for this
prototype frame.

Nonlinear fiber section beam and column elements (three integration points over
each span).

Zero-length nonlinear fiber section elements at beam shear tab locations to include
moment resistance due to engagement of beam webs at these connections ostensibly
designed as moment releases.

The moment frame version of the prototype building model is illustrated in Fig. 9-

34. As with the braced frame version, this model is constrained to the (identical) gravity

column at each floor level. Note that the rightmost column in the moment frame uses a

smaller section than the others because this column is located at a building corner resulting

in less tributary floor area and, therefore, less axial demand. Rigid offsets are included at
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all beam-column joints with dimensions based on member cross sectional depths. Beam
and column plasticity is concentrated at zero-length nonlinear rotational spring elements at
the end of each clear span with plastic moment capacity and rotational stiffness determined
by the section and member dimensions. The “Steel02” material model in OpenSees is
assigned to these elements with the recommended hysteretic and isotropic hardening
parameters based on example code on the OpenSees website. Elastic beam-column
elements span between the concentrated plasticity springs to ensure all nonlinear behavior
is relegated to the members’ ends. Although this model is not as robust as the braced frame
version and likely not suitable for collapse-level analyses (e.g. degradation of strength and
stiffness at flexural hinges is neglected), the intent in this study is to examine the behavior
of the MHFS at design-level drifts and to compare the response with and without MHFS
interaction; the prototype moment frame model is believed to be adequate for these
purposes.

The prototype MHFS design (Table 9-7) model is illustrated in Fig. 9-35. When
included, this model is simply added in parallel to the LFRS and gravity column by
constraining each floor node to the corresponding lumped mass gravity column nodes.
Each panel has its own lumped mass and applied vertical load at a central node. The sum
of all panel masses in a given story are subtracted from the above floor mass node to
effectively maintain the same mass matrix for analyses with or without the MHFS. In
addition to the central mass-containing node, each panel has six additional nodes at the
points of connection to the adjacent floors; panels are supported vertically along the top
edge via MDC-Vs located at the corners, and laterally along this same edge by a single

MDC-L in the center. The bottom corners of the panel are connected to the adjacent floor
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nodes by “rolling” UFPs, and the center of the bottom panel edge has an out-of-plane
bearing-only connector (MDC-B) which is not included in this model, as it does not
participate in in-plane panel response. Each connector consists of a zero-length, single
degree-of-freedom spring element with a bilinear (Steel02) material model based on the
idealized force-deformation behavior of each prototype connector design. The panel
connector and mass nodes are tied together with (essentially rigid) elastic beam-column
elements to effectively enforce equal translation (vertically and laterally) of each individual
panel’s nodes while still allowing for differential displacements between adjacent in-plane
panels. These differential displacements must be allowed to capture the expected contact
between panels, starting with the edge panel contacting the adjacent out-of-plane panel and
potentially propagating in-plane if the differential displacement between any of these
panels exceeds the initial gap spacing (0.75). Corner panel contact is modeled using a
zero-length “gap” bilinear spring element at the building corner-adjacent bottom node of
all edge panels to apply the expected contact force to these panels based on the UFP pulling
force-deformation model and prototype designs. These springs include a “damage” option
where all plastic deformations are added to the initial gap to simulate the out-of-plane
panel’s UFP edge being pushed outwards as designed. In plane panel contact uses similar
gap spring elements between adjacent panel nodes without this damage option and with an
essentially rigid elastic force-deformation material model.

Dynamic properties of the braced and moment frame models with and without
MHES are given in Table 9-8 and Table 9-9, respectively. The modal periods and shapes
are consistent with the established dynamics of these prototype building models (FEMA,

2000; Sabelli, 2001; Slovenec, 2016). With the addition of the MHFS, all modal periods
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are reduced due to an increase in lateral stiffness from the panel connectors. This added
stiffness comes from the inclusion of UFPs along the bottom panel edges, without which
the static imposition of floor displacements (i.e. the procedure by which a stiffness matrix
is formed by hand) would not incite reaction forces from the MHFS as they would be
attached to only one floor (above). As discussed during design (and confirmed in
forthcoming analysis results), essentially all inter-story drift is accommodated in-plane by
rolling deformation of the UFPs, hence the increase in stiffness due to the MHFS can be
determined by considering the summation of UFP stiffness for all panels in a given story
added (in parallel) to the primary LFRS stiffness. Based on the change in first mode period,
the addition of the MHFS increases the stiffness of the prototype braced frame by a factor
of about 1.1, while the moment frame stiffness is increased by about 1.8. This difference
is expected as braced frames are generally always stiffer than moment frames and the same
MHEFS designs are used in both cases. Considering a design spectral acceleration curve
(ASCE, 2013), the shift in periods for the braced frame building is less significant as it
occupies the constant acceleration “plateau” of the curve with or without MHFS. For the
moment frame building, the shift in periods brings the building to a higher design spectral
acceleration value, which increases the seismic design forces for the LFRS. The design of
the prototype moment frame was not altered to reflect this shift; however, this effect should
not be neglected for any potential new building or retrofit applications of the MHFS.

The braced and moment frame prototype building models with and without MHFS
(four configurations total) were subjected to three suites of ten scaled ground motion
records each. The chosen ground motion suites come from the SAC steel project (FEMA,

2000) and represent frequent (FrE; 50% probability of exceedance in 50 years), design-
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basis (DBE; 10% in 50 years), and maximum-considered (MCE; 2% in 50 years)
earthquake hazard levels for Los Angeles, CA (location of the prototype building). All
ground motion records used in this study are the fault-normal components of far-field
recordings. Peak drift response in each story for the prototype braced frame building both
with and without MHFS are given in Fig. 9-36, Table 9-10 (no MHFS), and Table 9-11
(with MHFS). While the drift results for the building without MHFS are simply presented
as a “baseline” case for comparison, it should be noted that both the mean and median drift
response to the DBE ground motion suite are below the code-prescribed maximum of 2.5%
for new construction, indicating that this design performs adequately (at least with respect
to drift) considering the seismic hazard. As is typical of braced frame buildings, drift is
generally concentrated on one story—the first story, in this case—with peak drifts
generally well below 2.5% in the other (upper) stories during even MCE events.

The ratio of peak drifts with to without MHFS (i.e. values greater than 1.0 indicate
an increase in drift with the inclusion of MHFS) are given in Fig. 9-37 and Table 9-12 for
comparison purposes. Peak drifts are smaller for the upper stories for all FrE, DBE, and
MCE ground motions with the inclusion of the MHFS, with one exception (second story
LA11 DBE motion). In the first story, where peak drifts are generally greatest, inclusion
of the MHFS slightly increases the average peak drift for both the FrE and DBE suites with
essentially no change to the MCE average peak response. These increased average drifts
are still within acceptable limits, however there are a few notable outlier ground motions,
the largest of which (LA 13, DBE) is increased by a factor of 2.7. The median drift, which
is not affected by these outliers, is less for all stories and ground motion suites with the

inclusion of the MHFS. Reduction of peak drift is likely due to the added inter-story shear
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capacity and load path provided by the MHFS, where the UFPs undergoing plastic
deformations in response to story drift are additive with the primary LFRS. Increases in
story drift are possibly due to the shift in modal periods, which may place the building in
a higher intensity region of the spectrum for certain motions.

Peak drift results for the moment frame model are given in Fig. 9-38, Table 9-13
(without MHFS), and Table 9-14 (with MHFS). Peak drifts are generally more uniform
over the building height for this model compared with the braced frame version, likely due
at least in part to the lack of any strength degradation in the moment frame hinge elements.
Moment frame peak drifts are also generally greater than the braced frame, which is typical
due to the more flexible nature of moment frames. Even so, peak moment frame drifts are
acceptable considering the DBE hazard level, with a mean slightly greater and median
slightly less than the maximum of 2.5%. The drift ratio comparison for the moment frame
model with and without MHFS is given in Fig. 9-39 and Table 9-15. This comparison
indicates reduced peak drifts for the second and third stories for all ground motions. The
mean and median peak first story drifts were not increased with the addition of the MHFS;
however, the MCE first story peak drifts were increased for almost all ground motions. As
with the braced frame, some of this can likely be attributed to the shift in periods into a
higher intensity region of the spectral acceleration curve, particularly when considering the
peak response of a single ground motion, however in general the moment frame has less
variation in the change to peak drift response with the addition of the MHFS (peak increase
is by a factor of 2.08).

In addition to studying the effects of MHFS interaction on overall building

performance, confirming the response of individual MHFS connectors during seismic
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events was a primary goal of these analyses. The MDC-Vs are likely the most critical
connectors as they support the panel vertically. The maximum peak MDC-V force
recorded in edge and interior panels during each ground motion was collected and
compared to the design capacity. The ratio of these values (demand-to-capacity, or D/C)
are shown in Table 9-16 for the braced frame model, and Table 9-17 for the moment frame
model. Recall from the mechanics, design, and analysis of the longitudinally-sheared HSS
tubes that the estimated elastic force limit is fairly conservative, therefore a D/C value
greater than 1.0 likely does not constitute failure of the connector as significant hardening
beyond the design force is expected. Nevertheless, nearly all analyses for both LFRS types
had peak D/C ratios less than one, with only a few exceptions at the MCE level. It should
be noted that these analyses did not include vertical ground accelerations—and, by
extension, vertical panel inertia forces which are resisted by the MDC-Vs—however the
maximum vertical seismic inertia force used in design is only about 0.2 D/C for the
prototype MHFS designs and is not expected to coincide with the maximum lateral seismic
effects (i.e. the full 0.2 D/C is not additive with the tabulated values). This omission is due
to the lack of vertical ground acceleration records in the SAC ground motion suites;
however, these ground motions were still deemed the most appropriate records for these
analyses due to their extensive use in past studies and original development specifically for
assessing the performance of the chosen prototype building.

D/C ratios for MDC-Ls are given for braced and moment frame analyses in Table 9-18
and Table 9-19, respectively. These values are generally well below 1.0, largely because
the MDC-L HSS tube lengths for all stories are controlled by blast hazards, rather than the

seismic hazards examined here. Additionally, the panel inertia, UFP rolling, and corner
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panel contact forces were all assumed to be additive, which may not be the case (however,
they should still be considered as additive for design). The final MHFS connector response
of interest is the peak ratio of UFP deformation to story drift, results of which are given in
Table 9-20 for the braced frame subjected to the FrE suite, and Table 9-21 for the moment
frame subjected to the MCE suite. In both of these tables, all values are approximately
equal to 1.0, indicating that for any case—braced or moment frame, small or collapse-level

drift—all inter-story deformation is accommodated by the UFPs as intended.

9.4.2. Air-blast Impulse Response

A 3D prototype building model was developed to examine the behavior of an entire
building with MHFS subjected to air-blast events. An illustration of this model is provided
in Fig. 9-40. The prototype building is a light-mass (60 psf uniform floor loading
assumed), ordinary concentrically braced frame (OCBF) 3-story office building designed
for seismic and wind hazards in Boston, MA per ASCE 7-10 (2013). Each story is thirteen-
feet high and all frame bays are thirty-feet wide, with a 4-by-6 bay plan layout. A light
floor mass was chosen for this building to (1) increase the initial kinetic energy of the
building stories resulting from impulsive load transfer from the MHFS to floor diaphragm:s,
and (2) reduce seismic inter-story shear capacity forces for design, resulting in a building
which is as vulnerable to blast damage (aside from the protective measures in the MHFS)
as one can reasonably expect in a realistic building design.

The lateral force resisting system in this model is idealized using zero-length spring
elements at mid-story height at each building corner (in both orthogonal lateral directions;
4 “frames” total in each direction) with bilinear force-deformation behaviors based on the

inter-story strength and stiffness of square HSS sections (in a chevron configuration)
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chosen to provide the required design inter-story shear capacity and post-yield stiffness of
20% of the elastic stiffness. The design and idealization of this prototype building model
was based on the braced frames design by Sabelli (2001) as alternatives to the prototype
moment frame designs developed in the SAC steel project (FEMA, 2000), as well as
analytical work with more detailed FEA models of similar CBF designs by Slovenec
(2016). Although a full model of each braced frame (such as those described in the
previous section) would provide more accurate and realistic response of the building, this
simplified model is believed to be adequate because the LFRS was found to undergo very
limited yielding (to be discussed shortly), thus the behavior of either system (simple or
detailed) is likely very similar, therefore it is not worth the computational effort to precisely
model each braced frame.

Gravity frame column properties (cross sectional area, moment of inertia, plastic
section modulus, and torsional moment of inertia) were summed and assigned to one
member per story at the center of the building layout, and all floor mass and corresponding
P-A loads were assigned to the central gravity column node at each floor elevation. A rigid
diaphragm constraint links the four corner nodes to this central floor “master” node to
ensure uniform translation of each floor. Extremely stiff elastic beam-column elements
span the bays around the exterior of the building to provide points of connectivity for the
fagcade panels while effectively maintaining the rigid diaphragm action without assigning
constraints to the panel connector nodes, which caused computational problems in initial
versions of the model.

The fagade panel and connectors spanning each bay are modeled identically to the

model detailed in Section 9.3, with the exception of the boundary nodes which connect to
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the adjacent floors rather than applying fixed boundary conditions. Critical details of the
prototype MHFS design used in this model are given in Table 9-7. Modal properties of the
full model are provided in Table 9-22. The first three translational modes are essentially
identical considering either principal lateral building direction (modal properties along the
direction of loading are shown in this table). The panel mode is consistent with the first
mode of the single panel model discussed in Section 9.3. The uniform torsional mode was
included to comment briefly on torsional building response; torsional resistance comes
from both the distance between parallel LFRS frames, as well as the torsional resistance
assigned to the gravity column elements. These properties are needed for simulations
considering off-center charge locations, however the all simulations discussed herein
consider the charge to be centered along the longer (180-foot wide) building side. Oft-
center charge locations were examined during the course of this research, however they do
not appear to cause significantly greater demands relative to an equivalent centered charge
considering this (torsionally-regular) prototype building.

The loads applied to each panel node differ from the idealized single panel model,
blast event force time-histories for each node (spaced at one-foot increments along each
panel height) were generated using the procedure developed by Appelbaum (2013) in
Matlab and assigned to model nodes on the blast-facing and rear building sides. Although
this procedure is still ultimately an idealization of blast pressure load time-histories, it
includes the effects of several known phenomena associated with air-blast events,
including: negative phase loading, building edge clearing effects, angle-of-incidence

effects, rear-wall blast loading, and staggered load arrival times based on the actual
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distance (as opposed to nominal standoff distance, measured perpendicularly along the
ground) from the charge. This model was subjected to DBS1, 2, and 3.

Inter-story drift time history response for the prototype building subjected to DBS1
is shown in Fig. 9-41. Positive drift on this plot indicates drift back towards the charge
location, while negative drift is in the direction of blast wave propagation. At the onset of
loading, the first story moves in the direction of blast loading while the upper stories move
together in the opposite direction. This is because the first story panels at and near the
center of the building side (where the charge is centered) are closest to the charge, therefore
the forces are largest and arrive here first. As the panels respond, edge reactions apply
forces to the floor slab with rigid diaphragm constraint. This excites the first floor’s mass,
setting it in motion in the direction of blast wave propagation and imposing deformations
across the first- and second-story LFRS springs. The first story LFRS springs have a rigid
boundary (the ground) to react against; however, the second story LFRS force is pushing
against the combined mass of the upper floors. The upper floors effectively act as a
counterweight to achieve equilibrium after the sudden displacement of the first floor mass.
This behavior is somewhat interrupted by the arrival of blast loads in the upper stories,
however the imposition of this initial response has a significant impact upon the peak story
drift demands, which occur as a result of the dynamic response of the building well after
the blast loading has ceased.

Yield of each story’s LFRS springs occurs around 0.125% drift. Fig. 9-41 indicates
that all three stories exceed yield, however these peaks occur at different times, with the
largest drift occurring in the top story. This is believed to be the result of a whiplash-type

action, where the response of the lower floors drives LFRS demands towards the top story,
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where there is no LFRS spring or floor mass above to help resist these demands.
Additionally, LFRS frames typically get progressively weaker and more flexible moving
up along the building height, making them particularly vulnerable to large drifts during this
atypical action. Peak drifts for each story subjected to DBS1, 2 and 3 are shown in Table
5-10 with similar trends but diminishing magnitudes for these smaller scaled distance (Z)
scenarios. While the observed building response is interesting to examine in detail, these
peak story drifts are small relative to even frequent ground motion response results and
generally consist of no more than two excursions which exceed yield, making them
essentially meaningless when compared to any performance evaluation or loss estimation
for seismic events, even in low-seismic hazard locations. However, this conclusion is
predicated on the assumption that the fagade system remains intact to prevent the blast
wave from propagating into the building’s interior, where the potential for damage and loss
of human life or injury increases significantly. Failure of the fagade system also exposes
structural members to damage, which can lead to progressive collapse in extreme cases.
Maintenance of the integrity of the facade system subjected to blast events is a primary
objective of the MHFS design methodology, therefore the performance of this system
designed for and subjected to these scenarios will be examined to ensure an adequate
protective design is achieved through this process.

Peak MHFS connector crushing deformations for each panel on the blast-facing
building side subjected to DBS1 are given in Table 9-24. As expected, the largest
deformations occur in the first story interior panels, with symmetric peak responses relative
to the charge’s centered location along the building width. All connectors on the blast-

facing building front exceeded yield, with the largest deformations essentially equal to the
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target crushing deformation of four inches. The maximum panel moment divided by the

design plastic moment capacity for each panel subjected to this blast scenario is given in

Table 9-25. These results indicate that several panels (closest to the charge) reach their

plastic moment capacity, indicating the proportional strength design of the panels and

connectors functions as intended when subjected to a more realistic blast simulation than

the idealized case discussed in Section 9.3. Maximum panel hinge rotations are given in

Table 9-26. Note that even the largest panel hinge rotations are significantly less than the

target maximum of 12 degrees. There are several potential reasons for this, including:

1.

The design first-story impulse value for DBSI1 is calculated considering the charge
centered on a panel, however with an even number of panels—in this case, six—
and a charge centered along the building’s width, the charge is not centered on any
one panel, and the actual impulse on the two center panels will be less than the
design value due to increased distance from the charge location and increased angle
if incidence.

The simulated DBS1 includes a negative loading phase, which is neglected when
calculating design impulse values. This phenomenon occurs after the inward
pressure wave and acts back towards the source of the air-blast. The negative
loading phase has a much smaller peak force, but much longer duration than the
positive phase loading. Inclusion of the negative phase reduces the effective net
impulse imparted onto the panel, resulting in less demand on the MHFS.

The applied force time histories account for arrival time, meaning that points on
panels, which are closer to the blast source, will begin to see loading before points,

which are farther away. This so-called staggered arrival time can excite higher
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modes, including both symmetric and anti-symmetric modes, which are neglected

in design. Vibration in these modes allows more elastic potential energy to be

stored via elastic deformations of the panel, leaving less total energy, which must
be balanced through plastic deformations of the panel and connectors.

4. Flexibility of the building frame is also disregarded in design; however, this factor
may “cushion” the panels to some extent as they absorb the air-blast energy,
requiring less work from the MHFS than the rigid panel connector boundary
assumed for design.

While the combined effect of these issues (and possibly others) clearly impacts the
observed vs. design response, it should be noted that all of the assumptions made in design
are conservative, and the performance of the MHFS subjected to DBS1 is believed to be
adequate.

Peak connector crushing deformations and panel moment ratios for DBS2 are given
in Table 9-27 and Table 9-28, respectively. In this scenario, all connectors reached yield
but did not approach four inches. No panels reached their plastic moment capacity (i.e. all
panels remained elastic). The performance objectives for DBS2—vplastic connector
response with elastic panels—were achieved for all panels. Connector crushing
deformations and panel moment ratios for DBS3 are shown in Table 9-27 and Table 9-28,
respectively. The performance objective for this scenario is to keep all MHFS components

elastic, and this objective is achieved according to this analysis.
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Table 9-1: HSS Radial Plastic Mechanism Strength FEA Results

HSS6, L=12 in Mechanism Strength (kip)
Thickness (in) FEA Design % Dif.
0.125 5 4.03 19.5%
0.25 20.9 16.2 22.5%
0.5 88.3 64.4 27.1%

Table 9-2: HSS Radial Stiffness Calculation Comparison with FEA Results

HSS6,L=12in  Radial Stiffness (kip/in)
Thickness (in) FEA Design % Dif.
0.125 19.6 15.5 20.9%
0.25 155 124 20.0%

0.5 1178 991 15.9%

Table 9-3: HSS Longitudinal Shear Mechanism Strength Calculation Comparison with

FEA Results
HSS6 Longitudinal Shear Elastic Force Limit Prediction (kip)
Thickness (in): 0.125 0.25 0.5
Length (in) FEA Design % Dif. FEA Design %Dif. FEA Design % Dif.

3 1.8  0.829 5394% 6.88 3.09 55.09% 22.7 10.9  51.98%
6 4.9 332 32.24% 213 124 41.78% 78 43.6  44.10%
9 9.8 746  23.88% 415 278 33.01% 153 98 35.95%
12 154 133  13.64% 68.8 495 28.05% 250 174 30.40%
16 26 23.6 9.23% 115 87.9 23.57% 397 310 21.91%

Note: FEA values obtained using intersection of pre- and post-yield force-

deformation tangents. Design values intended to preclude onset of nonlinear
response and thus are conservatively small relative to observed mechanism

strengths.

Table 9-4: HSS Longitudinal Shear FEA Stiffness

HSS6 Longitudinal Shear Stiffness (kip/in)
Thickness (in)
Length (in) 0.125 0.25 0.5
3 8.39 57.1 294
6 39.2 270 1410
9 111 736 3503
12 241 1498 6368
16 524 2951 10873
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Table 9-5: HSS Rolling Mechanism Strength Calculation Comparison with FEA Results

HSS6 Rolling Plastic Mechanism Strength (kip)
Thickness (in): 0.125 0.25 0.5
Length (in) FEA Design %Dif. FEA Design %Dif. FEA Design % Dif.
3 0.491 0503 -2.44% 2.04 2.01 1.47% 8.25  8.05 2.42%
6 1.03 1.01 1.94% 4.11  4.03 1.95% 163 16.1 1.23%
9 1.55 1.51 2.58% 6.06 6.04 0330% 246 242 1.63%
12 2.07 2.01 290% 8.10 8.05 0.617% 329 322 2.13%
16 2.68 2.68 0.00% 113 11.1 1.94% 44.0 429 2.50%

Table 9-6: HSS Rolling Stiffness Calculation Comparison with FEA Results

HSS6 Rolling Stiffness (kip/in)
Thickness (in): 0.125 0.25 0.5
Length (in) FEA Design % Dif. FEA Design % Dif. FEA Design % Dif.
3 0.800 0.734 825% 632 587 7.12% 49.5 47.0 5.05%
6 1.62 1.47 9.26% 129 117 9.30% 102 93.9 7.94%
9 2.44 2.20 9.84% 194 17.6 9.28% 154 141 8.44%
12 3.26 2.94 9.82% 26.0 235 9.62% 205 188 8.29%
16 4.36 3.91 103% 347 313 9.80% 275 250 9.09%

Table 9-7: Prototype MHFS Design with Reinforced Concrete Panels

Reinforced Concrete Panel
Edge Panels

StOI‘y Lype.v (11’1) Lype.L (11’1) Lmpcs (11’1) Burp (11’1) MP (klp—ll’l) Factor
3 15 18.25 28 56 5049 4.40
2 14.5 17.25 26 56 4840 4.22
1 14.25 46.25 54.5 56 7823 6.81

Interior Panels

StOI‘y Lype.v (11’1) Lype.L (11’1) Lmpcs (11’1) Burp (11’1) MP (klp—ll’l) Factor
3 13.5 15.5 22.25 56 4448 3.87
2 13 15.25 21 56 4317 3.76
1 12.75 49.25 54.5 56 7823 6.81

Notes: Al designs use HSS6x0.25 for MDCs, dupp=6", tupp=1/4", lfree=4"

All panels 13'x30' surface area (nominal), t=6"
Factor increase in M, is relative to typical as-built details
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Table 9-8: Prototype Braced Frame Seismic Analysis Model Dynamic Properties

Braced  No Fagade Mode
F 1 2 3
rame
Period(s) 0380 0.151  0.088
Shane Floor 1 0.132 0333 0410
(D}’ Floor 2 0282 0313  -0.345
! Floor 3 0.447 -0.295  0.097
Braced With Facade Mode
F 1 2 3
rame -
Period (s)  0.339 0.137  0.086
Shane Floor 1 0.163 0306  0.411
(D}’ Floor 2 0303 0296  -0.327
! Floor 3 0.424 -0337  0.078

Table 9-9: Prototype Moment Frame Seismic Analysis Model Dynamic Properties

Moment  No Fagade Mode
b 1 2 3
rame -
Period(s)  1.105 0334  0.168
Shane Floor 1 0.126 0355  0.393
(DP Floor 2 0289 0292  -0.357
! Floor 3 0.444 -0.291  0.121
Moment With Facade Mode
b 1 2 3
rame -
Period (s)  0.696 0228  0.152
Shane Floor 1 0208 0276 0418
(DP Floor 2 0.336  0.261  -0.338
! Floor 3 0.376  -0.394  0.069
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Table 9-10: Peak Drift Response of Prototype Braced Frame Building without MHFS

Peak Inter-Story Drift (%)

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Story LA41 LA43 LA45 LA47 LA49 LAS1 LAS5S3 LAS55 LAS57 LAS59 Mean StdDev Median
3 0.81 0.13 026 064 032 199 081 051 029 1.04 0.68 0.54 0.58
2 038 011 023 034 030 034 030 035 024 045 030 0.10 0.32
1 0.88 0.10 023 042 031 040 032 033 022 265 059 0.75 0.32
Maximum 0.88 0.13 026 0.64 032 199 081 051 029 265 0.68 0.75 0.58
Peak Inter-Story Drift (%)
DBE (10% Probability of Exceedance in 50 years) Statistics
Story LAl TLA3 LAS LA7 LA9 LAIl1 LA13 LA15 LAI17 LA19 Mean StdDev Median
3 051 059 027 028 047 088 1.10 0.84 037 147 0.68 0.39 0.55
2 034 034 023 026 032 030 043 043 030 056 035 0.10 0.33
1 0.89 043 021 026 060 030 062 153 030 142 0.66 0.48 0.52
Maximum 0.89 059 027 028 060 088 1.10 153 037 147 0.68 0.48 0.55
Peak Inter-Story Drift (%)
MCE (2% Probability of Exceedance in 50 years) Statistics
Story LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
3 0.84 045 087 077 079 0.69 2.05 .11 053 079 0.89 0.45 0.79
2 071 033 053 041 035 045 042 058 042 037 046 0.12 0.42
1 11.35 046 579 233 0.68 391 092 1200 1.89 071 4.00 4.38 2.11
Maximum 1135 046 579 233 079 391 2.05 12.00 189 0.79 4.00 4.38 2.11
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Peak Inter-Story Drift (%)

Table 9-11: Peak Drift Response of Prototype Braced Frame Building with MHFS

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Story LA41 LA43 LA45 LA47 LA49 LAS1 LAS5S3 LAS55 LAS57 LAS59 Mean StdDev Median
3 039 0.07 013 026 0.19 043 030 028 020 040 026 0.12 0.27
2 032 0.07 014 025 019 033 029 028 0.18 038 024 0.09 0.27
1 .15 0.09 0.16 030 020 1.00 039 028 0.18 247 0.62 0.74 0.29
Maximum 1.15 0.09 0.16 030 020 1.00 039 028 020 247 0.62 0.74 0.29
Peak Inter-Story Drift (%)
DBE (10% Probability of Exceedance in 50 years) Statistics
Story LAl TLA3 LAS LA7 LA9 LAIl1 LA13 LA15 LAI17 LA19 Mean StdDev Median
3 029 028 015 021 027 043 042 033 030 041 031 0.09 0.29
2 027 028 016 021 027 034 035 034 028 034 028 0.06 0.28
1 042 045 019 023 043 051 1.66 098 041 1.94  0.72 0.61 0.44
Maximum 042 045 0.19 023 043 0.51 1.66 098 041 1.94 0.72 0.61 0.44
Peak Inter-Story Drift (%)
MCE (2% Probability of Exceedance in 50 years) Statistics
Story LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
3 035 029 050 035 036 046 045 034 030 039 038 0.07 0.36
2 040 029 043 034 029 042 037 035 029 032 035 0.05 0.35
1 10.06 0.54 419 103 089 332 176 728 090 1.02 3.10 3.23 1.40
Maximum 10.06 054 419 1.03 089 332 1.76 728 090 1.02 3.10 3.23 1.40
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Table 9-12: Drift Ratios for Prototype Braced Frame Building with and without MHFS

Ratio of Peak Inter-Story Drifts of Prototype Braced Frame Building with MHFS to without MHFS

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Story LA41 LA43 LA45 LA47 LA49 LAS1 LAS5S3 LAS55 LAS57 LAS59 Mean StdDev Median
3 048 051 051 041 060 022 037 054 067 039 047 0.13 0.50
2 0.84 068 061 075 062 09 095 080 076 083 0.78 0.12 0.78
1 131 090 068 072 064 249 123 087 084 093 1.06 0.55 0.88
Maximum 131 090 068 075 064 249 123 087 084 093 1.06 0.55 0.88
Ratio of Peak Inter-Story Drifts of Prototype Braced Frame Building with MHFS to without MHFS
DBE (10% Probability of Exceedance in 50 years) Statistics
Story LAl TLA3 LAS LA7 LA9 LAIl1 LA13 LA15 LAI17 LA19 Mean StdDev Median
3 0.57 047 056 075 058 049 038 040 082 028 053 0.16 0.52
2 079 082 073 080 0.83 1.12 081 079 093 0.60 0.82 0.13 0.80
1 047 1.04 090 087 0.71 1.70 270 0.64 134 136 1.17 0.65 0.97
Maximum 0.79 1.04 090 087 083 170 270 064 134 136 1.17 0.65 0.97
Ratio of Peak Inter-Story Drifts of Prototype Braced Frame Building with MHFS to without MHFS
MCE (2% Probability of Exceedance in 50 years) Statistics
Story LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
3 041 064 057 045 046 0066 022 031 057 049 048 0.14 0.47
2 056 088 081 084 083 092 08 061 069 087 0.79 0.12 0.83
1 0.8 1.17 072 044 131 085 191 061 048 145 0098 0.47 0.87
Maximum 0.89 1.17 081 0.84 131 092 191 061 069 145 098 0.47 0.87
Note: Values greater than 1 (greyed boxes) indicate peak drift is increased with MHFS included.
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Table 9-13: Peak Drift Response of Prototype Moment Frame Building without MHFS

Peak Inter-Story Drift (%)

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Story LA41 LA43 LA45 LA47 LA49 LAS1 LAS5S3 LAS55 LAS57 LAS59 Mean StdDev Median
3 257 076 129 110 152 212 179 1.75 1.00 432 1.82 1.03 1.63
2 233 088 136 089 136 130 140 154 091 349 1.55 0.80 1.36
1 332 074 123 075 1.34 137 122 134 073 268 147 0.86 1.29
Maximum 332 088 136 1.10 152 212 1.79 175 1.00 432 1.82 1.03 1.63
Peak Inter-Story Drift (%)
DBE (10% Probability of Exceedance in 50 years) Statistics
Story LAl LA3 LAS LA7 LA9 LAIl1 LA13 LA15 LAI17 LA19 Mean StdDev Median
3 1.78 2.00 150 196 342 3.07 223 299 200 218 231 0.63 2.09
2 2.07 215 148 225 349 345 235 345 196 144 241 0.78 2.20
1 221 265 168 212 347 369 3.02 377 196 1.71 2.63 0.81 2.43
Maximum 221 265 168 225 349 369 3.02 377 200 218 2.63 0.81 243
Peak Inter-Story Drift (%)
MCE (2% Probability of Exceedance in 50 years) Statistics
Story LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
3 540 1.89 475 622 214 401 295 868 7.71 387 476 2.27 4.38
2 502 191 490 657 204 358 280 883 784 379 473 2.38 4.34
1 3.83 2,09 506 648 218 378 323 9.70 755 357 475 2.46 3.80
Maximum 540 2.09 506 6.57 218 401 323 970 7.84 387 476 2.46 4.38
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Table 9-14: Peak Drift Response of Prototype Moment Frame Building with MHFS

Peak Inter-Story Drift (%)

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Story LA41 LA43 LA45 LA47 LA49 LAS1 LAS5S3 LAS55 LAS57 LAS59 Mean StdDev Median
3 0.70 027 029 040 052 060 054 056 035 074 0.50 0.16 0.53
2 133 047 053 067 075 085 081 081 050 156 0.83 0.36 0.78
1 248 064 070 079 120 1.18 124 147 071 517 1.56 1.38 1.19
Maximum 248 064 070 0.79 120 1.18 124 147 071 517 1.56 1.38 1.19
Peak Inter-Story Drift (%)
DBE (10% Probability of Exceedance in 50 years) Statistics
Story LAl TLA3 LAS LA7 LA9 LAIl1 LA13 LA15 LAI17 LA19 Mean StdDev Median
3 0.58 052 047 050 063 066 106 071 065 089 0.67 0.18 0.64
2 1.10 096 0.78 093 1.21 1.20  1.67 134 125 1.08 1.15 0.25 1.15
1 2.11 1.73 142 180 272 225 403 339 339 1.79 246 0.88 2.18
Maximum  2.11 1.73 142 180 272 225 403 339 339 179 246 0.88 2.18
Peak Inter-Story Drift (%)
MCE (2% Probability of Exceedance in 50 years) Statistics
Story LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
3 0.86 058 092 090 08 096 1.00 0.68 071 058 0.80 0.15 0.86
2 1.87 128 190 156 1.17 178 135 .52 1.78 094 152 0.33 1.54
1 797 316 833 727 242 643 546 739 936 1.81 596 2.65 6.85
Maximum 7.97 3.16 833 727 242 643 546 739 936 181 596 2.65 6.85
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Table 9-15: Drift Ratios for Prototype Moment Frame Building with and without MHFS

Ratio of Peak Inter-Story Drifts of Prototype Moment Frame Building with MHFS to without MHFS

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Story LA41 LA43 LA45 LA47 LA49 LAS51 LAS5S3 LAS5 LAS57 LA59 Mean StdDev Median
3 027 036 023 037 034 028 030 032 035 0.17 0.30 0.06 0.31
2 057 053 039 074 055 066 057 052 055 045 055 0.10 0.55
1 075 088 057 106 089 086 1.02 1.10 097 193 1.00 0.36 0.93

Maximum 0.75 088 057 1.06 089 086 1.02 1.10 097 193 1.00 0.36 0.93

Ratio of Peak Inter-Story Drifts of Prototype Moment Frame Building with MHFS to without MHFS

DBE (10% Probability of Exceedance in 50 years) Statistics
Story LAl TLA3 LAS LA7 LA9 LAIl1 LA13 LA15 LAI17 LA19 Mean StdDev Median
3 033 026 031 026 0.18 022 047 024 033 041 030 0.09 0.28
2 053 045 053 041 035 035 071 039 064 075 0.51 0.15 0.49
1 096 0.65 085 085 0.78 0.61 133 090 1.72 1.05 0.97 0.33 0.87

Maximum 096 0.65 085 085 0.78 0.61 133 090 172 1.05 0.97 0.33 0.87

Ratio of Peak Inter-Story Drifts of Prototype Moment Frame Building with MHFS to without MHFS

MCE (2% Probability of Exceedance in 50 years) Statistics
Story LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
3 0.16 030 0.19 0.15 040 024 034 0.08 0.09 0.15 021 0.11 0.18
2 037 0.67 039 024 057 050 048 0.17 023 025 039 0.17 0.38
1 2.08 1.51 .64 1.12 1.11 1.70 1.69 0.76 124 0.51 1.34 0.48 1.38

Maximum 2.08  1.51 .64 1.12 1.11 1.70  1.69 076 124 0.51 1.34 0.48 1.38

Note: Values greater than 1 (greyed boxes) indicate peak drift is increased with MHFS included.
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Table 9-16: Peak MDC-V Demand-to-Capacity Ratio (D/C) of Prototype Braced Frame Building

Maximum Peak MDC-V Longitudinal Shearing Demand-to-Capacity Ratio

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Panels LA41 LA43 LA45 LA47 LA49 LAS51 LAS5S3 LAS5 LAS57 LA59 Mean StdDev Median
Edge 071 031 035 042 036 068 046 039 036 081 048 0.18 0.40
Interior 074 039 043 052 044 075 058 048 045 081 0.56 0.15 0.50
Maximum 074 039 043 052 044 075 058 048 045 081 0.56 0.18 0.50
Maximum Peak MDC-V Longitudinal Shearing Demand-to-Capacity Ratio
DBE (10% Probability of Exceedance in 50 years) Statistics
Panels LAl LA3 LA5 LA7 TLA9 [LAIl1 LA13 LAl5 LAI7 LA19 Mean StdDev Median
Edge 046 049 035 038 046 053 059 046 048 065 049 0.09 0.47
Interior 058 0.60 044 048 058 066 0.69 057 059 073 0.59 0.09 0.59
Maximum 0.58 0.60 044 048 058 066 069 057 059 073  0.59 0.09 0.59
Maximum Peak MDC-V Longitudinal Shearing Demand-to-Capacity Ratio
MCE (2% Probability of Exceedance in 50 years) Statistics
Panels LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
Edge 1.17 051 060 068 071 076 0.79 075 0.72 053 0.72 0.19 0.72
Interior 083 062 075 076 076 078 0.84 081 0.77 0.66 0.76 0.07 0.77
Maximum 1.17 062 075 076 076 078 0.84 081 0.77 0.66 0.76 0.19 0.77
Note: Vertical panel inertia not included in analyses (design value is approx. D/C = 0.2).
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Table 9-17: Peak MDC-V D/C of Prototype Moment Frame Building

Maximum Peak MDC-V Longitudinal Shearing Demand-to-Capacity Ratio

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Panels LA41 LA43 LA45 LA47 LA49 LAS51 LAS5S3 LAS5 LAS57 LA59 Mean StdDev Median
Edge 085 0.67 070 068 074 070 0.79 077 0.66 0.84 0.74 0.07 0.72
Interior 091 077 079 080 080 080 084 083 0.75 087 0.82 0.05 0.80
Maximum 091 077 079 080 080 080 084 083 075 087 0.82 0.07 0.80
Maximum Peak MDC-V Longitudinal Shearing Demand-to-Capacity Ratio
DBE (10% Probability of Exceedance in 50 years) Statistics
Panels LAl LA3 LA5 LA7 TLA9 [LAIl1 LA13 LAl5 LAI7 LA19 Mean StdDev Median
Edge 080 0.78 077 078 081 081 0.75 068 0.74 078 0.77 0.04 0.78
Interior 087 080 082 081 08 081 081 077 0.77 093 0.82 0.05 0.81
Maximum 087 080 082 081 083 081 081 077 077 093 0.82 0.05 0.81
Maximum Peak MDC-V Longitudinal Shearing Demand-to-Capacity Ratio
MCE (2% Probability of Exceedance in 50 years) Statistics
Panels LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
Edge 1.07 080 077 079 079 091 082 087 113 076 0.87 0.13 0.81
Interior 091 084 082 08 08 088 088 084 085 081 0.85 0.03 0.85
Maximum 107 084 082 085 08 091 088 087 1.13 081 0.87 0.13 0.85
Note: Vertical panel inertia not included in analyses (design value is approx. D/C = 0.2).
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Table 9-18: Peak MDC-L D/C of Prototype Braced Frame Building Subjected to MCE Suite

Maximum Peak MDC-L Longitudinal Shearing Demand-to-Capacity Ratio

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Panels LA41 LA43 LA45 LA47 LA49 LAS51 LAS5S3 LAS5 LAS57 LA59 Mean StdDev Median
Edge 031 0.05 008 015 013 027 029 023 013 025 0.19 0.09 0.19
Interior 037 0.07 o011 021 016 034 039 031 017 033 025 0.11 0.26
Maximum 037 0.07 0.11 021 016 034 039 031 017 033 0.25 0.11 0.26
Maximum Peak MDC-L Longitudinal Shearing Demand-to-Capacity Ratio
DBE (10% Probability of Exceedance in 50 years) Statistics
Panels LAl LA3 LA5 LA7 TLA9 [LAIl1 LA13 LAl5 LAI7 LA19 Mean StdDev Median
Edge 0.17 0.19 0.10 013 016 026 021 020 0.17 029 0.19 0.06 0.18
Interior 023 025 013 017 022 034 026 027 023 038 0.25 0.07 0.24
Maximum 023 025 0.13 017 022 034 026 027 023 038 0.25 0.07 0.24
Maximum Peak MDC-L Longitudinal Shearing Demand-to-Capacity Ratio
MCE (2% Probability of Exceedance in 50 years) Statistics
Panels LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
Edge 022 0.16 027 021 023 033 030 018 022 029 024 0.05 0.23
Interior 028 023 037 032 032 049 036 026 029 033 033 0.07 0.32
Maximum 028 023 037 032 032 049 036 026 029 033 0.33 0.07 0.32
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Table 9-19: Peak MDC-L D/C of Prototype Moment Frame Building Subjected to MCE Suite

Maximum Peak MDC-L Longitudinal Shearing Demand-to-Capacity Ratio

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Panels LA41 LA43 LA45 LA47 LA49 LAS51 LAS5S3 LAS5 LAS57 LA59 Mean StdDev Median
Edge 069 033 037 045 056 048 0.61 055 033 064 0.50 0.13 0.51
Interior 087 041 044 053 059 061 062 069 042 077 0.59 0.15 0.60
Maximum 087 041 044 053 059 061 062 069 042 077 0.59 0.15 0.60
Maximum Peak MDC-L Longitudinal Shearing Demand-to-Capacity Ratio
DBE (10% Probability of Exceedance in 50 years) Statistics
Panels LAl LA3 LA5 LA7 TLA9 [LAIl1 LA13 LAl5 LAI7 LA19 Mean StdDev Median
Edge 0.65 0.67 058 066 066 063 0.67 058 059 054 0.62 0.05 0.64
Interior 061 062 061 060 065 077 08 073 0.67 071 0.68 0.08 0.66
Maximum 0.65 0.67 061 066 066 077 085 073 0.67 071 0.68 0.08 0.66
Maximum Peak MDC-L Longitudinal Shearing Demand-to-Capacity Ratio
MCE (2% Probability of Exceedance in 50 years) Statistics
Panels LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
Edge 074 0.62 057 062 065 081 080 073 0.70 059 0.68 0.09 0.68
Interior 078 061 070 075 079 084 077 075 0.61 059 0.72 0.09 0.75
Maximum 0.78 0.62 070 0.75 079 084 080 075 0.70 059 0.72 0.09 0.75

Table 9-20: Peak UFP Deformation Ratio of Prototype Braced Frame Building Subjected to FrE Suite

Ratio of Peak UFP Rolling Deformation to Peak Inter-Story Drift

Frequent Earthquakes (50% Probability of Exceedance in 50 years) Statistics
Story LA41 LA43 LA45 LA47 LA49 LAS51 LAS5S3 LAS5 LAS57 LA59 Mean StdDev Median
3 1.01 1.02 1.02 102 102 1.00 1.02 1.02 1.02 1.00 1.01 0.01 1.02
2 1.00  1.00 1.00 099 099 100 099 101 099 098 1.00 0.01 0.99
1 099 099 099 099 099 099 099 099 099 099 0.9 0.00 0.99
Maximum  1.01 1.02 1.02 102 102 1.00 102 1.02 102 1.00 1.01 0.01 1.02
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Table 9-21: Peak UFP Deformation Ratio of Prototype Moment Frame Building Subjected to MCE Suite

Ratio of Peak UFP Rolling Deformation to Peak Inter-Story Drift

MCE (2% Probability of Exceedance in 50 years) Statistics
Story LA21 LA23 LA25 LA27 LA29 LA31 LA33 LA35 LA37 LA39 Mean StdDev Median
3 099 099 099 099 099 099 099 098 098 099 099 0.00 0.99
2 099 099 099 099 098 099 099 099 099 098 0.9 0.00 0.99
1 1.00  1.00 1.00 100 099 100 1.00 1.00 1.00 0.99 1.00 0.00 1.00

Maximum 1.00 1.00 1.00 1.00 099 1.00 100 1.00 1.00 099 1.00 0.00 1.00

Table 9-22: 3D Light-Mass Prototype Braced Frame Building Model Dynamic Properties

Braced Frame Bldg. Translational Modes Uniform Panel
Mode: 1 2 3 Torsion Flexure
Period (s): 0.290 0.120 0.073 0.182 0.100
Shape Floor 3 0.795  -0.588 0.152 4.55E-04 0
Dy Floor 2 0.532 0.554 -0.640 3.30E-04 0
Floor 1 0.292 0.590 0.753 1.87E-04 0
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Table 9-23: Maximum Inter-Story Drifts for Prototype Building Subjected to Design

Blast Scenario (DBS) Events

W (IbsTNT): 500 300 100
R (ft) 30 100 200
Story Maximum Inter-Story Drift (%)
3 0.24 0.16 0.07
2 0.13 0.10 0.02
1 0.16 0.07 0.03
Note: Air-blast analyses performed on 3-story

steel braced frame office building
designed for Boston, MA hazards with
floor mass equivalent to uniform 60psf
load per floor (light mass).

Table 9-24: Maximum MHFS Connector Crushing Deformations during DBS1
Simulation

Maximum MDC Deformation (in)
DBS1 Panel (left-to-right)
Story 1 2 3 4 5 6
3 0.57 091 1.82 1.82 091 0.57
2 0.64 1.04 331 331 1.04 0.64
1 035 1.01 390 390 1.01 0.35
Note:  All connectors exceeded yield def.

Table 9-25: Maximum MHFS Panel Bending Moment Ratios during DBS1 Simulation

Maximum Panel Moment / M,,
DBSI1 Panel (left-to-right)
Story 1 2 3 4 5 6
3 0.84 094 099 0.99 094 0.84
2 0.87 096 1.04 1.04 096 0.87
1 0.78 093 1.02 1.02 093 0.78

Table 9-26: Maximum MHFS Panel Hinge Rotation during DBS1 Simulation

Maximum Panel Hinge Rotation (deg.)
DBS1 Panel (left-to-right)
Story 1 2 3 4 5 6
3 1.72 2.18 221 221 218 1.72
2 1.73 216 229 229 216 1.73
1 2.51 3.57 379 379 3.57 251
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Table 9-27: Maximum MHFS Connector Crushing Deformations during DBS2

Simulation

Maximum MDC Deformation (in)
DBS2 Panel (left-to-right)
Story 1 2 3 4 5 6

3 027 0.62 0.75 0.75 0.62 0.27
2 032 0.66 0.64 0.64 0.66 0.32
1 0.17 026 039 039 026 0.17

Note:  All connectors exceeded yield def.

Table 9-28: Maximum MHFS Panel Bending Moment Ratios during DBS2 Simulation

Maximum Panel Moment / M,,
DBS2 Panel (left-to-right)
Story 1 2 3 4 5 6

3 0.67 0.88 0.90 0.90 0.88 0.67
2 0.68 091 092 092 091 0.68
1 0.62 0.69 0.72 0.72 0.69 0.62

Table 9-29: Maximum MHFS Connector Crushing Deformations during DBS3

Simulation

Maximum MDC Deformation (in)
DBS3 Panel (left-to-right)
Story 1 2 3 4 5 6

3 0.08 0.10 0.10 0.10 0.10 0.08
2 0.08 0.09 0.10 0.10 0.09 0.08
1 0.06 0.07 0.07 0.07 0.07 0.06

Note:  All connectors remained elastic.

Table 9-30: Maximum MHFS Panel Bending Moment Ratios during DBS3 Simulation

Maximum Panel Moment / M,,
DBS3 Panel (left-to-right)
Story 1 2 3 4 5 6

3 026 033 035 035 033 0.26
2 025 033 035 035 033 0.25
1 021 022 022 022 022 0.21
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Fig. 9-3: Von Mises Stress Contours for Radially Crushed HSS Tube
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Fig. 9-4: Equivalent Plastic Strain Contours for Radially Crushed HSS Tube
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Fig. 9-6: MDC with 12-inch HSS6 Tube Radial Pulling Force-Deformation Behavior
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Fig. 9-7: Von Mises Stress Contours for Radially Pulled HSS Tube
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Fig. 9-8: Equivalent Plastic Strain Contours for Radially Pulled HSS Tube
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Fig. 9-12: Von Mises Stress Contours for Longitudinally Sheared HSS Tube
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Fig. 9-13: Equivalent Plastic Strain Contours for Longitudinally Sheared HSS Tube
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Fig. 9-16: Von Mises Stress Contours for Rolling HSS Tube
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Fig. 9-17: Equivalent Plastic Strain Contours for Rolling HSS Tube

9-70



5 045

£ 04 —_— =0.5" fix

W

8 0.35 —_— = 1=0.5" free

% 0‘3 — ’) "

& 0.25 . =0.25" fix

g 0.2 — —=025" free

200 t=0.125" fix

= .

= 0.0s  JfAL - t=0.125" free
0

0 2 4 6
MDC Rolling Deformation (in)

Fig. 9-18: MDC with 12-inch HSS6 Tube Rolling FEA Maximum Plastic Strain

50 0.1,69
5
70 --0.00169, S.',O_;é o
o . 2901
250 4
4
2 40 0.01, 0.999,
o 69.1
530 49.01377
20
10
0+

0 0.02 0.04 0.06 0.08 0.1
Strain (in/in)

Fig. 9-19: ASTM A36 Steel Material Stress-Strain Model for Flat Plates

o
<
51
8 — —-TFEA
[
Idealized
2 3 4 5 6

UFP Rolling Deformation (in)

Fig. 9-20: UFP with d=6", b=4", t=0.25", and lg.e=4" Rolling Force-Deformation
Behavior

9-71



Fig. 9-21: Von Mises Stress Contours for Rolling UFPs
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Fig. 9-22: Equivalent Plastic Strain Contours for Rolling UFP
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Fig. 9-25: Von Mises Stress Contours for Radially Crushed UFPs
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Fig. 9-26: Equivalent Plastic Strain Contours for Radially Crushed UFP
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Fig. 9-28: Von Mises Stress Contours for Radially Pulled UFPs
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Fig. 9-29: Equivalent Plastic Strain Contours for Radially Pulled UFP
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10. Summary, Conclusions, and Recommendations for Future Work

10.1. Summary and Conclusions

Force-deformation behaviors of multi-hazard ductile connectors (MDCs) were
developed for each component degrees-of-freedom using principles of elastic and
plastic mechanics (including large-deformation geometry effects) to support utilization
of these versatile components for improved facade system performance considering
both service-level and extreme loading events. Established mechanics for U-shaped
flexural plate (UFP) connectors were adopted and expanded upon in this research.
While the behaviors of both MDCs and UFPs were primarily developed for their
inclusion in the proposed multi-hazard facade system (MHFS), they offer several
unique features, which may be advantageous in other structural or mechanical
applications, particularly those with multi-degree-of-freedom design considerations
and performance objectives.

A step-by-step design procedure for the MHFS was developed and demonstrated
through prototype design examples for various common facade panel types (primarily
focused on reinforced concrete panels). This procedure includes traditional facade
design considerations—including design-basis wind pressure, seismic inertia and drift
effects, and allotments for thermal/moisture expansion/contraction and installation
tolerances/adjustments—in addition to the accommodation of contact between adjacent
panels at building corners during seismic drift (an issue for traditional fagade systems
known to cause detachment of panels during seismic events) and the option of including

protective design measures for extreme hazards such as tornado effects, air-blast
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(explosion) effects, and debris impact. HSS6 sections (HSS6x0.25 in particular) were
found to be effective for the primary ductile element of the MDCs. The necessary out-
of-plane (OP) flexural capacity of the fagade panel is determined as a function of
hardened ductile connector strength to promote a desirable sequence of damage and
ensure the defined performance objectives are met.

Quasi-static experimental tests were performed to verify the behavior of four design-
critical MDC behaviors, including: radial crushing, radial pulling, longitudinal
shearing, and rolling of the HSS tube. The radial crushing test included application of
the tributary facade panel weight while imposing a large inward OP deformation and
rotation to simulate demands during a design-basis air-blast event. Successful
completion of this testing protocol confirmed the MDCs’ capacity to provide the
desired performance during extreme OP loading while maintaining support of the
panel. Radial pulling and longitudinal shearing test specimens reached their target
deformation and force capacities, respectively, and generally confirmed the theoretical
and analytical models of these behaviors. The rolling test(s) showed that the MDCs
were not capable of achieving the target deformation for accommodating in-plane
seismic drifts across a fagcade panel—prompting the adoption of UFPs into the MHFS
design methodology—however these tests were valuable for confirming theoretical and
analytical models of this behavior.

Potential ramifications for design of a building’s primary lateral force resisting system
(LFRS) for extreme hazardous loads which are incident upon its proportionally-
hardened fagade system (e.g. air-blast, debris impact, etc.) were investigated, however

no justification was found for any consideration of such issues during design;
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adherence to modern LFRS design practices—particularly those developed for seismic
hazards—generally ensures adequate building performance with the inclusion of the
MHFS. This supports a “decoupled” approach to design of the LFRS and MHFS,
however some analysis and potential design iteration of the LFRS may be necessary
based on seismic performance considering the inclusion of the MHFS (discussed in the
final bullet point below).

Finite element analysis (FEA) models of the MDCs (and, eventually, UFPs) were
developed in ANSYS Mechanical ADPL to verify theoretical expressions and
experimental testing results. These models utilized shell elements (ANSYS
SHELLI181) and material stress-strain models including kinematic and isotropic
hardening based on tension coupon test data. A mesh refinement convergence study
was conducted to ensure accuracy of the results. Comparison with experimental test
results were generally favorable for all specimens. Some differences were observed
between FEA, experimental, and theoretical mechanics developed in this research,
primarily due to simplifying assumptions made for design in the theoretical expressions
(e.g. neglect of HSS tube outer vs. centerline diameter, effects of restraint due to welded
regions, etc.). All differences between FEA and theoretical behaviors were
conservative for the purposes of design.

MHEFS behavior and fagade-building frame interactions were examined using a set of
FEA models developed in OpenSees. A single MHFS panel model was subjected to a
set of (idealized) air-blast impulsive loadings, and the response of the system assumed
for design was found to be accurate, if somewhat conservative. A full 3D prototype

building model with MHFS was subjected to simulated blast loading. These analyses
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indicated the prototype MHFS design achieved the performance objectives with some
conservatism possibly due (at least in part) to idealizations of the design-basis air-blast
loads made for simplicity in design (e.g. neglect of negative phase loading, higher mode
participation, staggered arrival times, etc.). These analyses also showed limited
yielding of the LFRS—despite the light floor mass and relatively weak prototype LFRS
design (i.e. essentially a worst-case scenario for blast performance)—indicating that
overall damage to the building is likely much less than expected during a moderate-
intensity seismic event provided the integrity of the facade system is maintained to
prevent infiltration of the air-blast pressure wave and debris (intended performance of
MHES). The proposed MHFS design methodology is believed to provide a resilient
building envelope for any credible hazard based on these results.

Additional OpenSees models were constructed to examine the effects of MHFS
inclusion on seismic building performance for both braced and moment frame LFRS
prototype buildings subjected to frequent, design-basis, and maximum-considered
earthquake ground motion suites. The added stiffness of the MHFS in-parallel with the
LFRS decreased modal periods in the prototype building models, with a greater effect
observed for the moment frame building due to its lower stiffness relative to the braced
frame LFRS. Peak drifts decreased in the upper (non-ground-level) building stories in
nearly all cases, while first-story peak drifts—which were often the maximum of all
peak story drifts—tended to increase somewhat. This effect is likely due to the shift in
modal periods exposing the structure to different ground motion frequency content
(often with higher energy), as well as the added inter-story shear strength due to MHFS

changing the overall distribution of inter-story shear strength over the building height.
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Based on these results, it is not yet known if the overall impact of the MHFS on seismic
building performance is net-beneficial or detrimental, however these observations
suggest analysis of fagade-frame interaction during seismic events is likely necessary

in any potential application of the proposed MHFS.

10.2. Recommendations for Future Work

During the course of this research, the following issues, which warrant additional

investigation to improve or expand upon the findings presented in this report, were

1dentified:

A probabilistic seismic performance evaluation of prototype buildings with and without
MHEFS is needed to assess the effects of the MHFS considering this hazard, as the peak
drift results alone are somewhat ambiguous. In a similar vein, some quantification of
the change to the rate of functional recovery afforded by the inclusion of replaceable
MHEFS connectors relative to repair of traditional fagade systems would help with cost-
benefit analysis of the proposed design approach. Arup’s Resilience-based Earthquake
Design Initiative (REDi) Rating System, and/or the FEMA P-58 Performance
Assessment Calculation Tool (PACT) are potentially suitable for this work.

Fagade systems, which use cold-formed steel stud backing walls — including brick
veneer, and exterior insulation and finish systems (EIFS)—pose challenges, which
were not considered in this formulation of the proposed MHFS, which focused
primarily on reinforced concrete panel types. Stud wall-backed systems involve
different load paths and means of accommodating in-plane deformations, which would

likely require a completely different connection scheme to those, discussed in this
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study. The MDCs and/or UFPs may still be useful in developing a MHFS using these
panel types, however additional work is needed to determine an appropriate approach.
Additional experimental testing could be performed to verify some of the system-level
behaviors which were only confirmed analytically in this study, including:
o Air-blast testing on a full-scale MHFS design
o Seismic deformation compatibility testing for various fagcade system types,
including panel(s) and connectors attached to spandrel beams, which can be
displacement-controlled in both the lateral in- and out-of-plane directions.
Preliminary efforts to propose a simplified approach to design for debris impact panel
loading attempted to simplify the dynamic system similar to the design approach taken
for air-blast impulsive demands. This proved inadequate as analyses revealed more
complex behavior of the system subject to impact loading. The proposed MHFS is still
effective for mitigating damage due to impact loading; however, neither an idealized,
closed-form impact design equation, nor any parametric impact design aids were
produced in this research. Therefore, some trial-and-error with FEA modeling may be
necessary to achieve a desired impact missile performance objective as a final step in
the MHFS design methodology. Parameters believed to control the behaviors could
likely be studied to improve this approach; these parameters include (but may not be
limited to):
o Panel and impact missile dimensions (ratio of impacted and total areas)
o Impact location
o Panel and missile masses (or the ratio thereof)

o Missile impact velocity
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o Deformation and/or energy dissipating capacity of a potentially deformable missile
(e.g. vehicle)

The MHFS may provide supplemental resistance against progressive collapse of
perimeter frames by utilizing the strength and stiffness of the vertically-oriented MDC-
Vs to transfer vertical forces through the facade system and away from the potential
collapse zone in a column loss scenario. Although this mechanism is not explicitly
designed for and should not be solely relied upon, it may provide an unintended benefit
which a preliminary analysis indicates could increase the collapse capacity by as much
as 20%. A somewhat atypical panel placement—where panels are centered laterally
on frame columns rather than over the clear spans—is required to reap this benefit, and
reinforced concrete fagade panels are likely the only type capable of transferring the
required shear forces.

Traditional design for air-blast effects—particularly for deliberate, targeted explosive
attacks—relies upon determining a design-basis scenario through a qualitative threat
assessment procedure (per the U.S. Department of Defense procedures). The
probability of the design-basis (or any) event occurring cannot be known as the
occurrence of such an event is dependent on human action; this marks a fundamental
difference between traditional hazards (e.g. seismic or extreme wind) resulting from
naturally-occurring phenomena which can be modeled probabilistically. However,
assuming a credible threat exists, probabilistic models can be assigned to the design-
critical parameters—namely, charge weight and target standoff distance—to determine
relative probabilities to various blast scenarios. These probabilities, coupled with a

facade panel air-blast design impulse data set, can be used to inform design-basis
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demands for blast loading based on, say, the panel impulse with 5% probability of
exceedance, similar to how design-basis seismic and wind events are chosen. This
approach would allow for characterization of blast hazards via a more quantitative
paradigm. Preliminary work suggests that such a model would have the added benefit
of producing design-basis demands for buildings adjacent to targeted buildings, which
might be subjected to collateral damage despite not being explicitly targeted for attack.
Such values can be used to determine appropriate proportional hardening of buildings
near potential targets to improve public safety and reduce potential losses resulting

from an explosive attack.
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Appendix A: MHFS Connector Thermal Fatigue Assessment
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1. Introduction

The proposed multi-hazard facade system (MHFS) design methodology relies upon a
combination of slotted or possibly oversized bolt holes to accommodate in-plane panel
expansion and contraction due to changes in temperature and moisture content. While this
approach is common in traditional fagade system connection design, there is some question
as to the long-term reliability of sliding bolts as corrosion or mechanical issues (e.g. bolts
are displaced within the holes due to settlement/movement of building frame elements over
time) can cause the connections to “lock up”. Large forces can develop rapidly in these
locked connections due to the high in-plane stiffness of, say, a typical reinforced concrete
facade panel, potentially resulting in premature failure of the connection(s).

The MHFS connectors—particularly the multi-hazard ductile connectors
(MDCs)—differ from traditional facade connectors in that they include a ductile (rolling)
in-plane deformation mode, allowing for a backup means of accommodating in-plane
deformations in the event of connection lock-up. The preferred MHFS connector layout
for a reinforced concrete panel type is shown in Fig. A-1 along with the fixity and resulting
locations from which panel expansion and contraction are expected to occur. The MDC-
Vs (effectively) fix the panel vertically along the top edge, while the lone MDC-L fixes the
panel laterally along its centerline. In the event of connection lock-up, lateral panel
expansion/contraction about this centerline imposes rolling deformations across the MDC-
Vs, which are critical for supporting the panel’s weight. The MDC connection details
include a somewhat atypical fillet weld detail which attaches the HSS tube to the plates on
either side (building frame and panel); the boundary between HSS tube wall and the welds

here is the expected failure location during tube rolling based on both experimental and



analytical observations. The fatigue life of this detail subjected to repeated temperature
(and moisture) cycles is investigated in this section, along with the fatigue life of the same
detail subjected to longitudinal shearing across the HSS tube.
2. Fatigue Evaluation
The fatigue life of the MDCs was evaluated using the following procedure:

1. Determine a prototype MHFS design

2. Obtain an appropriate set of temperature data

3. Convert temperature data to a deformation protocol at the connector(s) in question

4. Evaluate the maximum stress caused by each deformation excursion

5. Combine stresses from each cycle with the connection detail to estimate the number

of cycles—and, thus, amount of time—before failure is expected (via Miner’s
Rule).

2.1 Prototype MHFS Design and Estimated Maximum Stress
The chosen prototype MHFS design utilizes a reinforced concrete panel which is thirteen
feet high by thirty feet wide. Concrete has a coefficient of thermal expansion of 6x107/°F,
which can be multiplied by the change in temperature and length of the panel in the
direction(s) of expansion or contraction to determine the expanded dimension(s). MDCs
which use a 12-inch length of HSS6x0.25 section were chosen for simplicity and based on
available finite element analysis (FEA) data however this section and length is similar to
MDC designs obtained through the full MHFS design procedure. Critical MDC
mechanical properties for both rolling and longitudinal shearing actions are summarized in
Table A-1. The “stress rate” quantity shown in this table is simply the expected material

yield stress (Ryoy) of 64.4 ksi divided by the yield deformation. This quantity is used to



estimate the maximum material stress during elastic deformations with the assumption of
a linear variation of maximum stress up to 64.4 ksi at the yield (plastic mechanism
formation) deformation. For the connector configuration shown in Fig. A-1, lateral
deformations impose rolling deformations across the MDC-Vs which places transverse
shearing stresses on the welds. Longitudinal shearing of the HSS tubes imposes
longitudinal (and normal due to bending) stresses on the MDC welds. In either case, the
maximum stress location is at the weld-to-tube wall interface based on FEA results.

2.2 Temperature Data and Deformation Protocol(s)

Temperature data was obtained from the U.S. National Oceanic and Atmospheric
Administration (NOAA) National Data Buoy Center, Station LORO1 in Lorain Harbor,
Ohio, which is located on the coast of Lake Erie, West of Cleveland. Northeast Ohio is an
appropriate location for a temperature-based fatigue evaluation in the United States due to
significant fluctuations in seasonal temperatures. This station continuously records
weather data—including temperature—every ten minutes. Data from 2007-2017 was
downloaded to utilize the most recent decade’s worth of data for this evaluation. This data
is plotted in Fig. A-2. Plot (a) shows the daily maximum and minimum recorded data
points for each day over the ten-year period, while plot (b) shows the maximum
temperature fluctuation for each day.

The temperature data from 2007-2017 was combined into one “aggregate” year by
taking the average (over ten years) maximum and minimum temperatures on each day
(365) of the year. This procedure was performed to obtain a representative “typical” year
of data with which to perform fatigue life estimation calculations. This aggregate year of

data is shown in Fig. A-2 (a), with plot (b) showing the temperature fluctuation for each
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day. The average fluctuation line uses the average daily maximum and minimum
temperatures to calculate the daily fluctuation, while the other line—referred to herein as
the “extreme” temperature fluctuation—uses the average maximum daily temperatures
plus the standard deviation of maximum temperature for that day and the average minimum
daily temperatures minus the standard deviation of minimum temperature for that day.
Each day was assumed to consist of one deformation cycle which starts with the
panel at the previous day’s low temperature dimensions, increases to the daily maximum
temperature dimensions, then decreases to the daily minimum dimensions; the maximum
difference between these adjacent points is taken as the deformation amplitude for that day.
Installation of the prototype panel was assumed to occur at the average overall temperature
of the aggregate year (around 50 °F), at which time the panel is at its nominal dimensions
of 13°’x30°. With this starting point and the aggregate year temperature fluctuations, the
vertical and lateral panel deformation per day were calculated as shown in Fig. A-3. The
average and extreme temperature fluctuations (2 temperature data sets) were considered to
evaluate the fatigue life of MDCs subjected to both the lateral and vertical deformation
protocols (2 directions) considering all deformations accommodated via either rolling or
longitudinal shearing of the HSS tubes (2 orientations; 8 total configurations).
2.3 Fatigue Life
Based on the deformation protocols shown in Fig. A-3, all potential rolling deformations
are less than the expected yield deformation, which allows for the use of high-cycle fatigue
evaluation methods. The longitudinal shear deformations are less than yield considering
vertical panel expansion/contraction, however the lateral direction protocols would likely

exceed yield in many cases. Evaluation of the fatigue life in this case would require some
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combination of low- and high-cycle fatigue methods. For simplicity, longitudinal shearing
deformations which exceed yield are treated as elastic (with linearly-varying stresses which
exceed than their expected maximum); the MHFS connector layouts considered in this
research do not include multiple MDCs oriented such that lateral panel
expansion/contraction would require longitudinal shearing of the HSS tubes, and the
consideration of their fatigue life subjected to this deformation protocol is included here
simply for completeness. For all cases, Miner’s Rule is applied with a coefficient of 3
(typical for structural steel and fillet welds). Threshold stresses—which set a lower limit
for stress which contributes to fatigue damage of the material—are neglected in this
evaluation due to the somewhat atypical weld detail employed in the MDC connection. A
suitable prototype weld detail fatigue constant is not available in AISC 360-10 Appendix
3 for the MDC connection, however the rolling direction is believed to most closely match
Case 5.1 with constant, Cy, equal to 120x10%. For longitudinal shearing, Case 4.1 is
believed to be the closest match, with Cy = 11x10%. These constants are used with the
estimated maximum stress for each daily cycle summed over the entire aggregate year to
calculate the number of years it would take to induce fatigue failure in the connection.
Results of the fatigue evaluation for all combinations of aggregate year temperature
data set, MDC orientation, and panel expansion/contraction direction are summarized in
Table A-2. All Crvalues in AISC 360-10 Appendix 3 are included in this table to consider
the full range of potential constants and their resulting fatigue life estimations, with the
assumed best estimate highlighted. Based on these results, the worst-case scenario for
MDC rolling—considering the extreme temperature data set and smallest available Cr

value—estimates a fatigue life of about 300 years, which far exceeds the expected



serviceable life for a practical MDC estimation. For a longitudinally-sheared MDC
accommodating vertical expansion/contraction, the expected fatigue life ranges from 30 to
400 years. With an expected design life of, say, 50 years, this fatigue life is most likely
adequate.

3. Conclusions and Recommendations for Future Work

A fatigue evaluation of MDCs installed on a reinforced concrete panel subjected to cyclic
deformations due to temperature fluctuations was performed to evaluate the potential for
premature failure of these critical connecting components in the proposed MHFS.
Temperature data from 2007-2017 in Lorain, Ohio was used to create a representative year
of daily temperature fluctuations, which in turn were used to create connector deformation
protocols. Miner’s Rule for high-cycle fatigue life evaluation was used to estimate the
number of typical years of temperature effects the MDCs can withstand considering both
the expected (average) and extreme (average plus/minus standard deviation) temperature
data sets, and both potential in-plane MDC orientations. For the preferred MHFS
connector layout, the MDC-Vs are expected to be capable of undergoing about 300 years
of temperature effects, which far exceeds their expected design life. Additional work on
this topic should add moisture effects, which also cause volumetric expansion/contraction
in porous building materials. Brick veneer fagade systems may also need to be evaluated

depending on the proposed connector configuration.
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Table A-1: Prototype MDC Design for Fatigue Evaluation

MDC Action: Rolling Shearing
Plastic Mechanism Strength (kip): 8.10 69.0
Elastic Stiffness (kip/in): 25.0 1500
Yield Deformation (in): 0.324 0.046
Stress Rate (kip/in/in): 199 1400

Notes: Based on 12-inch HSS6x0.25 MDC design.
Stress rate assumes linear variation from zero to
64.4 ksi at yield deformation.
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Table A-2: MDC Fatigue Life Evaluation Considering Thermal Expansion and Contraction of Reinforced Concrete Fagade Panel

Fatigue Life (years) Lateral Expansion/Contraction | Vertical Expansion/Contraction
Reinforced Concrete Panel 13'x30' Temperatures Temperatures
MDC Action Cr Average Extreme Average Extreme
1.5E+12 15220000 1218900 187040000 14980000
1.20E+10 121760 9751 1496320 119840
6.10E+09 61895 4957 760629 60919
Rolling 4.40E+09 44645 3575 548651 43941
2.20E+09 22323 1788 274325 21971
1.10E+09 11161 894 137163 10985
3.90E+08 3957 317 48630 3895
1.5E+12 43578 3490 535560 42891
1.20E+10 349 28 4284 343
6.10E+09 177 14 2178 174
Shearing 4.40E+09 128 10 1571 126
2.20E+09 64 5 785 63
1.10E+09 32 3 393 31
3.90E+08 11 1 139 11
Notes: Based on prototype MDC design using 12-inch HSS6x0.25 section.

Temperatures taken from Lorain, OH from 2007-2017.

Bold Cf values are believed to be the most appropriate based on connection details.
Shaded boxes show best estimates of fatigue life for the proposed connector layout.

Calculated using Miner's Rule (o = 3), ignoring threshold stress.
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Appendix B: MHFS Alternative Connector Layouts
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MDCY = MDC-\(H}

MDC:2a MDC-L
Configuration 1 Configuration 2a Configuration 3a
H3 MDC3 H} _ MDC:2b_ __ . MDC-B .
C-2 , MDC-2 HMDC-1¢ T==7===" MDC-1cH ==UFP - UFP=3

o ——-

Panel Degrees-of-Freedom (DoF)

Vertical (V)
Lateral In-
Out-of- Plane (LIP)
Plane (OP)

Configuration 2a has all MDC-1s of the
same length. Configuration 2b is identical
except MDC-1cs are shorter (sized for
minimum outward OP demand); mainly
impacts seismic in-plane response.

Solid lines: constrained DoF.
Dashed lines: DoF released via connection detail.

r'""\*—- Column centerlines -—*f’|

MDC-V == MDC-V
L) MDC-L T

f
Conﬁgura‘rioni3b

] __IMD:
%—UFP o—w———L

Longitudinal axes of HSS tubes along longer rectangle side. =~ [S=VYIY ro= = UFP=>
Configuration Advantages Disadvantages
Resists all minimum force demands in all degrees-of-freedom | Over-reliance on slotted bolt holes
| Accommodates corner panel contact during seismic drift Over-constrained in-plane; adjustments difficult
Includes performance-based, protective design for blast, Coupled minimum and extreme hazard designs
impact, tornado, etc. events Most complex corner panel contact accommodation mechanism
Shaded advantages above Relies on HSS tube rolling for in-plane seismic drift accommodation
Improved installation adjustability HSS tubes lack adequate rolling deformation capacity
2 (a,b) Fewest bolt connections Potential amplification of in-plane drifts by facade system
Decoupled minimum force and protective designs Reduced outward OP resistance due to de-coupled design
Corner panel contact uses HSS tube rolling (reduced force)
3ii (a.b) Shaded advantages above Reduced outward OP resistance due to de-coupled design
Corner panel contact uses UFP pulling (highly ductile) Multiple connector types (MDCs and UFPs) - complexity
3b Potential supplementation of progressive collapse mechanism | Atypical "staggered" panel layout (centered on columns)
Reduced OP panel rotation capacity due to column location
Notes: 1. Original connector layout; used during HSS crushing, pulling, and longitudinal shearing experimental tests.

ii. Second major iteration; used during HSS rolling experimental tests
iii. Current design iteration (focus of design methodology writing). Inclusion of UFPs resolved drift issues of configuration 2.
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Slots (short or long) / Oversize

In-Plane DOFs

Configuration Connector Count Location Orientation® ) )
Panel-Side Frame-Side Fixed Released®
MDC-1 3 Top corners and center LIP V, short (AT)¢  LIP, long (drift)? - V, LIP
1 MDC-2 2 Bottom corners \% - LIP, short (AT) \% LIP
MDC-3 1 Bottom center LIP - - LIP -
v,
MDC-1a 1 Top corner \% - - LIP -
MDC-1b 1 Top corner \Y - LIP, short (AT) \Y LIP
2 MDC-1c 1 Bottom corners \Y% - Oversize (AT) - V, LIP
MDC-2a 1 Top center LIP - No connection - All
MDC-2b 1 Bottom center LIP - No connection - All
MDC-V 2 Top corners \Y% - LIP, short (AT) \Y LIP
3 MDC-L 1 Top center LIP - V, short (AT) LIP \%
MDC-B 1 Bottom center LIP - No connection - All
UFP 2 Bottom corners N/A Slots (short) or oversize (AT) - V, LIP
Notes:  a. Principal panel degree-of-freedom (DOF) parallel to connector's HSS tube's longitudinal axis.

b. Released DOFs, other than connectors with no frame-side connection, rely on slotted/oversized bolt holes.
c. (AT) indicates slotted/oversized holes sized for maximum +/- thermal/moisture expansion/contraction effects,
as well as tolerances for fabrication, installation, and potential on-site adjustment.

d. (drift) indicates slotted holes sized for maximum expected inter-story drift (+/-).
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Appendix C: Experimental Specimens Fabrication Drawings
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