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ABSTRACT

Developing a General Methodology for Evaluating Composite Action
in Insulated Wall Panels

Precast concrete sandwich wall panels (PCSWPs) have been in use for over 60 years. They provide a very
efficient building envelope for many buildings. Characteristic PCSWPs comprise an outer and inner layer (or wythe)
of concrete separated by an insulating material. To use all of the material as efficiently as possible, the layers are
attached by connectors which penetrate through the insulating layer and are embedded in either concrete wythe.
These connectors make it possible for both layers of the wall to work together when resisting loads. The connectors
are made out of plastic, or FRP, to prevent heat transfer from one side of the wall to the other.

This research evaluated several different FRP systems by fabricating and testing 41 small scale “push-off”
specimens (3 ft. by 4 ft., 0.91 m by 1.22 m) and eight full-scale sandwich panel walls to evaluate the percent
composite action of various connectors and compare the results to those provided by the composite connector
manufacturers. Testing of push-off specimens was performed by applying loads perpendicular to the connectors and
measuring the amount of deformation that occurred. By determining the load-deformation relationship, engineers
can make more informed decisions about the full-scale behavior. This project aimed to validate current procedures
using these methods, and to develop simpler, more efficient methods for predicting overall strength of this
innovative building system. This study concluded that the reported degrees of composite action from each
manufacturer are considered conservative in all instances for the connectors tested. Additionally, the intensity and
type of connectors are important factors in determining the degree of partial composite action in a panel.

Two methods to predict elastic deformations and cracking were developed (the Beam-Spring model and the
Elastic Hand Method) and were compared to the elastic portions of the full-scale testing performed in this study,
yielding promising results. A new method (the Partially-Composite Strength Prediction Method) was also created to
predict the nominal moment capacity of concrete sandwich wall panels that is easier to implement than current
methodologies and shown to be accurate. The results of this method were also compared to the full-scale testing

results in this study. Design and analysis examples using these methods are presented in this report. (243 pages)



ACKNOWLEDGEMENTS

The authors are humbly grateful for the support of the Precast/Prestressed Concrete Institute and the Daniel
P. Jenny Research Fellowship. The patience of the committee as the team worked through precaster fabrication was
infinitely appreciated. Several volunteers and undergraduate researchers helped complete this project, with special
thanks due to Gilbert Nichols, Hunter Buxton, Parker Syndergaard, Tyson Glover, and Ethan Pickett for their
assistance in the fabrication and testing of the sandwich wall panels. The authors are grateful that Forterra Precast in
Salt Lake City, Utah provided the majority of the panels, and Concrete Industries in Lincoln, Nebraska is thanked
for their very timely THiN-Wall panel fabrication and delivery. Furthermore, the donation of connectors and
insulation materials by Thermomass, Dayton Superior, HK Composites, and Aslan-FRP were greatly appreciate, and
an integral part to the completion of this research. Special thanks to Ken Fleck and A. L. Patterson for the donated

lifting devices to make the testing of the panels quicker and easier.



CONTENTS

AB ST RACT L.t b bbbt bbbt bbb bt AR e bR R e bt nb e n b b nre b eneas ii
ACKNOWLEDGEMENTS ...ttt bbb sn bbbt n e e iii
LIST OF TABLES ..ot bbb bbbt e bt sr b b ane s vii
LIST OF FIGURES.......oo oottt sttt ettt e bbbt et nne b e ix
LIST OF SYMBOLS AND NOTATION ....ooiiiiititieeeieie ettt st st XV
LIST OF ABBREVIATIONS ...ttt sttt s sttt e et e Xviii
1 INTRODUCTION ..ottt ettt bbbttt bt bbbt e b e nne e 1
11 BaCKGIOUNG .......ociiciccce ettt s te e sre e nae et e eneesneenreenreens 2
1.2 RESEAICH ODJECTIVE ...t 3
13 REPOI OULIINE ...ttt ettt bbb nre e 3
2 LITERATURE REVIEW .....ooiiiiiiiiieiee ettt sttt sttt nne it s 4
2.1 Concrete Sandwich Panel Wall HiStOry ..........ccoov i 4
2 R 00 L[ PSSR
N K 0O PSSR
I 00 0 OSSP
N R (1T o | SRR RTRPRRRN
2.2 (070 101 oTo 1] (= AN ox 1 o] o SR 41
2.3 Thermal EFfICIENCY ....vvoviie e re e 41
2.4 FRP Shear Transfer MeChaNISM ..o s 42
2.4.1  MOId INJECLEA GFRP ... .oiiicice ettt s te e te e b e e be e e e sraesneens
2.4.2  EXITUAEA GFRP.......i ittt sttt s et ete st e tesaeeteeseeneeseenne e nes
2.4.3  WEAVEU GIFRP ..ottt sttt sttt et s et e et e aesaeeteereene et e nne e e
25 DESIGN MENOAS ...t bbb 43
2.5.1  Principles 0f MECNANICS.........ccviiiii et
2.5.2  ACI SIMPLified MEtNOU ........occuieice e st e e nneens
2.5.3  PCIMELNOM. ..o bbbttt b bbbttt nn b e
3 EXPERIMENTAL PROGRAM ....oootiiceece sttt 47
3.1 L1 (oo 13 Tod £ T o OSSR 47
3.2 ] T ) i TS SRS 47
3.2.1  Specimen Configurations and TeSt IMALFIX ........cccccviiiiieiieii e
3.2.2  Construction of PUSh-0ff SPECIMEN ........ccoiiiiiiiii e
3.2.3  PUSN-OFF TOSE SEIUP. ...t teetieeeie ettt ettt bbb nne b e
T 115 £ 041 ) - [ oSS
3.3 o L T SRS 65
3.3.1 Full-scale Specimen Configurations and Test MatriX........cccccoereririiiieienere e
3.3.2  Construction 0f Wall PANEIS ..........coiiiiii e e
3.3.3  FUII-SCAIE TOSE SEBEUPD.....icuieeite ettt sttt b e bbbt b et see b b e
3.3.4  FUII-SCAIE TESE SENSOIS. ....cueiutiiteitirieetieteeiete ettt ettt e bbb e e et e be st e sbesbesbe e b e et e seesbe e e



8

3.4 (=] T LI I o OSSR 70

3.5 SUMIMAIY 1ttt ettt s bbbt e sbb e e s b bt e sbb e e ab bt e sb b e e sb b e e nbbe e s bbeenbbeenbbeennnee e 71
TEST RESULTS FOR PUSH-OFF TESTS ...voioiiiieieie et 72

41 Lol [0 Tod 1T ] o TR PRTRRTRPTRN 72

4.2 MELETTAT TESTING ..vevietirteieiirte bbbt b et sbe e 72

4.3 PUSH-0TF TESE RESUILS ...t e 74
4.3.1 Experimental Results for CONNECIOT A .......ovoiiiiiiiie e 80
4.3.2  Experimental Results for CONNECIOr B ........c.cooiiiiiieiieieic s 82
4.3.3  Experimental Results for CONNECLOr C ........ccociiiiiiriiiii et 83
4.3.4  Experimental Results for CONNECLOr D ........ccccviiiiiriiiiiieisicnieese e 85
4.3.5 Experimental Results for CONNECLON E ..........ccooiiiiiiiiiieiiiesie et 87
4.3.6  Failure Modes 0f Shear CONNEBCIONS. ........cuiiiiiieiireeie ettt 88
4.3.7  RecommMENdEd DESIGN CUMVES .......cciiiiiiiteiieiiste ettt sn e 100

4.4 SumMmary and CONCIUSIONS.........ccviiieiieieie e e et be e snees 102
TEST RESULTS FOR FULL-SCALE PANELS ......c.cco ittt 103

5.1 Y C=] T L I oo USRS 103

5.2 FUIT-SCAIE TSt RESUILS ....eveeieiieee ettt e 104
5.2.1 Load vs. Deflection for Entire Data Set..........ccccuveiiriiiiiiie i 104
5.2.2 Load vs. Deflection for EIastiC ONIY .......cccooiviiiiieiieee e 107
5.2.3 Load vs. SIip for ENtire Data Set........cccveiiiiieccsee e 109
5.2.4  Composite ACtION RESUILS ......oiieiie et 111

5.3 (O] Tod 111 [0 31T 114
PREDICTING ELASTIC BEHAVIOR ...ttt 115

6.1 Beam-Spring MOUEL ..........coviie et 115

6.2 Elastic Hand Method Analysis ProCEAUIE. ...........ccveiieiieiie e 117
6.2.1 Elastic Hand Method DeSCIPLION........c.oieiiiiriieeieiene ettt neas 117
6.2.2  Elastic Hand Method ProCEAUIE ..........cveieieiicieeeeee et 118

6.3 Validation of the Beam-Spring Model and Elastic Hand Method............c..cccceveninnene. 125

6.4 Elastic Hand Method and Beam-Spring Model Comparison ..........cccccvvervenenneniennn 131

6.5 Elastic Hand Method Design ProCeAUIE ..........cccvevieiiieiieiie et 133

6.6 CONCIUSTONS ...t bbbttt bbbt bt ee e b 135
PREDICTING STRENGTH BEHAVIOR ......ccooiiiiiiiesee e 137

7.1 L (oo [0 Tod £ T o PSS 137

7.2 Calculating Percent CompOoSIte ACLION .......ccceieiieriiiie et 137
7.2.1  Non-Composite UItimate MOMENT ........ccoociiiiiiiiiece e 137
7.2.2  Fully-Composite Ultimate MOMENL..........cccocviiiiiiiciiee e 138
7.2.3 Definition of Partial Percent Composite Action for Ultimate Moment ............cccceveieienene. 138

7.3 Partially-Composite Strength Prediction Method .........c.covveieveriiiernsnseeeesee e 139
7.3.1  OVErVIEW and DISCUSSION ....cueivvieirieeeieiesiesiesiesteseeseeseessesteseessessesseesessesseseessessesssssesssessessenses 139
7.3.2 Partially-Composite Strength Prediction Method Procedure.........cccovvvevvvviiveveieeneseseen 142
7.3.3 Validation of the Partially-Composite Strength Prediction Method ...........cccccocvvivvieiciennne, 152
7.3.4  Recommendations fOr DESION........cuiiiiiiiie ettt s 152

7.4 CONCIUSTONS ...t bbbttt bbb bt ae e b 153
CONGCLUSIONS ..ottt ettt e st e e st e e s taeesabe e srteesabeessaeesneeesneeesneeen 155



8.1 IS0 104 LY/ 155

8.2 e R =TS 11T OSSN 155
8.3 L R Tor: | [T =T oo PSS 156
8.4 Elastic Prediction Methods ..........coo i 156
8.5 Nominal Strength MEthOd.............oiiiiiii e 157
REFERENCES ..ottt bbbt bbb bbbt bbbt et b b e e 159
APPENDICES. ..ottt sttt ettt sttt b ettt st ettt b et ettt ettt b e bt re st 163
Appendix A. Elastic Hand Method Analysis EXamplIeS.........cccccvieiviiiiinieienese e 164
Appendix B. Elastic Hand Method Design EXamples.........cccocevevieiieiiiieniene e 187
Appendix C. Partially-Composite Strength Prediction Method Analysis Examples.................... 195
Appendix D. Partially-Composite Strength Prediction Method Design Example..............c.cc....... 219

Vi



LIST OF TABLES

Table Page

Table 2-1 Table to determine factors for Equation (2-22) (Bunn 2011).........cccoeoiieniiineneiineneiesienee e 33
Table 3-1 Test Matrix for Five-Wythe Push-Off SPECIMENS .........ccccciiiiriiiiiiiiie e 48
Table 4-1 Material properties of concrete for push-off SPECIMENS.........ccceiieriiiiiie e 73
Table 4-2 Material Properties of Concrete for push-off SPECIMENS..........cccvvveiviiicicie e 73
Table 4-3 Observed Experimental Capacity 0f CONNECIOr A .......cvoveiiiiiie e 81
Table 4-4 Elastic and plastic stiffness for all Connector A push-off SPecimens ...........cccccvevveieecviiciennns 81
Table 4-5 Observed experimental capacity 0f CONNECION B...........cooeiiiiiiiiiencsee e 83
Table 4-6 Elastic and plastic stiffness for all Connector B push-off SPECIMENS.........ccoevviiieniiineneiiieen, 83
Table 4-7 Observed Experimental Capacity 0f CONNECLOr C .......cvoveiiiiiiiieeieeeee e 84
Table 4-8 Elastic and plastic stiffness for all Connector C push-off Specimens...........cccoovevvevivcciieiiennns 85
Table 4-9 Observed experimental capacity 0f CONNECIOr D.......c.cccvvvieiieiice e 86
Table 4-10 Elastic and plastic stiffness for all Connector D push-off Specimens ..........ccoceoveneiienniciennn 86
Table 4-11 Elastic and plastic stiffness for all Connector E push-off specimens...........ccocccveniiiinniiennnn 87
Table 4-12 Summary of recommended design curves for all CONNECLOrS..........coevvvereiiiineneee e 101
Table 5-1 Concrete Compression Strength for Full-scale SPeCimenNs .........ccccevvevveie e 103
Table 5-2 Full-Scale Specimen Panel TeSt RESUILS ........c.ccviiiiiieiiee ettt 109
Table 5-3 Measured vs. Manufacturer-reported composite action for maximum moment ..............ccccoe.... 113
Table 6-1 PANEl PrOPEITIES ......ooviiiiitiieiite ettt bbbt b et b et b 117
Table 6-2 Summary of measured and predicted cracking and deflections ...........ccccoocevvviiiiicniciccece 130
Table 6-3 Beam-Spring Model Measured-to-Predicted RaAtios ..........ccccocvvvviiieiinneie e 130
Table 6-4 Elastic Hand Method Measured-to-Predicted RatioS ............cccovrreinineisinceeseeee e 131
Table 6-5 Ratio of the Beam-Spring Prediction to the Elastic Hand Method Prediction .............cccccceeueee. 132
Table 6-6 Measured Composite Action for cracking MOMENT ...........cccoviiiriiiiiie e 132
Table 6-7 Measured Composite Action for deflection .........ccocveoveeriii i 133
Table 6-8 Measured-t0-PrediCted Fatio..........ccviriiiieiree e 136

vii



Table 7-1 Validation of Partially-Composite Strength Prediction Method ...........ccccccovvviviiviieiiciccccc 152

Table A-1 Load, Deflection, and Slip predictions for panels USiNG..........ccccoovevveriererevininse e 165
Table A-2 Total Load, Equivalent Load Deflection, and SHP........ccccooeviiniiiiniiceee e 169
Table A-3 Total Load, Equivalent Load Deflection, and SHP.........cccoeviiiiiiiniicsee e 173
Table A-4 Total Load, Equivalent Load Deflection, and SHP........ccccooeiiiniiineicec e 177
Table A-5 Total Load, Equivalent Load Deflection, and SHP........ccccecvvviieiieeiieieiece e 181
Table A-6 Total Load, Equivalent Load Deflection, and SHp.........cccocevviiviieeiiciesc e 186
Table B-1 Results from the Beam-Spring Model for Wythe 2..........cccoiviviiiciicienecc e 194

viii



LIST OF FIGURES

Figure Page

Figure 1-1 Concrete sandwich panel Wall ..o 2
Figure 1-2 Different connector shapes used in sandwich panel WallS ... 3
Figure 2-1 SWP tilted while sand is sprayed from center wythe with fire hose (Collins 1954).............cc.c..... 4
Figure 2-2 Lightweight foam concrete tilt-Up SWP ..o 6
Figure 2-3 Design charts used by designers to extract acceptable dimensional ratios .............cccceeevereiennnns 7
Figure 2-4 Stress distribution diagrams in PCSWPs due to pure bending (Einea et al. 1991) ..........cc.co..... 10
Figure 2-5 InSulation JOINES IN SWWPS.........ciiiiiiiiiiiiei bbb 11
Figure 2-6 R-value vs % area stainless steel connectors in PCSWPS.........ccocviiiiiiineineeseese s 12
Figure 2-7 R-value vs % area penetration of concrete for PCSWPS ..o 12

Figure 2-8 Candidate FRP connectors shown in cross-sectional view of PCSWPs (Einea et al. 1994)........ 14

Figure 2-9 Diagram showing the flexural test setup (Einea et al. 1994). .......cccccovevveii s, 15
Figure 2-10 Differential Panel Element (Salmon and Einea 1995) ........cccccviriininiinincineecseecsie s 17
Figure 2-11 Stress distribution in a non-composite sandwich panel (Seeber et al. 1997) ........ccccovvrvevrennnn. 19
Figure 2-12 Sample calculations for determining Section Properties ..........cocooveverrinennneneseesees 20
Figure 2-13 A depiction of the FEM/linear analysis model (Einea et al. 1997) .........ccccccvvvevievveve e, 22
Figure 2-14 Cross sectional view of the two panels tested by Lee and Pessiki (2008) ..........cccccevveveivennen. 25
Figure 2-15 Maximum transverse stresses for various end conditions (Lee and Pessiki 2008) .................... 26
Figure 2-16 Lateral load vs mid-span deflection with analogy model ...........ccccovvriininiiinie, 28

Figure 2-17 Loading pattern applying point loads across unsupported span of panel (Naito et al. 2011).....29

Figure 2-18 Photograph depicting the loading tree and end-slip measurement (Naito et al. 2011)............... 30
Figure 2-19 Data collected for Naito et al.'s testing of Connector B (Naito et al. 2011)........c.cccccevevvevnennen. 31
Figure 2-20 Shear and MOMENT DIAGIAM .......ccuiiiiuiriiieie ettt st bbb nne e e 32

Figure 2-21 Push-off Specimen cured (left) and before concrete poured (right) (Woltman et al. 2013)....... 34
Figure 2-22 Observed failure MOdes iN SWP ..o s 35

Figure 2-23 Naito et al.'s data (2011) vs Bai and Davidson's predictions (Bai and Davidson 2015) ............ 40



Figure 2-24 Evaluation of shear by principles of mechanics (Bunn 2011) ........cccceveveveninrinnnsieeereseenees 44

Figure 2-25 Definition of distance, d, from Eq. (2-42) (BUNN 2011) ......cccoovivineiecieie e 45
Figure 3-1 Push-off Specimen diagram and photographs of each connector ..., 49
Figure 3-2 CONNECION A CIOSE-UD ....viviieiiitiiieiet sttt b ettt bt 50
Figure 3-3 Detailed diagram of the push-off specimen design for connector A............ccoeovvrvinenccncnnenn 50
o U (=T B A @ g T Toa (o] g = ol (o1 o S 51
Figure 3-5 Detailed diagram for push-off specimen for connector B...........ccccovvvveieviiccie s 51
Figure 3-6 CONNECLON C CIOSE-UP ...ecuveieeieieiiesie st st eeie et te ettt e e s testeere et e e e st e besbesteaneeneeseeneenee e 52
Figure 3-7 Detailed diagram for push-off specimen for connector C............covvviniininineneeces 53
Figure 3-8 CONNECION D CIOSE-UD ....ecviieiiitiieeicte sttt bttt 54
Figure 3-9 Detailed diagram for push-off specimen for connector D ... 54
Figure 3-10 CONNECIOI E ClOSE-UP . ..cviiiiiie ettt ettt st te e ste et e st et e steesbeestaesteenneaneas 55
Figure 3-11 Detailed diagram for push-off specimen for connector E...........cccccvevveveiceseviece e, 55
Figure 3-12 Seaming of the bond inhibitor using dUCE taPE ..........ccoviiiiiiiiic s 56
Figure 3-13 Left: Connector B, Middle: Connector C, Right: COnnector D .........ccccevevevenivninieeeriesenies 57
Figure 3-14 Connector E placed iN FOAM........ccooiiiiiiii s 57
Figure 3-15 Completed first wythes with foam and connectors in place ........cccccevvevviciiccicce e, 59
Figure 3-16 Clean-up following formwork removal of first Wythe ..., 59
Figure 3-17 Second wythe preparation with rebar, pick-points, and form work in place...........c.ccccceeevenen. 60
Figure 3-18 Formwork removed after concrete for the second wythe is allowed to cure ..........cccccoevrenee. 60
Figure 3-19 The highest set of forms is in place ready to pour the last concrete wythe...........ccccoceviirennne. 61
Figure 3-20 Taking special care to put a finished surface on the final wythe of the concrete....................... 61
Figure 3-21 Finished Product Waiting t0 CUIE ........ceccviiiiiicciecie ettt ste ettt et 62
Figure 3-22 Diagram (left) and photograph (right) Of teSt SEt UP .....ccveiiiiiiiiiiieeee e 63
Figure 3-23 Specially designed mounting bracket used to attached LVDTS to specimen...........cccccccceveeene 64
Figure 3-24 Special bracket fixed to specimen With LVDT ..o 64
Figure 3-25 Shear Connectors Tested, Left to Right: Connector A, B, C,and D.......cocoovvvvvvvnnciecicnene 65
Figure 3-26 A-2 Panel et@ilS .........c.oiiiiiiiiiieiie s 66



Figure 3-27 A-4 Panel detailS........ccccveviieie i ne s 67

Figure 3-28 B Panel AELAIIS ......c..eiveiiieieiee et r e nr e ne s 67
Figure 3-29 BC Panel AeTailS........c.cviuiiiiiiieiees et 68
Figure 3-30 D Panel detailS .........ooueiiiiiiiiiie e 68
Figure 3-31 Full-scale SPECIMEN TEST SEIUD.....c.viiitiiiiiriiiete ittt 70
Figure 4-1 Graphical representation of average concrete compressive strengths in Table 4-2 .................... 74
Figure 4-2 Load-Deformation Curve & Visually Identifying the Yield Point .........c.ccccocvvvviviiniivcccvciennn, 75
Figure 4-3 Ultimate Load Comparison for All Connectors Individually ...........ccccevevineiieiivnnsieeeesee 76
Figure 4-4 Different types of polyisocyanurate foam and their associated face finishing...........c.cc.cccvennee. 77
Figure 4-5 Elastic Load Limit (Fg) Comparison for All Specimen Configurations ............cccovevervenennnnn 78
Figure 4-6 Elastic Stiffness Comparison for All CONNECLON..........cociiiiiiiiiieeeee s 79
Figure 4-7 Inelastic Stiffness Comparison for Al CONNECLON ..........cccovviveiiei i 79
Figure 4-8 Chart of all 3-in. specimens for CONNECION A .......ccvoiieiiee e 80
Figure 4-9 Chart of all 4-in. specimens for CONNECION A ..........oiiiiiiiiciee s 81
Figure 4-10 Chart of all three-inch specimens for CONNECLOr B ..o 82
Figure 4-11 Chart of all 4-in. specimens for Connector B push-off Specimens ..., 82
Figure 4-12 Chart of all 3-in. specimens for CONNECLON C .........ccveiviiiiiie i 84
Figure 4-13 Chart of all 4-in. specimens for CONNECLON C .........cccveiviiiiiiie s 84
Figure 4-14 Chart of all 3-in. specimens for CONNECLOr D .........ccvciviiieiieiiie e 85
Figure 4-15 Chart of all 4-in. specimens for CONNECION D .........ccooiiiiiiiiiiirere s 86
Figure 4-16 Chart of all 3-in. specimens for CONNECLON E............ccooiiiiiiiiiiceee s 87
Figure 4-17 Tensile rupture in unbonded specimen with ISO fOaM .........cccviiiiiiiii 88
Figure 4-18 Pullout failure in unbonded specimen with ISO foam ..o, 89
Figure 4-19 Shear fracture failure in unbonded specimen with EPS foam............cccccoviiiiiiininiicicicnc 89
Figure 4-20 Dowel action causing delamination occurring along the width of Connector B........................ 90
Figure 4-21 Dowel action failure of CONNECLON B ........c.oviiiiiiiiiee s 90
Figure 4-22 Dowel action occurring along the length of Connector B...........cccccvvriininininsccees 91
Figure 4-23 Shear fracture observed in CONNECLON B ..ot 91

Xi



Figure 4-24 Pullout occurring with Connector B in combination with bending fracture .........c..ccccccoevenen 92

Figure 4-25 Shear fracture 0f CONNECION B ........cviiiiiicie et 92
Figure 4-26 Delamination observed in a 4-in. unbonded XPS SPECIMEN .......cccovririiriniiinieneeesces 93
Figure 4-27 Dowel action in a 4-in. bonded XPS SPECIMEN..........ceiiiiiiiiiriciseeere s 94
Figure 4-28 Delamination / shear rupture in a 4-in. bonded XPS SPECIMEN .........ccoevviriiriiiiiicscs 94
Figure 4-29 Shear fracture and dowel action of CONNECLOr C ........ccvcvveiieiiiiie e 95
Figure 4-30 Punch through observed in all 3-in. specimens with Connector C ..........ccccceevevvivviveceviesennenn, 95
Figure 4-31 PUNCh through CIOSE-UP ....ecveieiiiiiiie sttt n e e e e e 96
Figure 4-32 Shear fracture of Connector D (full SPECIMEN) ........coiiiiiriiiiiiic s 97
Figure 4-33 Shear fracture of Connector D, both ends fractured ............cccocvviviiiiiniciesc e 97
Figure 4-34 Close-up of shear fracture of CONNECLON D .........ooviiiiiiiiniiinee s 98
Figure 4-35 Three inch bonded EPS connector E tensile rupture of all connectors ...........cccccevvevviieinenen, 99
Figure 4-36 Tensile rupture of connector E, note compression leg still intact ..........c.ccccooevevieiieiceccennen, 99
Figure 4-37 Tensile rupture of teNSION StIUL N TFUSS. ......cviiiiiiiiieise et 100
Figure 5-1 Stress vs. Strain for rebar in B, BC, and D Panels .........ccooeiviiieniiniieieee e 104
Figure 5-2 Load vs Deflection for A-2 (Ieft) and A-4 (Fght) ......cccooviiiiiiie e 105
Figure 5-3 Load vs. Deflection for elastic only for B-1 (left) and B-2 (right) panels .........ccccccevvveviennnnns 105
Figure 5-4 Load vs. Deflection for BC-1 (left) and BC-2 (right) panels.........c.ccccooeiiieiveviiiieccesiesieiiens 106
Figure 5-5 Load vs Deflection for D-1 (left) and D-2 (right) panels...........ccccccvievieiieeie v 106
Figure 5-6 Load vs Deflection for elastic only for A-2 (left) and A-4 (right) ... 107
Figure 5-7 Load vs. Deflection for elastic only for B-1 (left) and B-2 (right) panels ............ccccccovvvninnnne 107
Figure 5-8 Load vs. Deflection for elastic only for BC-1 (left) and BC-2 (right) panels...........ccoccovvenenee 108
Figure 5-9 Load vs Deflection for elastic only for D-1 (left) and D-2 (right) panels............ccccceovvveiiennnnns 108
Figure 5-10 Load vs. slip for A-2 (left) and A-4 (right) PanelS.........ccoooiiiiiiiiiniiee e 109
Figure 5-11 Load vs. slip for B-1 (left) and B-2 (right) panels ... 110
Figure 5-12 Load vs. slip for BC-1 (left) and BC-2 (right) panels...........cccooeiviriiiiineiiciescneescnieae 110
Figure 5-13 Load vs. slip for D-1 (left) and D-2 (right) panels..........ccoooiiiiiineiniieisc e 111
Figure 5-14 Visual demonstration of degree of cOmMPOSIte aCtION ..........covciriiiiiiiicics e 112

Xii



Figure 6-1 Example of Full-scale specimen modeled using the Beam-Spring Model ..........ccceovvverennenen. 116

Figure 6-2 Slip Diagram along the length of the panel ..o 118
Figure 6-3 Load and stress profile of sandwich panel (left) equivalent load (right)...........ccoccoeiniininenes 121
Figure 6-4 Axial and Bending SHP.........couiiieiiiiiiieies ettt 122
FIQUIE 6-5 AXTAL STID 1.ttt bbb bt r e n e 123
Figure 6-6 Load versus Deflection (left) and Load versus End Slip (right) for A-2 Panel..........c..cccce....... 125
Figure 6-7 Load versus Deflection (left) and Load versus End Slip (right) for A-4 Panel..........c..c.ccc....... 126
Figure 6-8 Load versus Deflection (left) and Load versus End Slip (right) for B-1 Panel..........c..ccccueu.ee. 127
Figure 6-9 Load versus Deflection (left) and Load versus End Slip (right) for B-2 Panel...............c.cc.c.... 127
Figure 6-10 Load versus Deflection (left) and Load versus End Slip (right) for BC-1 Panel..................... 128
Figure 6-11 Load versus Deflection (left) and Load versus End Slip (right) for BC-2 Panel .................... 128
Figure 6-12 Load versus Deflection (left) and Load versus End Slip (right) for D-1 Panel........................ 129
Figure 6-13 Load versus Deflection (left) and Load versus End Slip (right) for D-2 Panel........................ 129
Figure 6-14 Connector forces diagram using the Elastic Hand Method and the Beam-Spring Model........ 131

Figure 7-1 Strain and load profile for the non-composite SWP (left) and fully-composite SWP (right) ....138

Figure 7-2 Visual demonstration of degree of COMPOSIte ACtION...........ooviiiiiiiiiiicec e 139
Figure 7-3 Strain and load profile of concrete sandwich wall panel ..o, 140
Figure 7-4 Slip distributed along the panel IENGth............coooi i 141
FIQUIE 7-5 SHP QIA0IAM......c.iiiieiiect ettt et e te s e s aa e s teesbeesteenbeenbeassesseesreenreens 143
Figure 7-6 Typical [0ad-SHP CUNVE ..ot ettt 144
Figure 7-7 Stress vs strain of Hognestad (left) and stress profile (right) ..o 147
Figure 7-8 Strain and load profile for the top WYLNE ... 148
Figure 7-9 Stress VS. Strain fOr FEDAI............coiiiiiii e e et 149
Figure 7-10 Strain and load profile for the DOttomM WYThe ... 150
Figure A-1 Load vs Slip of Connector A (NU-Ti€ CONNECION)....cc.uiiiiirieiiierie e 166
Figure A-2 Load vs Slip of Connector A (NU-TI€ CONNECION)........civiirieiiirieisie et 170
Figure A-3 Load vs slip of Connector B (Thermomass CC CONNECLON) ......ccueveverieinerieinieneesiesieesie e 174
Figure A-4 Load vs slip of Connector B (Thermomass CC CONNECLOT) .......cveveverieirierieenerieesiesieesiesieneas 178

Xiii



Figure A-5 Load vs slip of Connector C (Thermomass X CONNECLON) .......ccvvvevereerieriesiesesesreeeeseeseeseenes 179

Figure A-6 Load VS Slip OF HK CONNEBCION ......ocuiiieiicicce ettt 183
Figure B-1 Load Vs Slip Of HK CONNEBCION .....c.viviiiiiiiiiecicc et 188
Figure B-2 Design example sandwich panel dimensions ...........ccocoviiiiiiiiiiieneeseese e 189
Figure B-3 Beam-Spring Model of design eXample ..o 194
Figure C-1 Load-slip curve for NU-Tie PAneIS.........ccccceieiiiiie st 197
Figure C-2 Nu-Tie 343-2 Panel Design EXAMPIE........cccoeiiiiiiiiiiice e 199
Figure C-3 Load-slip curve for NU-Tie PanelS.........ccccceieiiiiieiecieese et 202
Figure C-4 Nu-Tie 343-2 Panel Design EXAMPIE..........cccviiiiiiiniiiincsnese e 204
Figure C-5 Load-slip curve for TherMOMASS Bh..........ccoeiiiiiiiinieiniesieesie et 206
Figure C-6 Thermomass B Panel Design EXAMPIE ........cccciiiiiiniiiiieiiree e 208
Figure C-7 Load-slip curve for TRErMOMASS A .....ccoviiieiiecie e s e st e e e e e ee s ste e sreesaeaaesneesneesneenreens 210
Figure C-8 Thermomass A Panel Design EXample.........ccv oo 212
Figure C-9 Load-slip CUNVE TOr HK ..ottt 215
Figure C-10 Actual stress vs strain of HK and Thermomass panel ... 216
Figure C-11 HK Panel Design EXAMPIE.........coooiiiiiiiiiieieesesesie sttt 218
Figure D-1 Design example sandwich panel dimenSioNS.........c.cccveiviiieiiiie s 220
Figure D-2 Load-slip curve fOr D CONNECION .......cccciiiieiie ettt ae e esreesreens 223
Figure D-3 Sandwich panel detail for Design EXample .........cccoiiiiiiiiciiccee e 225

Xiv



LIST OF SYMBOLS AND NOTATION

The following symbols are used in this paper.

Aps
As
b

C

da

Ec

Es

Fe

Fi, F(i)
Fsum

Fu

fe'

ltest
Inc

Irc

Kg

Ke

area of prestressing steel in wythe

area of mild steel in wythe

slab width

compression force in wythe

depth to neutral axis of wythe from top of wythe

effective depth of steel in wythe from furthest compression fiber of concrete
modulus of elasticity of concrete

modulus of elasticity of steel

elastic load limit

shear force in connector in connector line i

total shear force, the sum of connector forces in longitudinal location of interest
ultimate capacity/strength or peak load

concrete compressive strength

stress in prestressing steel in wythe

ultimate stress of prestressing strands

modulus of rupture of concrete (psi)

stress in mild steel in wythe

concrete tensile strength

steel yield stress

experimental moment of inertia of sandwich panel

theoretical moment of inertia of the non-composite sandwich panel
theoretical moment of inertia of the fully-composite sandwich panel
connector line starting at end of panel

degree of composite action depending on deflection

elastic stiffness

XV



KEi
Kie
Kmer
K

L

Mcr,test
Mcr,NC
Mcr,FC
Mgc
Mn,test
Mn,NC
Mn,rc
Mservice
Muy2

Ni

Wwe
Xi

Xp

elastic stiffness of connectors in connector line i

inelastic stiffness of plastic stiffness

degree of composite action depending on cracking moment
degree of composite action depending on maximum moment
total length of panel

experimental cracking moment of sandwich panel

theoretical cracking moment of non-composite sandwich panel
theoretical cracking moment of fully-composite sandwich panel
fully-composite moment

experimental maximum moment of sandwich panel

theoretical maximum moment of non-composite sandwich panel
theoretical maximum moment of fully-composite sandwich panel
moment calculated by service loads

cracking moment of wythe 2

number of connectors in connector line i

total number of connector rows in half of panel (L/2)
equivalent point load

unsupported span length (support-to-support distance)

tension force in wythe

thickness of insulation

thickness of wythe 1

thickness of wythe 2

unit weight of concrete (pcf)

equivalent distributed load

location of connector line i from end of panel

location of point load from end of panel

distance between centroids of wythe 1 and 2

unit weight of concrete (pcf)

XVi



Aaxial slip of wythes due to axial deformation at end connector

Ag deflection corresponding to elastic load limit

ARrot slip of wythes due to bending at end connector

Ay deflection corresponding to the ultimate capacity

Jend calculated slip at end connector

o(i) slip in connector i

Omax actual slip in end connector

& strain in concrete

Eps strain in prestressing steel

&s strain in mild steel

&y strain of mild steel at yielding

0 angle of rotation (radians)

Opwe2 angle of rotation for given equivalent point load (radians)
Owwe2 angle of rotation for given equivalent distributed load (radians)
o curvature of wythe

XVii



ACI

BDI-STS

CFRP

EPS

FEM

FRP

GFRP

HDO

ISO

LEED

LVTD

NIST

PCI

PCSWP

SMASH Lab

SWP

XPS

LIST OF ABBREVIATIONS

American Concrete Institute

Bridge Diagnostics Inc. - Structural Testing System

carbon fiber-reinforced polymer

expanded polystyrene

finite element model

fiber reinforced polymer

glass fiber reinforced polymer

high density overlay

polyisocyanurate

Leadership in Energy and Environmental Design
linear variable differential transformer

National Institute of Standards and Technology
Precast/Prestressed Concrete Institute

precast concrete sandwich wall panels

Utah State University’s Systems, Materials, and Structural Health Laboratory

sandwich wall panel

extruded polystyrene

XVili



1 INTRODUCTION

Precast concrete sandwich wall panels (PCSWPs) provide a very efficient building envelope for many
buildings. Sandwich wall panels (SWPs) combine structural and thermal efficiencies into a simplistic design where
the thermal envelope is integrated into the structural design. This system is advantageous over conventional methods
because of its rapid construction and erection methods. Characteristic PCSWPs comprise an outer and inner layer (or
wythe) of concrete separated by an insulating material. To achieve maximum structural efficiency, the wythes are
connected by shear transfer mechanisms which penetrate through the insulating layer and can provide various levels
of composite action. More stringent energy building codes demand greater thermal efficiency and therefore lead to
increasing implementation. As these connectors become more widely used, the demand for a reduction in thermal
bridging has driven the development of connectors made of many different materials.

With the push for Leadership in Energy and Environmental Design (LEED) Certified buildings, there is a
rapidly increasing demand for thermally and cost efficient structural elements. The research performed on PCSWPs
in the last two and a half decades has focused on designing with thermally efficient connectors. Thermal bridging is
still a significant challenge for PCSWPs, particularly in structurally composite panels. There have been many
proposed solutions to enable composite action without thermal bridging and many have been implemented and are
currently in use across the United States. Fiber Reinforced Polymer (FRP) connectors make up the largest part of
today’s cutting edge shear connectors. Unfortunately, PCSWPs with partial or fully-composite action are not well
understood from a behavior stand point outside of the often-proprietary data owned by connector companies.
Furthermore, composite connector manufacturers have varying degrees of understanding of their own product and
often rely on only interpolation of test data to design a panel. Engineers seem to be wary of this approach and have
expressed a need a well-founded, simple and quick way to predict PCSWP partial composite action.

The research presented in this report was aimed at developing general tools for PCSWP designers to use in
everyday practice specifically through component level testing and simplified modeling. Using this component level
testing, the goal of this project was to validate a simple model to predict elastic stresses and deflections in PCSWPs,
which are currently a major concern for design engineers, and to evaluate the percent composite action of various

connectors and compare the results to those provided by the composite connector manufacturers.



1.1 Background

Precast concrete sandwich wall panels (PCSWPs) have been in use for over 60 years. They provide a very
efficient building envelope for many buildings. They combine structural and thermal efficiencies into one simplistic
design. They are also advantageous over conventional methods because they eliminate many delays due to field
work as well as the need for several sub-contractors. Characteristic PCSWPs comprise an outer and inner layer (or
wythe) of concrete separated by an insulating material (Figure 1-1). To achieve maximum structural efficiency, the
wythes are connected by shear connectors that penetrate through the insulating layer which can provide various
levels of composite action. More stringent energy building codes have demanded greater thermal efficiency.

Therefore, these shear connections are often made of various composites to eliminate thermal bridging.

Figure 1-1 Concrete sandwich panel wall

The majority of sandwich panel walls between 1906 and the mid-1990s have had nearly identical
components with varying insulation types, dimensions and wythe connection design. Figure 1-2 shows many of the
connector configurations used in these early panels. All connectors were made of steel or monolithically cast

concrete ribs.



Figure 1-2 Different connector shapes used in sandwich panel walls

Reinforced concrete wythes, insulation, and steel connectors were components of nearly every panel.
Thermal bridging is still an expensive problem with precast concrete sandwich panel walls. There have been many
proposed solutions and many have been implemented across the United States. The goal of increasing thermal
efficiency has led to simple eradication of many steel components within the sandwich panel wall. Though the focus
has generally been to prevent any steel from penetrating the thermal barrier, research has proven that elimination of
steel components embedded in the concrete can improve thermal efficiency. The most effective solutions are FRP

based materials which are currently available to replace steel shear transfer mechanisms like wire trusses.

1.2 Research Obijective

This research involves the evaluation of several different proprietary FRP systems by fabricating and
testing 41 small scale “push-off” specimens to obtain valuable component testing. Full-scale tests will also be
performed using some PCSWP shear connectors from the push-off testing program. The goal of this project is to
validate mechanics-based procedures for predicting stresses, deflections and nominal strength using the push-off
specimen shear load and deformation data. The results of these newly developed methods will be compared to the

results of the full-scale testing.

1.3 Report Outline

Chapter 2 will outline the history of composite action in PCSWP construction and describe the currently
available design philosophies. The experimental program, including specimen design and testing protocols, will be
described in Chapter 3. Chapter 4 and Chapter 5 will present the results from the push-off testing and full-scale
testing, respectively. Chapter 6 will present two general methodologies to predict elastic sandwich panel behavior.
Chapter 7 will present a general framework to predict nominal strength of PCSWPs and Chapter 8 will contain the

important conclusions from this study.



2  LITERATURE REVIEW

2.1  Concrete Sandwich Panel Wall History

This section contains a history of today’s precast concrete sandwich panel walls, starting with its earliest
predecessor, tilt-up sandwich panel walls. Records of concrete sandwich panel walls go back as far as 1906. Since

their inception, PCSWPs have become a fundamental building envelope alternative in the United States.

211  1900-1990

Collins (1954) presented a project from the early 1900s. This is the earliest documented project completed
using sandwich panel construction. At the time, the new tilt-up sandwich panel system was a novelty to designers
and contractors. The panels were constructed by pouring a 2-in. layer of concrete while embedding steel ties into the
concrete wythes. Steel tie configuration is unknown. After the concrete cured, a 2-in. layer of sand was poured
across the panel on top of which a second 2-in. layer of concrete was poured. After an unspecified amount of time,
the panels were tilted on an angle at which the sand was washed out of the panel with a fire hose (See Figure 2-1),
leaving an air gap between the inside and outside wythes. This air gap created a simple thermal barrier. After the

sand was washed out of the panel, it was tilted upright and fixed into place.

Figure 2-1 SWP tilted while sand is sprayed from center wythe with fire hose (Collins 1954).



Modern machinery enabled the invention of precast sandwich wall panels in 1951. Some of the earliest
PCSWPs were built in 1951 in New York City, New York. The production lines used to build these precast insulated
wall panels were 200 feet long. The panels were six feet high and ten feet wide. The panels were cast and then
transported to British Columbia, Canada. “[The panels consisted] of a 2-in. thick layer of cellular glass insulation
and two wire-mesh reinforced slabs of 3000-psi concrete, tied together with channel-shaped strips of expanded
metal. These ties also serve as shear reinforcing.” These panels had an overall thickness of 5.5 inches. Over time,
sandwich panel wall designs became much more structurally and thermally efficient.

One project in particular helped Collins develop a design procedure in which he explored different
materials to be used as an insulating barrier, different types of shear connectors, and different connector
configurations. Figure 2-2 shows one of his twelve-inch (2-8-2) tilt-up sandwich panels. The outer wythes were
constructed of reinforced concrete (150 pounds per cubic foot) and the inside wythe was a lightweight foam concrete
(28 pounds per cubic foot). The shear connectors used were a thin-gage expanded steel mesh. The available
insulating materials (or materials with a high R-value suitable for the constitution of the center wythe) were divided

into the following categories:

1. Cellular glass materials and plastic foam
2. Compressed and treated wood fibers in cement
3. Foam concrete

4. Lightweight concrete



Figure 2-2 Lightweight foam concrete tilt-up SWP with 2" outer wythes and 8" center wythe (Collins 1954).

These materials were advantageous for their compressive strength, thermal properties, and unit weight.
Insulating concretes are not very common today. The shear connectors that were used were all made of steel: thin-
gage expanded mesh, electrically welded wire mesh, bent-wire with welded anchors, and “J” bar (a pin with one
hooked end). Collins points out advantages of early sandwich panel walls including thermal efficiency, extended fire
rating, and reduced dead weight. These benefits are all similar to contemporary PCSWP.

Collins (1954) suggested that there be a minimum concrete design strength of 3,000 psi for the outside
wythes and 2,500 psi for the center insulation (lightweight insulating concrete). He also outlined minimum wythe
thicknesses for both the inner and outer wythes. He concluded that the minimum required thicknesses for a panel
should be 1.25-2-1.25, or an overall panel thickness of 4.5 inches. The design recommendation took an allowable

stress design approach to determine panel dimensions. This iterative design procedure is outlined as follows:

1. Begin with the minimum required wythe thickness to obtain an R-value of 4.5 (°F) ft? hr/BTU. This
is dependent upon the material used (one of the four categories listed previously) for the center
wythe.

2. Calculate biaxial maximum design bending moment by checking wind and seismic forces.

3. Calculate the section modulus and determine the associated required area of steel.



4. Increase the wythe thickness until allowable stresses are met.

Adams et al. (1971) outlined design procedures for precast concrete wall panels that standardized this
procedure for designers. The design procedure covered the design of solid, ribbed, hollow core, and sandwich panel
walls. The design approach to sandwich panel walls, as indicated by the committee, is to use an “effective section”
approach. The recommendation was made that “shearing stress should not be transferred through the nonstructural
insulation core. Compressive stress and bending stress should be carried by the concrete sections only (Adams et al.
1971).” The outside wythes of concrete were connected using mechanical steel shear ties or by monolithically cast
concrete ribs. It was recommended by the committee that insulation used be either a cellular or mineral based
aggregate in lightweight concrete.

The design procedure outlined by Adams et al. (1971) was an allowable stress design approach. By
determining the allowable stresses in the panel, an engineer could read a required dimensional ratio of height times
width divided by thickness (h*b/ts) from a plot (see Figure 2-3) based on concrete unit weight and compressive
strength. In order to determine the correct design stress, two scenarios were considered: vertical compressive stress
for concentric loads based on panel buckling stability, and out-of-plane compressive stress for panels between

columns, supports, or isolated footings.
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Figure 2-3 Design charts used by designers to extract acceptable dimensional ratios with a calculated stress and
predetermined concrete compressive strength (Adams et al. 1971).



Adams et al. (1971) derived equations for determining the allowable stresses in a panel. For vertical

compressive stress with F, < 0.11f'

, fE(hy
F, = 0.225F; [1 - (g)

And for vertical compressive stress with Fa > 0.11f'
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Where: Fa = allowable direct compressive stress, psi
Fe = allowable horizontal compressive stress, psi
fe' = specified compressive strength of the concrete at 28 days, psi
w = unit weight of concrete, pcf
h = unsupported height of panel, in
te = effective thickness of precast wall, in

2-1)

(2-2)

(2-3)

(2-4)



The stress which returned the lowest value would govern design. Recommendations were also provided for
panel dimension ratio requirements for panels subjected to both vertical and horizontal direct uniaxial or biaxial
bending stresses, as follows:

For vertical loads:

fao o1 Jo2
—4+—=+—=<1 2-5
F, + F, + F, — (2-5)
For horizontal loads:
fe  To
42 <1 2-6
F, + F, — (2-6)

Adams et al. also provide details on the maximum bearing pressure under a panel (applied on the footprint

of the erected panel), to be:

3 (A
Fy,. = 0.4f) /A—; <f! (2-7)

Where: Ac = maximum area of the of supporting member that is geometrically similar to and
concentric with the bearing area of the precast panel, in?
Ap = bearing area of precast panel in contact with supporting frame, in?
fa = computed direct compressive stress, psi
fo = fo1 = foo = computed bending stress, psi, for panels loaded perpendicular to the plane of panel

Fb = allowable maximum bending stress, psi, for panels loaded perpendicular to panel plane

Adams et al. required specific shear connector spacing requirements as well, stating that the connectors

should not be placed near the edge of the panel and that the connector composition should be out of a fireproof



ductile material. These requirements were to ensure that connectors would be designed to accommodate all shear,
bending, tension, and compression forces even in the case of a fire. The conservative assumption was made that the
wythes of sandwich wall panels do not work compositely. Though it was a very conservative approach, it made

designing PCSWPs very simple.

2.1.2  1991-2000

Einea et al. (1991) presented detailed information on the design and construction of fully-composite,
partially-composite, and non-composite PCSWPs in addition to discussing then common building materials. They
discussed the principles of fully-, partially, and non-composite panels (Figure 2-4) and introduced the plausibility of
many different types of insulations, outlining details on how to conjoin wall panels. They explored many different
configurations of steel shear connectors designed to accommodate some degree of composite action as well as the
option of non-composite ties used for attaching architectural cladding and other non-structural elements. Their
discussion extensively covered the design and analysis of sandwich panel walls, addressing many failure modes

common to PCSWPs.
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Figure 2-4 Stress distribution diagrams in PCSWPs due to pure bending (Einea et al. 1991)

10



Einea et al. (1991) introduced the subject of rigid insulation joints. Rigid insulation joints occur when
staging the center wythe and preparing to pour the second outside wythe. Rigid insulation comes pre-fabricated in
sheets as long as twelve feet. Joints can cause pockets of stagnant air and also concrete ribs that penetrate the
thermal barrier, both of which cause a decreased R-value, thus hurting the thermal efficiency of the panel. The easy
joint option is called a “butt joint” and is simply two square edges butted up to one another. Recommendations
provided by Einea et al. include four much better alternatives, pictured in Figure 2-5; staggered sheets, perpendicular

lapping, inclined lapping, and curved lapping.

(a) Butt joint (b) Staggered sheets (c) Parpendicular lapping

Fabloc joint patented
by Fabcon, Inc.,
patent # 4628653

(c) Inclined lapping (d) Curved lapping

Figure 2-5 Insulation joints in SWPs: a) butt joints, b) staggered sheets, c) perpendicular/inclined lapping,
d) curved lapping (Einea et al. 1991)

Studies were performed to plot the reduction in R-value to the percentage of both steel and concrete
penetrating through the center wythe. For example, if 0.1% of the area occupied by one wythe is bridged through the
panel via stainless steel, there is a 41% reduction in R-value. For concrete penetrations, 1% of the area occupied by
one wythe is equivalent to a 37% reduction in R-value. Figure 2-6 and Figure 2-7 plot this relationship of R-value

versus percentage of area penetrating the center wythe.
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Figure 2-6 R-value vs % area stainless steel connectors in PCSWPs due to thermal bridging (Einea et al. 1991).

12
11 4
10 4
2 97
g 8
- ?-
o ;
= 6
g 5
S 4
S
2—
T
0 T v T T T
0.0 0.1 02 03 04 0.s

Figure 2-7 R-value vs % area penetration of concrete for PCSWPs due to thermal bridging (Einea et al. 1991).

This study presented the need for further research aimed at maximizing thermal efficiency. Other areas of
research they suggested include thermal efficiency, fire protection, volume changes, and transient versus steady-
state temperature effects.

Einea et al. (1994), introduced a new sandwich panel system incorporating “fiber-reinforced plastic

[polymer],” (FRP) material. Rather than using traditional steel connectors to create a load path between cooperating

12



wythes, Einea et al. implemented the use of FRP shear connectors. The motivation behind implementing plastic
shear connectors as part of a sandwich panel wall was to reduce heat transfer between concrete wythes. Einea et al.
identified the thermal insufficiency of using steel connectors, pointing out that it greatly reduces the thermal
potential of PCSWPs (Einea et al. 1991). The authors noted that although implementing FRP connectors increases
the initial cost, it proves to have positive economic impact through the life of the structure in heating and cooling
costs. Another crucial aspect mentioned by Eineia et al. involves the circulation of three components that thermally

and structurally efficient precast concrete sandwich panels must incorporate:

1. The connectors must be strong and stiff enough to develop composite behavior of the panels.
2. The connectors must have a high thermal resistance.
3. No concrete penetrations through the insulation layer should exist.

Four different configurations of FRP shear transfer mechanisms were submitted for consideration: wide
flange FRP connector, specially fabricated “dog-bone” connector, FRP diagonal strap connectors, and bent bar
connector. (See Figure 2-8). The only connector that made it through the first stages of consideration was the bent
bar connector. The bent bar connector is a deformed helix that is then threaded with two prestressing strands.
Further, the prestressing strands are embedded in either outside wythe to ensure positive connection between the

FRP bar and the concrete.
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FRP Diagonal
Strap Connecto: Fabricated FRP bar

¢) Straps with steel pins d) Bent Bar connector

Figure 2-8 Candidate FRP connectors shown in cross-sectional view of PCSWPs (Einea et al. 1994)

Shear testing was performed via push-off specimen to determine the shear capacity and shear stiffness of
the connector. It was determined that the shear capacity of the connector is governed by the axial strength of the
FRP bar. In other words, the majority of the connectors failed between either of the concrete-foam interfaces. It was
also noted that the uninhibited surface of the insulation board bonded with the inner faces of the concrete and
contributed up to ten percent of the shear capacity of the specimen.

Flexural testing was also performed to evaluate flexural performance. A single FRP bent bar connector was
placed within a three-wythe panel and loaded in two phases. For the first phase, load was applied perpendicular to

the panel (Figure 2-9) until the bottom edge of the opposite wythe began to crack. This was done to ensure linearity

14



during a second loading phase. Once cracking occurred the panel was unloaded. The setup for the second phase of

loading mimicked the first, only load was applied until specimen failure. This test was performed on two specimens.

Figure 2-9 Diagram showing the flexural test setup (Einea et al. 1994).

During this initial phase of testing on FRP shear transfer mechanisms, it was determined that in addition to
being thermally superior to their predecessors, FRP bars satisfy all structural performance guidelines outlined by the
researchers. It was observed that, though FRP is inherently brittle in nature and fractures at ultimate capacity without
any warning, ductile behavior was observed. “[This] ductile behavior is likely caused by cracking in the connections
between the bent bar connector and the concrete that leads to a gradual loss of composite action and hence, larger

deflections (Einea et al. 1994).” Einea et al. suggested that further research be performed in the following categories:

1. “The effect of long term loading on the proposed system.

2. Cyclic load testing to investigate the ductility and energy dissipation characteristics of the panels
for use in high seismic risk areas.

3. Development of lifting and connection inserts to maintain the thermal and structural efficiency of
panels. Research is required to develop, test, and obtain design parameters for such accessories.

4. Determination of the fire rating of the proposed panel system. FRP material loses a large portion
of its strength when exposed to fire or a high temperature environment. Investigation of concrete
cover or other means to prolong the fire rating of the system is needed.

5. Determination if lateral support provided by insulation and concrete wythes is sufficient to prevent

instability of the connectors when small bars are used.
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6. Experiments to determine the nature of load-slip behavior of the connectors inside the wythes to

more accurately predict the stiffness of the panels” (Einea et al. 1994).

These suggestions were published more than twenty years ago. Researchers are still searching for many of
these solutions today.

Salmon and Einea (1995) sought to determine a method to predict panel deflections. This is one of the first
studies to use finite element methods (FEM) in predicting concrete sandwich panel deflections. The first of two
determinations made as a result of this research was that predicting deflections caused by thermal bowing using
FEM was found to be acceptable. The second was that “long insulated sandwich panels with low connecting-layer
stiffness will experience nearly the same amount of thermal bowing as fully-composite panels.” In searching for an
accurate design procedure, Salmon and Einea looked at an element of a PCSWP being loaded and closely analyzed
the deformation (See Figure 2-10). They found that the panel deformation consists of two components. The first is
due to the curvature of the panel. The second is as a result of the offset that occurs between wythes as a result of the

shear stresses involved. Mathematically, these phenomena can be expressed as:

M a?
Yex = 57 + 57
a= 2 (2-8)

Where x = distance along the length of the panel

y = upward displacement of the panel

q = relative shearing displacement between the centroids of the top and bottom wythes.

b = width of the panel

M = applied moment

E = wythe modulus of elasticity

lw = moment of inertia of each wythe

I = moment of inertia of the entire panel cross section
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Figure 2-10 Differential Panel Element (Salmon and Einea 1995)

In continuing with the differential equations and performing several derivations similar to the one pictured

in Figure 2-10, Salmon and Einea develop an equation to predict displacement they called the continuum model:

2
§=06y|1— W(l —sechy) (2-9)
Where
M, L2
=— 2-10
8o SEl (2-10)
xL
== 2-11
¥ =95 (2-11)
p* = S —
a \? (2-12)
1+12(3)
, 2K Am E.1_ 1 Amn1
X'=—== ——=— — (2-13)
Ed 42r2pEd 42 vb rd
Where & = center panel deflection
do = fully-composite center panel deflection
"y
4 ~ 28
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Mt = equivalent end moment caused by change in temperature AT
L = panel length
E = modulus of elasticity of connectors

I = panel moment of inertia

B = constant: f2=1- o?

2 = constant; x? = %

r = distance between structural wythe centroids
d = structural wythe thickness

K = shear stiffness of connecting layer

Ac = cross-sectional area of connectors

m = number of connectors across panel width
Ec = modulus of elasticity of the concrete

n = modular ratio, %

Though no full-scale testing was done at the time of publication, a comparison between the continuum
model and finite element model proved quite successful. For the panels analyzed, results were within 1% of each
other.

In March of 1997, the Precast Concrete Institute (PCI) published a PCI Committee Report titled, “State-of-
the-Art of Precast/Prestressed Sandwich Wall Panels.” Kim E. Seeber acted as the chairman for 24-member
committee. Unlike the 1991 state-of-the-art paper by Einea et al., wythe and panel dimensions were no longer
governed by allowable stress in the panel. A minimum wythe thickness was suggested to be two inches, however,
overall panel width could be as low as five inches. Although no maximum wythe thickness was imposed, most
designs were to make the panels as thin as possible, with required fire resistivity often designating the thickness of
the wall panels. Wythe thickness ratios were dependent upon the type of panel; composite, non-composite, or
partially composite. The wythes of composite panels were often symmetrical whereas non-composite panels often
had a thicker structural wythe. Panel dimensions were “...limited only by the handling capability of the plant,

erection equipment, transportation restrictions, and the ability of the panel to resist the applied stresses” (Seeber et
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al. 1997). Panels had been as tall as 75 feet and as wide as 14 feet. Most panels ranged between 6 and 12 inches
thick, 8 to 12 feet wide, and 10 to 50 feet tall.

Bowing considerations were addressed by the article as well. There are many variables that make it difficult
to predict bowing at any given time. These variables include shrinkage, creep, cracking of the concrete (and,
consequently, inconsistent modulus of elasticity), thermal gradients between panels, boundary conditions (including
indeterminate fixity), and uncertainty in the degree to which the wythes of the panel are acting compositely. In this
report, the researchers noted that bowing most often occurred toward the outside of the building. Panels exposed to
the sun in the warmer part of the day experienced more bowing than other panels (i.e. south and west panels see
more sunlight throughout the day than the north and east panels). Bowing was also constantly changing throughout
the day. Due to differing climate on either side of the wall (post erection), it was also noted that differential
shrinkage could occur and cause exaggerated effects. It was also observed that asymmetrical panels (due to differing
dimension, concrete strength, or prestressing force) experienced more exaggerated bowing effects as well.

Panel design was also approached differently than the previous state-of-the-art article (Einea et al. 1991).
The recommendation for non-composite panels was to simply design them like solid section concrete panels, with
the assumption that only one wythe would resist all the vertical loads. In the case of lateral loading, it was
considered acceptable to account for the independent flexural stiffness of each wythe. An example is provided for

calculating the stresses associated in a 2-1-3 panel in Figure 2-11.

Layers

I = (112)(12)(2)* =8 in.*
I3 = (1/12)(12)(3)* =27 in.*
S, =81=8in2
S, =271.5=18in?
M = [Is/(l> + I5)]M = (8/35)M = 0.23M
-~ k=(0.23M)/8 = 0.029M
M; = [Is/(l, + 15)]M = (27/35)M = 0.77M
- f = (0.77M)/18 = 0.042M

Figure 2-11 Stress distribution in a non-composite sandwich panel (Seeber et al. 1997)
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The approach recommended for composite panels was to design the panel similar to that of a solid panel
with the same cross-sectional thickness. It was assumed that the panel would remain fully-composite for the entire
life of the structure. The authors noted that consideration must be taken for the horizontal shear load that needs to be
transferred between the wythes. They also mention that when determining the section properties for design, an
account must be made for the lack of stiffness in the center wythe as pictured in Figure 2-12. Recommendations

were provided for calculating the force required to be transferred through the shear transfer mechanisms as found in

the PCI Design Handbook (Section 4.3.5) (Seeber et al. 2004).
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Figure 2-12 Sample calculations for determining section properties of fully-composite SWP (Seeber et al. 1997)

Semi-composite panels were designed for two different stages. The assumption was made that the panel
works compositely through stripping, release, handling, transportation, and erection processes. The panel was then
assumed to be non-composite following erection. This assumption was made because of the concrete-foam interface
bond that was initially present in PCSWPs. This bond was known to deteriorate with time. It was unsafe to rely on

this bond for the life of the structure. In reality, composite action can be assumed for the panel at the time of release
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because of the shear capacity of the concrete-foam interface bond in conjunction with shear connectors. After the
concrete-foam interface bond is broken, there is still a degree of composite action that takes place as a result of the
shear connectors. This was not understood at the time. Another suggested design procedure for partially composite
panel was to perform lateral load tests on an experimental panel that is an exact replication of the design panel. By
loading the experimental panel and comparing measured deflections to the calculated fully-composite and non-
composite dimensional equivalent, a degree of composite action could be derived by linear interpolation.

For bearing wall design of non-composite panels, the structural wythe was designed to accommodate all
bearing loads, including the dead weight of the non-structural wythe if the non-structural wythe did not bear on the
structure below. The design was required to comply with the design prescriptions outlined in the PCI Handbook for
bearing walls (Seeber et al. 2004).

For composite panels, the bearing loads were required to be positively transferred to both structural wythes.
Measures were to be taken to ensure transfer between wythes via positive shear transfer mechanisms. Again, the
design was required to comply with the design prescriptions outlined in the PCI hand book for bearing walls.

Semi-composite panels had to be considered as non-composite for bearing loads. In checking for buckling,
the independent moments of inertia were to be used. Note this is not the composite section, but the independent
wythe section properties.

For shear wall design, lateral load resistance was to be attributed to the structural wythe for non-composite
panels. For composite panels, the composite section was allowed to be used to accommaodate lateral loads. Semi-
composite panels were designed just like non-composite panels.

Included in the article, Seeber et al. outlined design procedures for external connections, panel roof
connections, corner connections, floor connections, and panel to panel connections. Also discussed were detailing
considerations, reinforcement requirements, fire resistance, insulation types, energy performance, and sandwich
panel wall fabrication, transportation, erection, and inspection. This article was ascribed as the most comprehensive
design provision published at the time.

Salmon et al. (1997) tested four full-scale specimens to compare results from a control group (two panels
with a standard steel truss shear connector) to the results of panels containing the FRP truss introduced by the same

group of researchers in 1994 (Einea et al. 1994). This research was geared towards the observation of partially-
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composite action and ultimate strength comparison. It was determined by the researchers that results between each
type of shear connector were very similar.

The beam elements in the FEM model, shown in Figure 2-13, were assigned a moment of inertia
corresponding to each wythe. The truss elements represented the FRP truss or steel truss, depending on the model.
Load was applied to the model to generate elastic performance. The results were compared to determine accuracy.
Salmon et al. derived an equation from the linear analysis to predict the effective moment of inertia for partially

composite panels.

. Concrete wythe
. FRP (or steel) connectors

N AV AL VAV AVAVA

I E L G

|

Figure 2-13 A depiction of the FEM/linear analysis model (Einea et al. 1997)

I, = Mh (2-14)
fo = f;
Where | = the effective moment of inertia
fo = the stress at the bottom face of the panel
fi = the stress at the top face of the panel
M = applied moment
h = unsupported length of the panel

Note, Eq. (2-14) does predict the effective moment of inertia. However, the FEM model is optimized to
mimic the data determined from experimental methods. After the researchers calculated the effective moment of

inertia, the cracking moment was calculated as follows:
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fosAps\ 1
M., = (6 f +%W”S f (2-15)

Where: M = bending moment that causes cracking
fe' = concrete compressive strength
fos = effective prestress in the strand
Aps = prestressed steel area in tension wythe
Ay = cross sectional area of the concrete wythe
c = distance from panel centroid to compression face

The design recommendations given included specifications on adequate FRP to achieve composite action,

and not over-reinforcing the concrete wythes.

2.1.3  2001-2010

Pessiki and Mlynarczyk (2003) performed a series of research projects on PCSWPs containing steel truss
shear connectors. This project involved the evaluated composite behavior of PCSWP. By designing four full-scale 3-
wythe panels of identical dimensions, Pessiki and Mlynarczyk derived an equation to determine the experimental
moment of inertia shown in Eq. (2-16). Because this value is an experimental value, it was the actual moment of
inertia of the partially composite panel. Pessiki and Mlynarczyk were able to evaluate the degree of composite
action using Eq. (2-17), which calculated the percent composite action using the assumption that the relationship

between non-composite and fully-composite panels is linear.

S5wL*
=— 2-16
lexp 3844E, (2-16)
— (Iexp - Inc) (2_17)
([c - Inc)
Where: lexp = experimentally determined moment of inertia
w = uniformly distributed load per length
L = span length of test panel
A = midspan lateral deflection
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Ec = modulus of elasticity of concrete

K = factor to describe percent composite action of panel
le = moment of inertia of the fully-composite section
Inc = moment of inertia of the non-composite section

The first full-scale specimen was a typical PCSWP. Shear forces were transferred between wythes via
regions of solid concrete, steel shear connectors, and concrete-insulation interface bond. The other three specimens
were constructed such that only one shear transfer mechanism was incorporated into each panel. By testing all four
panels with a uniform lateral pressure and determining relative stiffnesses, it was found that the solid concrete
regions provided the majority of the composite action in the wall panel. The recommendation of the researchers was
that “solid concrete regions be proportioned to provide all of the required composite action in a precast sandwich
wall panel.” Though significant, this research fueled a need to create a more efficient shear connector and spurred
research on full-scale panels that did not contain any solid concrete regions in the panel.

Lee and Pessiki (2008) performed testing involving the lateral load testing of three-wythe (three concrete
wythes, two foam wythes) panels with steel truss shear connectors. They tested two panels, each with a different
cross-section (See Figure 2-14). This research was performed to enhance the knowledge acquired as a result of Lee
and Pessiki (2007), proving that five-wythe panels were more thermally efficient than their three-wythe counter
parts. This motivated research to determine structural performance of different five-wythe configurations. The
PCSWPs were tested by placing each specimen horizontally on top of an air bladder and placing reaction beam
structures on each end to mimic pin-and-roller end conditions. Upon inflation of the bladder, the panel would
experience a uniformly distributed loading condition. This uniformly distributed load was incrementally increased
until failure. Load and deflection were measured for both panels and then compared. It was determined that Panel 2
was stiffer than Panel 1. Because of the abrupt failure noted, Lee and Pessiki made the recommendation that the
design tensile strength should be reduced for five-wythe panels. They also noted that current codified design
methods were acceptable for five-wythe sandwich panel design. The recommendation made to reduce the tensile

strength is a result of Eq. 2-18.
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Panel 1

Panel 2

Cross sections

Figure 2-14 Cross sectional view of the two panels tested by Lee and Pessiki (2008)

ayf! = # + fre (2-18)
Where: « = is a multiplier (typically = 7.5)
fe' = compressive strength of concrete
M = the moment when cracking occurs
C = distance from the centroid to extreme tension fiber
foe = effective prestress of the panel

Lee and Pessiki observed a considerably reduced cracking moment. As a result of Eg. (2-18), they
recommended that the value of o be equal to 3.7 rather than 7.5 for PCSWP design. Another aspect of this research
incorporated the generation of design graphs to help designers determine the maximum transverse stresses for
various end conditions. These graphs are shown in Figure 2-15, where each line is representative of a different type
of panel. The graphs were interpreted by the number of strands or the initial prestress in the panel (psi). The upper

graph is for center wythe stresses, while the lower schematic shows the outer wythe stresses.
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Figure 2-15 Maximum transverse stresses for various end conditions (Lee and Pessiki 2008)
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The most relevant observations and recommendations of Lee and Pessiki’s project included that

early flexural cracking was observed for both panels (leading to the recommendation that design

tensile strength be 3.7,/£;),

e the design for transverse bending stresses could be addressed by incorporating additional stiffness
at either terminal of the panel (i.e. shear connector, debonded strands, or discontinuous concrete
ribs),

e acorrelation existed between the experimental results and FEM analysis, indicating that the FEM
analysis could be used to predict cracking,

e design codes of the day proved sufficient for three-wythe panel design,

e a T-beam approach was recommended to predict flexural capacity, and

e transverse stresses could be checked using Figure 2-15.

Pantelides et al. (2008) sought to determine the adequacy of a new hybrid glass fiber-reinforced polymer
(GFRP) composite shell steel connector in PCSWPs. This connector mimicked the design of a steel truss in
geometry, but utilized FRP in the web in place of steel. This greatly reduced thermal bridging through the panel.
Other FRP connectors were also used in the research. Specimens were created using the FRP shear connectors and
were laterally loaded to determine the stiffness of the panels. It was determined that for the panels tested, composite
action was achieved with the FRP shear connectors. Pantelides et al. developed a bilinear approximation to predict

the deflection at yield:

(O.SP )a
— y 2 2 2-19
Ay = 24E.1_ (BL* — 4a?) (2-19)

Where: Ay = midspan deflection at yield
Py = total applied load at yield
A = shear span
Ec = modulus of elasticity of the concrete
ler = moment of inertia of the fully-cracked section
L = clear span length
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The elastic and plastic regions can be visually estimated from the results of their testing (Figure 2-16).
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Figure 2-16 Lateral load vs mid-span deflection with analogy model: a) epoxy-cured GFRP single cage; b)
urethane-cured GFRP single cage; c) epoxy-cured double cage; and d) urethane-cured double cage (Pantelides et
al. 2008)

214 2011-Present

Naito et al. (2011) performed research on non-load bearing sandwich panel walls that is considered one of
the most comprehensive studies done on PCSWPs. Naito et al. tested fifty-six full-scale specimens to failure using a
variety of connectors including metallic, carbon fiber-reinforced polymer (CFRP), and GFRP shear connectors. The
research covered both prestressed and regular reinforced concrete wythes, and both structural and non-structural
scenarios were also considered. Wythe configurations had various symmetries and also asymmetries. Fully-
composite, partially composite, and non-composite shear ties were tested. Three different insulation types were
tested as well. For every configuration, the test was duplicated either two or three times depending on material
availability, with 21 different configurations in total. The specimens were constructed off sight and transported to

the testing facility. For this reason, concrete types varied significantly. Various pre-casting companies helped to
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fabricate the specimens. Every specimen configuration was accompanied by an idiosyncratic schematic. Every
specimen was tested by applying an iterative loading sequence across the unsupported length of the panel (see
Figure 2-17). End conditions were considered pin-and-roller during the experimental procedure. In reality, the
specimen was not fixed in the longitudinal direction, but was fixed laterally. This was the case to ensure any panel
deformation inconsistencies, or slip, could be measured (See Figure 2-18). Equation (2-20) shows the calculation for

rotation at the support.

24,
0 =ta n—l[ Z“i] (2-20)
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Figure 2-17 Loading pattern applying point loads across unsupported span of panel (Naito et al. 2011)
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Figure 2-18 Photograph depicting the loading tree and end-slip measurement (Naito et al. 2011)

The load pattern was applied in order to simulate a uniformly distributed load. After loading each specimen
to failure, plots were created displaying pressure vs. midspan displacement. Tabulated values of specimen name, age
of concrete, max load, max pressure, corresponding displacement, east and west slip, boundary rotation, and
measured moment capacity were also created for each specimen configuration. An example of specimen “PCS5” is

included. Data from Figure 2-19 was also referenced by Bai and Davidson (Bai and Davidson 2015).
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Ageat | Max Max | Corresponding| East | West Rot h&c:;uernc:l
Specimen | Test Load [Pressure| Displacement | Slip | Slip [ degj Capacity
[days] | [lbs] | [psi] [in] [in] | [in] [k-in]
PCS5-A 101 17770 | 4.628 4.765 0.527 | 0.604 | 4.541 266.55
PCS5-B 112 19910 | 5.185 5.118 0.500 | 0.562 | 4.875 298.65
PCS5-C 113 18252 | 4.753 5.536 0.633 | 0.637 | 5.272 273.78
Average | 18644 | 4.86 5.14 055 |[060 |49 279.7
8
5 ——
— 4 — : e T
=z ——Midspan PCS5A
(=
23 _ —MidspanPCS5B
£ —Midspan PCS5C

10

Midspan Displacement [in]

Figure 2-19 Data collected for Naito et al.'s testing of Connector B (Naito et al. 2011)

Frankl et al. (2011) researched behavior of PCSWP reinforced with CFRP shear grid connectors. This

research was modeled after research performed by Naito et al. in the previous section, except that loading was

performed vertically. Full-scale panels were tested by applying two equidistant point loads to generate a constant
moment region across the midspan of the panel (See Figure 2-20). Similar plots were derived and strain profiles

were generated. Frankl et al. included in their report several of the observed failure modes of the CFRP shear grid.

The researchers implemented the following equation, Eq. (2-21), from Bischoff and Scanlon to determine the

effective moment of inertia.
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] =1 (2-21)
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Figure 2-20 Shear and Moment Diagram from PCI Handbook (left) and testing of vertical panel (right) (Seeber et
al. 2004; Frankl et al. 2011)

Another state-of-the-art paper was published by Losch et al. in the March 2011 PCI Journal regarding
PCSWPs. Like many of the previous “State-0f-the-Art” papers published by the PCI, this article highlighted many
of the iconic PCSWP buildings constructed in the past decade. This article served the purpose of updating much of
the current design procedures to include recommendations for FRP shear connectors and other pertinent information
and findings of recent research. It goes into extensive detail about wythe thickness and prestressing strand sizing,
wythe connectors, panel width thickness and span, bowing, flexural design, load bearing design, shear wall
considerations, external connections, detailing considerations, thermal performance, manufacturing processes,
product tolerances, transportation, erection and inspection of PCSWPs. This is the most recent document published
by PCI regarding PCSWP design for engineers, though it is nearly identical to the standards presented in the PCI
Handbook published in 2004 (Seeber et al. 2004). A few changes included consideration of fully-composite as well
as non-composite shear connectors and there is also a lot more detail on panel connections.

Bunn (2011) published data on push-off specimens rather than full-scale specimens. The data collected
considered vertical and transverse alignment of the connectors; foam to concrete interface bond variations; panels

without shear connectors; panels with missing shear connectors; variations in panel dimensions, grid spacing, wythe
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thickness, and foam type. For every specimen tested, plots were generated displaying shear flow versus deflection.
This was done to compare specimen and connectors stiffness. The design approach taken by Bunn, is to predict a

Nominal shear flow capacity based on four variables and one constant. The equation is shown in Eq. 2-22.

qn = ytype * Vthickness * YSpacing * Yorientation * Qbaseline (2'22)
Where: gn = Nominal shear flow capacity of grid, Ib/in
Viype = factor for insulation type (either EPS or XPS)

yickness = factor for insulation thickness
yspacing = factor for grid spacing
yorientation = factor for grid orientation (either vertical or transverse)

Obaseline = constant of 100 Ib/in (based on the shear flow capacity of the grid)

Table 2-1 Table to determine factors for Equation (2-22) (Bunn 2011)

Insulation Spacing
T Type ml:,m‘ Ythickness (in.) Tspacing Oricntation Yorientaion | Qbaseline
(V) (in.)
Q. 2 1.53 12 0.95 )
w = 154 1 (RETT Vertical 1
e 6 11 24 | 1.8 0
T ,71;’:,17 % t "56 Transverse 08
Insulation Spsilng
TType Thickness | Yiickness (in.) Tspacing | Orientation | Yoreniaion | Gbaseline
Vv ) (in.)
& 12 1.34 5
S 2 1.27 — : = Vertical 1
128 = :'05 100
4 118 o &'99 Transverse] 0.8

Equation (2-22) takes a relatively straight forward approach but was proven accurate when predicting the
experimentally tested specimens. The equation was optimized using a spreadsheet and derived from the test results

collected from the experimental program.
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Woltman, Tomlinson, and Fam (2013) investigated the performance of non-composite GFRP shear
connectors. The connector tested was simply a GFRP dowel, which is deformed on either end to achieve sufficient
embedment in the outer concrete wythes in a push-off specimen (Figure 2-21). The setup allowed the concrete to be

poured monolithically.

Figure 2-21 Push-off Specimen cured (left) and before concrete poured (right) (Woltman et al. 2013)

Push-off specimens were tested to failure, load and deflection were measured and plotted to compare
stiffness. Woltman et al. makes significant observations regarding the modes of failure. The specimens experienced
both strong and weak axis failures of the connector, cracking of the concrete embedment, as well as dowel action of

the GFRP dowel (See Figure 2-22).
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(a)
(c)
(e)

Figure 2-22 Observed failure modes in SWP: a) weak axis and b) strong axis fracture, c) dowel action, d) concrete
cracking, e) polymer brittle fracture (Woltman et al. 2013)

Woltman et al. (2013) were able to create an analytical model that explained the behavior of the FRP shear
connectors and also correlated the dowel shear strength based on the thickness of the insulation, observing that shear
strength is reduced as thickness increases. It was determined that if flexural failure governs, then Eq. (2-23) ought to

be used. If shear failure governs, however, then Eq. (2-24) would be appropriate.
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= 2 (2-23)

D
Tinas = k% (2-24)
Where: M = governing moment of the connector

I = cross-sectional
fu = flexural capacity of the GFRP connector
D = the diameter of the GFRP connector
Tmax = governing shear stress of the connector
k = shape factor (1.33 for round connectors)
A = cross-sectional area of the connector
\ =2M/X

M = governing moment of the connector

X = thickness of the foam wythe

It was determined that for the non-composite shear connectors the load displacement curves have an initial
elastic peak response due to the added shear strength of the foam-concrete interface bond. After this bond
deteriorates, the connectors begin to plasticize and form longitudinal cracks. A rapid and significant deformation
takes place at this instant. Because of this plasticization, the response continues, but at a reduced stiffness. Once
ultimate capacity is reached, the load gradually decreases as connectors fail one by one. As previously stated, the
connectors fail mostly by delamination or dowel action.

Bai and Davidson (2015) analyzed partially composite, foam-insulated, concrete sandwich structures to
derive mathematically the correlation between the degree of composite action (for partially composite panels) and
the combined stiffness of the shear connectors within the panel. They did this to predict bearing and flexural
behavior of PCSWPs. Bai and Davidson derived the non-trivial mathematical solution to predict deflection, bending

moment, axial force, slip between wythes, and middle layer shear stress. These equations are as follows:
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Panel Deflection:
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Slip Between Wythes:

. X
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Middle Layer Shear Stress:
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cosh <25>
Where: yi, Y2, and ys = deflection cases used for super-position
Mi, Mz, and M3 = moment cases used for super-position

N1, N2, and N3 = axial force cases used for super-position

ye = external deflection
yin = internal deflection
Mex = external bending moment
Mmin = internal bending moment
Nex = external axial force
Nin = internal axial force
(0] = slip between wythes
T = shear stress in the middle layer
q = lateral pressure applied to the face of the wythe
k = vertical compressive stiffness of middle wythe
b = wythe width
d = thickness of wythe
l = span length
. ,

I = [Ew 5 b

i=2"Isy

bal . .
syt = =5~ = moment of inertia of each wythe
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Ew = moduli of elasticity of wythes

ITotal = 2lsy + 2r’A = moment of inertia of the whole cross-section
A = cross-sectional area of wythe

= [2Kb
4 N
K = shear stiffness of the middle layer

_ ,2r2A
o =

Itotal

B =vV1-a?
k = vertical compressive stiffness of middle layer
v =1 (@3 + ¢3) — 93(¢3 + ¢2)

$1° = cos 1 - cosh
¢2° = cosA-sinh
¢3° =sinA-sinh A

¢° =sinA-coshA

=3
#1 =cose-coshe
@3 =sing-sinhe
r = distance from neutral axis of wythe to the overall neutral axis

Predicted panel behavior was then compared to observed behavior from Naito’s 2011 research (Naito et al.
2011), where most predictions were relatively close, though some were significantly inaccurate. Unfortunately, these

equations are too cumbersome for most engineers.
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Figure 2-23 Naito et al.'s data (2011) vs Bai and Davidson's predictions (Bai and Davidson 2015)
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2.2 Composite Action

Composite action is a principle that describes the degree to which two or more independent bodies
cooperate to accommodate a specified loading scenario. The principle of composite action is used to design
composite beams (beams which are made up of multiple materials) and reinforced concrete, but more applicable to
this research, it is also used to design sandwich panel walls. Sandwich panel walls can be designed as fully-
composite, partially composite, or non-composite. Composite action occurs when there is a shear transfer
mechanism which transfers load from one element to another. Essentially a shear transfer mechanism creates a point
of fixity or partial fixity between two interfaces.

From the history of PCSWPs, it is apparent that the creation of the concrete sandwich panel wall was
intended entirely for thermal purposes. The structural capacity of these elements was not fully realized for many
more years. Designing PCSWPs to be 100% composite is still a major challenge today. It is currently unknown how

to design for partial composite action.

2.3 Thermal Efficiency

Thermal efficiency has been the main goal of PCSWPs since their inception. However, previous research
has shown that there is room for improvement. The goal is to achieve as much thermal resistance as possible to
prevent heat transfer from one side of the panel to the other. It is clear that the most efficient system currently
achievable would be to have no steel penetrate the insulating layer, and eliminate as much steel as possible
throughout the panel. There has been much research on different materials to use as shear connectors, the most
successful of which are FRP based materials.

The most attractive characteristic for constructing PCSWPs are that they are an environmentally friendly,
thermally efficient, and cost effective solution as a building envelope. Primarily, they serve as a thermally resistant
building envelope. By improving their thermal performance, the desire to integrate these elements into all buildings
increases. Though there are already significant economic incentives for taking advantage of the structural capacity

of PCSWPs, they need to be thermally exceptional to optimize their benefits and make PCSWPs more marketable.
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2.4  FRP Shear Transfer Mechanism

Shear transfer mechanisms, also known as shear connectors, are elements that tie the concrete wythes
together. This fixity prevents independent association of structural elements. If the elements are fully-composite, this
forced interaction requires equivalent load distribution and strain compatibility. As discussed in the history portion
of this report, these connectors have varied greatly from simple steel pins to FRP trusses. Compared to steel, GFRP
has a higher tensile strength while being 75% lighter. It is both electrically and thermally non-conductive. There are
many different ways to form, or mold, GFRP. It can be extruded, injected, or woven. The different manufacturing

processes create different structural properties.

24.1  Mold Injected GFRP

Mold injected GFRP becomes very brittle due to the random alignment of fibers within the component.
There are many advantages to mold injecting GFRP. It is extremely cost effective when compared to other
processes. Molding is a very fast process when compared to extruding or weaving. The constraints on shape are

almost nonexistent.

2.4.2  Extruded GFRP

When GFRP is extruded, all the fibers are aligned in the same direction and essentially “cast” in the
polymer. This polymer can be many different things but is usually epoxy based. When the fibers are all aligned, the
component becomes ductile because all of the fibers are being loaded in the same direction. Fiber alignment can be
optimized to accommodate many different loading scenarios as long as the loading scenario is known previous to
design. When GFRP is extruded, the component develops a strong and weak axis. If the component is loaded
parallel to the alignment of the strands, it is extremely strong. If the component is loaded perpendicular to the
alignment of the strands, it is less-strong. The extrusion process is difficult and time consuming causing individual
component costs to rise dramatically. The shape of the component with extruded GFRP simply requires a
homogenous cross-section perpendicular to the fiber alignment. After the component is cast in polymer, additional
machining may take place to create the desired final product. For the purpose of creating a shear connector,

machining is performed to create the necessary deformations to embed the connector into the concrete.
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243  Weaved GFRP

The last common manufacturing process is weaving. To weave GFRP, you must align the fibers in the
desired pattern. This is done with either a machine, or often by hand. The fibers are frequently situated loosely, if the
fibers were stretched tightly, the desired shape may become unattainable. After the fibers are placed in the desired
configuration, the polymer is poured around the fibers and allowed to cure. This process is advantageous, especially
when the desired outcome is dependent on fiber alignment, and that alignment is not continually parallel throughout
the component. For the application of this project to PCSWPs, the most common application of weaving GFRP
results in a truss like configuration. This is because elements within the component are designed to experience
different forces (compression and tension) at different times. This requires the fibers to be aligned, but in various
directions. Weaving is time consuming, and therefore expensive. Another downside to this procedure is that

components are not going to be identical every time. The standard deviation of the product is very large.

2.5  Design Methods

As noted in Section 2.1, the design methods for PCSWPs have varied greatly over time. As with any
building element, the longer it has been in use, the greater the understanding of the system becomes. A history of the
design of PCSWPs was covered in Section 2.1. In most studies presented in that section, the number of shear
connectors was never addressed. There are three methods that address this issue. These are the principles of

mechanics, the ACI simplified method, and the PCI method.

2.5.1  Principles of Mechanics
Using the principles of mechanics, the analogous shear stress, t, can be obtained for any given load. By
applying the appropriate load factor, the design shear force can be determined. This force is calculated at the

concrete-foam interface, where the force is at an associated maximum (Figure 2-24).
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I T

Figure 2-24 Evaluation of shear by principles of mechanics (Bunn 2011)

= Vnax G (2-39)
Itotalb
Qreq = % (2-40)
Where: t = maximum shear stress to be transferred

Vimax = maximum shear force due to the applied loading
Q: = first moment of area above the concrete-foam interface
ltotal = cross-sectional moment of inertia of the entire panel
b = width of the panel cross-section
Oreq = maximum applied shear flow

After the required shear flow, greq, i Obtained, calculating the number of required shear connectors equals:

CIre
Npeg = ——21— (2-41)
Aconnector
Where: Nreq = number of connectors required at a certain cross-section

Qreq = from Eq. (2-40)

Qeonnector = Shear flow capacity of the connector
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2.5.2  ACI Simplified Method
By ACI 318 (2014), shear stress, 1, is the maximum shear force acting on the panel. The shear stress acting
at the concrete-foam interface is based on b*d, or the full effective cross-section. Because of this, shear flow is

calculated as:

%4
Greq =—7— (2-42)
Where: d = distance between resultant tension and compression forces (Figure 2-25)

1 c
d
— T <

Figure 2-25 Definition of distance, d, from Eq. (2-42) (Bunn 2011)

By substituting the required shear flow associated with Eq. (2-42) into Eq. (2-41), one can determine the

required number of shear connectors at any given panel cross-section.

253  PCI Method

The third method, requires that the full capacity of the panel be used when calculating the associated
composite action. The shear stress, T, is calculated at the maximum moment region (Seeber et al. 2004). It is allowed
to use the lesser of the tension, Tmax, Or compression, Cmax, forces when calculating the shear stress at the maximum
moment region. Another assumption made, is that due to composite action, the entire depth of the exterior wythe is

acting in compression. The required shear flow capacity, qreq, can be computed as follows:
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Voq = min {Tmax (2-43)

Cmax

Tax = Apsfps + Asfy (2'44)
Cmax = 0.85f¢bt, (2-45)
_ Vreq
Qreq = d, (2-46)
Where: Aps = area of prestressing steel in tension wythe
fos = stress in prestressing strand
As = area of steel in tension wythe (excluding prestressing)
f = yield stress of steel in tension wythe (excluding prestressing)
fe' = concrete compressive strength
b = width of cross-section
te = thickness of compression wythe
do = length of panel from Mnax to the nearest support

Just as in the ACI method, one can determine the required number of connectors by substituting Eq. (2-46)

into Eq. (2-41).
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3  EXPERIMENTAL PROGRAM

3.1 Introduction

The experimental portion of this research was to test several different proprietary and non-proprietary FRP
shear connector systems by fabricating and testing 41 small scale “push-off” specimens to apply direct shear to the
connectors, as well as test eight full-scale sandwich panel walls. The purpose of this testing was to for an
experimental basis to develop a general methodology for calculating partial composite action elastic behavior and
capacity. This chapter of this report contains an outline of the experimental program including specimen

configuration and testing setup.

3.2 Push-off Tests

3.2.1  Specimen Configurations and Test Matrix

A test matrix was created to provide information on each of the specimens that needed to be constructed
(Table 3-1). This was based on three variables: 1) connector type, 2) foam type, and 3) concrete/foam interface
bond. This study included 5 different connectors. For convenience of data presentation, each connector was assigned
a letter descriptor and are as follows: Nu-Tie connector (Connector A), Thermomass CC Connector (Connector B),
Thermomass X Connector (Connector C), HK Composite Connector (Connector D), and Delta Tie (Connector E).
The blank spaces in the table below exist only because Thermomass (Connector B and C) does not supply expanded

polystyrene foam with their connectors.
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Table 3-1 Test Matrix for Five-Wythe Push-Off Specimens

TEST MATRIX FOR FIVE-WYTHE PUSH-OFF SPECIMENS
A B C D E
.'I:_;)/?)? Wythe | Bond
) B AEPS3B * * DEPS3B EEPS3B
E(ﬁi’;‘;ee‘:] 3 UB | AEPS3UB x x DEPS3UB | EEPS3UB
e (EPS) 4 B AEPS4B * * DEPS4B EEPS4B
UB | AEPS4UB * * DEPS4UB | EEPS4UB
» B AXPS3B | BXPS3B | CXPS3B | DXPS3B EEPS3B
PE))I(;/rsutngn UB | AXPS3UB | BXPS3UB | CXPS3UB | DXPS3UB | EEPS3UB
e (XPS) 4 B AXPS4B | BXPS4B | CXPS4B | DXPS4B EEPS4B
UB | AXPS4UB | BXPS4UB | CXPS4UB | DXPS4UB | EEPS4UB
_ ) B AISO3B BISO3B CISO3B DISO3B EEPS3B
Por']ﬁ'rsa‘igya 3 UB | AISO3UB | BISO3UB | CISO3UB | DISO3UB | EEPS3UB
(1S0) 4 B AISO4B BISO4B CISO4B DISO4B EEPS4B
UB | AISO4UB | BISO4UB | CISO4UB | DISO4UB | EEPS4UB
*Fabricator does not use EPS with their system

All push-off test specimens were created with three concrete wythes that were each separated by a wythe of
foam insulation, and were either 3-3-6-3-3 panels (meaning that wythe thicknesses were 3 inches for all wythes
except for a 6 inch center wythe) or 4-4-8-4-4 panels (where wythe thicknesses were all 4 inches except for an 8
inch center wythe), with only connector spacing humber changing per manufacturer recommendations. Each
specimen was 3 feet wide by 4 feet tall and contained a variety of connectors and configurations from the connector
companies (Figure 3-1). Foam types that were used include: Extruded Polystyrene (XPS), Polyisocyanurate (I1SO),
and Expanded Polystyrene (EPS). The concrete was reinforced concentrically with No. 3 grade 60 rebar spaced

every 6 inches (exact spacing of rebar was contingent upon the accommodation of connectors).
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Each connector group tested was manufactured using Glass Fiber Reinforced Polymer (GFRP). However,
not all companies used the same manufacturing process. Each Connector is discussed in detail in the following

section.

3.2.1.1  Connector A (Nu-Tie)

Connector A (Figure 3-2) is a pultruded GFRP truss (Section 2.4.3). For the push-off specimens in this
study, connectors were designed to occupy a 48” section and varied in width depending on the thickness of the
insulating wythe. Four connectors were evenly spaced throughout each specimen, two in each wythe. Spacing of six
inches off of center was recommended by the manufacturer and was used as the spacing in this report. A detailed

diagram of the push-off specimen is shown in Figure 3-3.
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Figure 3-2 Connector A close-up

Figure 3-3 Detailed diagram of the push-off specimen design for connector A

3.2.1.2  Connector B (Thermomass CC-connector)

Connector B (Figure 3-4) is an extruded GFRP connector and is considered a structurally-composite
connector (Section 2.4.2). The main structural component is an extruded GFRP flat bar, which has machined ends

such that the specimen is able to enable interlock with the concrete for enhanced bond. The connector is designed
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for a 2 in. embedment length in the concrete wythes. Twelve connectors were used in each specimen, six in each
wythe. Two rows of three were spaced nine inches from center leaving nine inches of cover to the outside edge of

the panel (Figure 3-5).

Figure 3-4 Connector B close-up

Connector B

Figure 3-5 Detailed diagram for push-off specimen for connector B
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3.2.1.3  Connector C (Thermomass X-connector)

Also an extruded GFRP product, Connector C (Figure 3-6) uses extruded GFRP bars, oriented in an X
shape. Connector C is actually the combination of two GFRP flat bars, similar to Connector B, embedded into the
concrete. The combination of the two independent connectors that form an “X,” will be considered one connector.
As with Connector B, this GFRP connector required post extrusion machining to enhance mechanical interlock with
the concrete. Eight connectors were placed in each specimen, with four specimens inserted in each wythe. There

were two rows of two connectors, each spaced nine inches from center (See Figure 3-7).

Figure 3-6 Connector C close-up
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Connector C

Figure 3-7 Detailed diagram for push-off specimen for connector C

3.2.1.4  Connector D (HK Composite Connector)

Connector D (Figure 3-8) is a mold injected GFRP product (Section 2.4.1) that has randomly aligned and
distributed glass fibers in a thermoplastic matrix. Connector D is designed for 1.5 in. embedment into a concrete
wythe and is 3 inches wide and ¥z inch thick. Connector D has an asymmetrical design developed for construction
efficiency. Connector D is a mold injected product with randomly distributed glass fibers, greatly reducing the cost
of each connector and increasing production rate. For this report, twelve connectors were used in each specimen.
Connectors were spaced at two rows of three, each spaced nine inches from center, per the manufacturer’s

recommendation (Figure 3-9).
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Figure 3-8 Connector D close-up

Figure 3-9 Detailed diagram for push-off specimen for connector D
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3.2.15  Connector E (Delta Tie Connector)

Connector E (Figure 3-10) is a GFRP shear connector. This connector is designed like a small truss. It is 5
in. wide, 7 in. long, and 1/8 in. thick. Four connectors were used in each wythe, eight connectors per specimen. Each

row of two connectors was spaced nine inches off center (Figure 3-11).

Figure 3-10 Connector E close-up

Figure 3-11 Detailed diagram for push-off specimen for connector E
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3.2.2  Construction of Push-off Specimen

Specimens were cast horizontally, one layer at a time. Forms were built out of HDO (high-density overlay)
plywood manufactured by Plum Creek Company. The first wythe would be cast immediately followed by the
insertion and vibration of the connectors and foam. The forms would be stripped and taller forms constructed in their
place. Once taller forms were in place, the center wythe would be poured and immediately followed by the insertion
and vibration of the connectors and foam. Forms would be stripped and the tallest forms would be constructed, after
which the final concrete wythe would be poured. The unbonded specimens used a plastic sheet between the foam
and concrete surfaces to eliminate the bond, duct tape was used to ensure no concrete leaked where connectors
penetrated the plastic (Figure 3-12). Once concrete strength was achieved (greater than 4000 psi), the specimens

were prepared for testing.

Figure 3-12 Seaming of the bond inhibitor using duct tape

For Connectors B, C, and D, preparation involved placement of the bond inhibitor for unbonded specimens
and insertion of connectors for all specimens. The foam used for Connectors B, C, and D was provided by the
manufacturer. The foam came pre-cut to proper dimensions and included apertures for connector insertion.

Connectors are shown inserted into foam in Figure 3-13.
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Figure 3-13 Left: Connector B, Middle: Connector C, Right: Connector D

For Connector E, foam was ordered independently of the connectors. Therefore, preparation of the foam
required sizing the foam to correct dimension, creating apertures for connectors, and providing the bond inhibitor
where applicable. The cutting was done with a hot knife, which was adequate, but was much less precise than the
water jetted and machined specimens sent from other fabricators. Connector E is shown placed in the foam (after

concrete was poured) in Figure 3-14.

Figure 3-14 Connector E placed in foam

3.2.2.1  Casting Concrete

Concrete was cast one wythe at a time. After forms were set, foam was prepared, and connectors staged,
concrete was delivered and pouring into the formwork. Special care was taken to ensure that the separators remained
perpendicular to the base and stayed in place. Uneven lateral pressures were eliminated by manually equalizing the
amount of concrete on either side of the separator. Concrete was vibrated into the forms using a pencil vibrator. A

screed was drawn across the top of the formwork walls to ensure maximum volume occupancy. After the proper
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amount of concrete was in the formwork, a trowel was used to smooth the surface of the fresh concrete in
preparation of placing the foam and connectors into the concrete.

Part way through the concrete pour, a sample was taken from near the middle of the truck batch to create
nine 4-inch diameter cylinders, and determine the unit-weight of the concrete. All of this was done according to the
appropriate document published by the American Society for Testing and Materials; ASTM C143, ASTM C31, and
ASTM C138 respectively.

Upon troweling the surface of the concrete, foam was placed on top of the wet concrete and connectors
were inserted into the wythe. After the connectors and foam were in place, a pencil vibrator was put in contact with
every connector to ensure the concrete would adhere to the connector.

Once the concrete, foam, and connectors were all in place, special care was taken to clean off all equipment
and surfaces. An example of the completed first layer can be seen in Figure 3-15. After the concrete had set up, the
walls of the formwork were removed (Figure 3-16). After the formwork was clean, the second set of forms were
fixed into place. This included the insertion of the rebar, propping the rebar on the chairs, and gluing the rubber
recess for the pick point into place (Figure 3-17). Attention was given to location of each connector specimen prior
to concrete placement. This was done to ensure that an unbonded EPS foam wythe containing Connector A, received
an unbonded EPS foam wythe containing Connector A on top of the second wythe.

Once the necessary preparations were made to pour the second wythe, concrete was ordered and the same
process used to construct the first wythe was repeated for the second wythe, with one exception; because the second
wythe contained the lifting anchors, a manual check was preformed to ensure that none of the pick-points were
removed during the pouring process. After the concrete was allowed to cure, the formwork was removed (Figure
3-18) and the last set of forms were put into place (Figure 3-19).

After the formwork was in place and the necessary preparations were made, the process outlined for the
first wythe was repeated, except no additional foam or connectors were placed on the top of the top wythe. Because
the exposed surface of the concrete was a final product, special care was taken to finish the concrete surface (Figure

3-20). The finished product was allowed to harden before the forms were removed (Figure 3-21).
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Figure 3-15 Completed first wythes with foam and connectors in place

Figure 3-16 Clean-up following formwork removal of first wythe
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Figure 3-18 Formwork removed after concrete for the second wythe is allowed to cure
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Figure 3-19 The highest set of forms is in place ready to pour the last concrete wythe

Figure 3-20 Taking special care to put a finished surface on the final wythe of the concrete
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Figure 3-21 Finished Product Waiting to Cure

3.2.3  Push-off Test Setup

The push-off specimen test setup is illustrated in Figure 3-22. Push-off specimens were loaded by placing a
ram and load cell on the wide center wythe and supported at the bottom of the outer wythes. The load was
transferred to the specimen through a spreader beam which in turn passed the load into the specimen directly in line
with the connectors. The specimen was supported only on the outer wythes at the bottom. Extra care was taken to
ensure the specimen was flush on the supports. Relative displacement of the inner wythe to the outer wythes was
measured in four places and averaged to determine the reported displacements. The Linear Variable Differential
Transformers (LVDTSs) were attached to the outer wythes using a custom-built bracket (Figure 3-23 and Figure
3-24). Displacements were measured by fixing a small piece of mild steel to the center wythe, providing a reference
point for LVDTSs to measure from (See Section 3.2.4). A load cell was placed at the ram-to-spreader beam interface
to measure the overall applied load. As a safety precaution, a loose chain was firmly attached to the center wythe to
prevent catastrophic failure or related injury. Careful observation was given to the tautness of the chain. Never was

the chain taut during loading.
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Figure 3-22 Diagram (left) and photograph (right) of test set up

3.2.4  Instrumentation

The LVDTs used for this testing were newly purchased with NIST traceable calibration in February 2015
and are verified periodically on a NIST traceable universal testing machine, according to the SMASH lab
Management System Manual. The transducers were attached to the specimen using the specially fabricated bracket
shown in Figure 3-23. The two holes closest to the left and right edges in the diagram, where threaded to
accommodate a #10-32 machine screw. The inner holes were used to nail the bracket to the specimen. Nails were

pounded using a powder actuated 0.22 caliber fastening tool. The bracket can be seen in use in Figure 3-24.
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Figure 3-24 Special bracket fixed to specimen with LVDT

The Geokon load cell calibration was verified in February 2015 using a Tinius Olsen testing machine with
NIST traceable calibration, last calibrated March 2014. The equipment used to collect data was the Bridge
Diagnostics Inc.-Structural Testing System (BDI-STS).

The Linear Variable Differential Transformers (LVDT) were mounted such that the contact point between
the mild steel angle and the plunger of the LVDT was at the vertical midpoint of the associated wythe. There was an
LVDT attached to the edge of each exterior wythe, to make a total of four shear displacement measurements. These

measurements were averaged to determine the actual shear displacement of the center wythe relative to the exterior

wythes.
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3.3  Full-scale tests

3.3.1  Full-scale Specimen Configurations and Test Matrix

Two 16-ft long and six 15-ft long concrete sandwich wall panels were tested to evaluate their flexural
strength and the composite action of different shear connectors. This part of the study included 4 different
connectors (presented in Figure 3-25). For convenience of data presentation, each connector was assigned a letter
descriptor like the Push-Off Testing in Section 3.2.1 as follows: Nu-Tie connector (Connector A), Thermomass CC
Connector (Connector B), Thermomass X Connector (Connector C), and HK Composite Connector (Connector D).
Two panels were tested with Connector A (NU-Tie 3/8 in. diameter connectors), two with only Connector B
(Thermomass CC connectors), two with a combination of Connectors C and D (Thermomass CC and X connectors),
and two with only Connector D (HK Composite connectors). All connectors were a type of glass fiber reinforced
polymer (GFRP). Connector A was a GFRP rebar fabricated into a “zig-zag” pattern, 3/8-in. diameter rebar with
longitudinally aligned fibers. Connectors B and C were also an aligned fiber flat bar of GFRP (like Connector A)
that were either oriented in an X shape or orthogonal to the concrete wythes. Connector D was a mold-injected
product with randomly aligned fibers. The manufacturing process and alignment of the fiber significantly changes

the failure mode and ductility of the connectors (Olsen and Maguire 2016).

Figure 3-25 Shear Connectors Tested, Left to Right: Connector A, B, C, and D

All panels were fabricated with XPS insulation, and utilized shear connectors to attain some degree of
composite action by transferring shear between the both wythes through the insulation.

Connector A panels had a 3-4-3 in. configuration with prestressed reinforcement in the longitudinal
direction and shear connectors as shown in Figure 3-26 and Figure 3-27. The prestressing consisted of three low-

relaxation 270 ksi strands with a 3/8-inch diameter tensioned to 0.70f,,. The panels were designated A-2 (Figure
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3-26) and A-4 (Figure 3-27) with the 2 and 4 designating the number of shear connectors in each row. Shear
connectors were distributed uniformly with a total of eight in the A-2 panel and sixteen in the A-4 panel. The
difference in the number of connectors was intended to demonstrate the dependence of the panel performance upon
the number of connectors within the panel. At the authors’ request, the A-2 panel used connectors at a lower level
than typically used by the manufacturer for this panel configuration.

The B, BC, and D panels had mild reinforcement and a 4-3-4 in. configuration. The reinforcement of these
panels included four Grade 60 #3 bars in the longitudinal direction for each wythe and three shear connectors in
each row. In the B panels, only Connector B shear connectors were distributed uniformly at sixteen-inch spacing for
a total of 33 in each panel (see Figure 3-28). In the BC panels, 33 Connector B shear connectors were uniformly
distributed with an additional six Connector C shear connectors spread throughout the panel (see Figure 3-29). Like
the B panels, D panels had Connector D shear connectors distributed uniformly at sixteen-inch spacing for a total of

33 in each panel (see Figure 3-30).

All Rebar is #3 GRO 60 2" Prestressed Strand (0.75fpu)
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Figure 3-26 A-2 panel details
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All Rebar is #3 GRO 60 2" Prestressed Strand (0.75fpu)
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Figure 3-27 A-4 panel details

;12"%12"%12"vL12”ﬁ‘L12"#12”#12"v;12"ﬁ\412"#‘412"%12”#12"#12"#12"#\/6”%

16.0'
|

sleq ¢

Figure 3-28 B panel details
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Figure 3-29 BC panel details
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Figure 3-30 D panel details

3.3.2  Construction of Wall Panels

All panels were fabricated with XPS insulation, and utilized shear connectors to attain a certain degree of
composite action by transferring the shear flow between the both wythes through the insulation. The design of the
panels was performed in conjunction with representatives from Forterra Structural Precast (Salt Lake City, Utah)

and Concrete Industries (Lincoln, Nebraska).
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3.3.3  Full-scale Test Setup

Each 16-ft long panel was placed on simple supports with a 15-ft span for A-2 and A-4 panels, and a 14-ft
span for the B, BC, and D panels. A single hydraulic actuator applied four point loads with a spreader beam
assembly to simulate a distributed load, as shown in Figure 3-31.

Deflection was measured at midspan on both edges (north and south) of the panel. Relative slip between
concrete wythes was measured using LVDTSs at each panel corner (northeast, southeast, northwest and southwest).
Prior to testing, dead load deflection was measured at midspan with a total station and high accuracy steel ruler by
finding the elevations of the supports and at midspan. This procedure provided a dead load midspan deflection with
an accuracy of 1/32 in.

Concrete compression strengths were measured using ASTM C39 procedures from 4 in. x 8 in. concrete
cylinders sampled and provided by the precasters. Rebar and prestressing steel samples were obtained from each
panel after testing by breaking out the concrete from the ends, where there was no plasticity.

Rebar were tested according to ASTM A370 and the full stress strain curved developed using a 2-in.
extensometer. Because of gripping limitations of the tensile testing machine available, standard reusable chucks
were used to test the 3/8 in. prestressing strand. Using chucks during tensile testing is known to limit both elongation
and provide slightly lower ultimate stresses (Morcous et al. 2012; Maguire 2009). Only ultimate tensile stress was
recorded for the prestressing strand because a proper (24 in. gauge length, rotation capable) extensometer was not

available.
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Figure 3-31 Full-scale specimen test setup

3.3.4  Full-Scale Test Sensors

The data acquisition, LVDTs for slip measurement and load cell for ram load measurement are the same as
described in the previous section for the push-off specimen. The deflection measurements were made with LX-PA-
20 (UniMeasure) string potentiometers with calibration verified on a NIST traceable Tinius Olsen Universal Testing

Machine to an accuracy of 0.001 in.

3.4  Material Testing

Concrete cylinder compressive tests were performed for all specimens tested. For full-scale tests, concrete
cylinders were provided by the respective precaster to be tested on the day of specimen testing. Due to limited

material, space, and budget, all of the push-off specimens could not be poured at once. Each specimen required three
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separate concrete pours (one per wythe), and specimens were created in three different sets due to space restrictions
for a total of nine pours (three sets with three pours each). Cylinders were created from the concrete midway through

each pour. All cylinders were 4-inch diameter, with compressive tests performed according to ASTM C39.

3.5  Summary

The preceding chapter described the test setup for the experimental program. Push-off specimens were
fabricated and tested at the Utah State University SMASH lab. The full-scale specimens were fabricated by Concrete
Industries and Forterra Precast and tested at the Utah State University SMASH lab. The following chapters present

the results and analysis of the push-off and full-scale tests.
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4  TEST RESULTS FOR PUSH-OFF TESTS

4.1 Introduction

In this study, 41 pure shear push-off specimens were created to evaluate the shear stiffness of the various
commercially available sandwich panel wall shear connectors. This chapter presents the results of this testing. The
variables studied were connector type, foam thickness, foam type and foam bond. This study included 5 different
connectors. For convenience of data presentation, each connector was assigned a letter descriptor and are as follows:
Nu-Tie connector (Connector A), Thermomass CC Connector (Connector B), Thermomass X Connector (Connector
C), HK Composite Connector (Connector D), and Delta Tie (Connector E). Due to project constraints, only a single
specimen of each type could be constructed so there is no statistical information available regarding the connector
strength and stiffness values, making some comparisons difficult. Design, fabrication, and test setup for the push-off

specimens is presented in the preceding chapter.

4.2  Material Testing

Concrete cylinder compressive tests were performed for all specimens tested. Due to limited material,
space, and budget, all the push-off specimens could not be poured at once. Each specimen required three separate
concrete pours (one per wythe), and specimens were created in three different sets due to space restrictions for a
total of nine pours (three sets with three pours each). Cylinders were created from the concrete midway through each
pour. All concrete cylinders were 4-inch diameter, with compressive tests performed according to ASTM C39.

Tabulated values of the push-off specimen material properties are shown in Table 4-1 below with other
pertinent information regarding the concrete shown in Table 4-2. These values are calculated from ACI 318-14
(American Concrete Institute 2014). A visual comparison of the concrete compressive strength is shown in graphical

form in Figure 4-1.
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Table 4-1 Material properties of concrete for push-off specimens

Compressive strength (psi)
Set Pour | Slump | Unit Weight of Concrete (Days of Curing)

#) (in) (Ib/ft3) 28 14 7 3
1 9 138.79 5124.39 | 3736.49 | 1823.03 | 911.52
1 2 7.5 139.80 5550.13 | 4152.13 | 2690.58 | 1345.29
3 5 133.95 6264.74 | 4925.24 | 4134.74 | 2067.37
Average - 137.51 5646.42 | 4271.29 | 2882.78 | 1441.39
1 6.5 141.54 5861.28 | 4445.88 | 3402.88 | 1701.44
5 2 7.5 134.70 5531.03 | 4184.03 | 2497.87 | 1248.93
3 9.25 136.60 4979.96 | 3613.96 | 1593.76 | 796.88
Average - 137.61 5457.42 | 4081.29 | 2498.17 | 1249.08
1 8.5 139.65 5211.53 | 3815.03 | 2084.91 | 1042.46
3 2 5 139.20 6195.50 | 4803.50 | 2766.32 | 1383.16
3 6 138.65 5916.19 | 4529.69 | 3562.60 | 1781.30
Average - 139.17 577441 | 4382.74 | 2804.61 | 1402.31

Table 4-2 Material Properties of Concrete for push-off specimens

We flc ft EC
Set pcf psi psi psi
1 137.51 5646.42 563.56996 | 3998690

137.61 5457.42 554.0578 | 3935487
139.17 5774.41 569.92137 | 4116901
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Figure 4-1 Graphical representation of average concrete compressive strengths in Table 4-2

4.3 Push-off Test Results

Each push-off specimen was loaded through failure. Figure 4-2 presents an example Shear Load versus
Shear Deformation plot. All load displacement curves had an initial elastic peak response. After this initial peak, the
connectors began to exhibit reduced stiffness until peak load. Many of the connectors maintained significant load
past this peak load while continuing to deform, whereas, others failed soon after they reached peak load. This
section will provide a brief overview and summary of all connector types and each connector will be reviewed

specifically in the following subsections.
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Figure 4-2 Load-Deformation Curve & Visually Identifying the Yield Point

On a load-deflection diagram, the elastic stiffness of the specimen the initial slope of the load deformation
curve. For design purposes, this curve is idealized into two categories: the elastic portion, Ke, and the plastic portion,

Kie (Figure 4-2). The stiffness can be calculated as the derivative of the curve, which for our idealized case of two

sections is equal to:

Fg
Kg = A, (4-1)
E, — Fg
Kp=—-— 4-2
=y (4-2)
Where: Kg = elastic stiffness
Kie = inelastic stiffness of plastic stiffness
Fe = elastic load limit
Fu = ultimate capacity or peak load
Ag = deflection corresponding to the elastic load limit
Ay = deflection corresponding to the ultimate capacity
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Utilizing Equations (4-1) and (4-2), elastic and plastic stiffnesses were calculated for each connector and
calculated per connector.

Figure 4-3 presents an ultimate strength (Fy) comparison for all specimens. Connector A with 3-in. bonded
XPS insulation produced the strongest individual shear connection (16.8 kips each), while connector D with 4-in.
unbonded EPS insulation produced the smallest shear connection (1.39 kips each), though in this instance there may
have been a fabrication issue. There was a consistent reduction in strength between 3-in. and 4-in. wythe specimens,

but connector C with ISO and connector D with XPS experienced little to no reduction in strength.

18.0
16.0

14.0

12.
10.
8.
6.
4,
: MIIETAER
0.0

AEPS AXPS AISO BXPS BISO CXPS CISO DEPS DXPS DISO EEPS EXPS EISO

o o o o o

Ultimate Load per Connector (kips)

o

m3Inch Bonded m 3 Inch Unbonded 4 Inch Bonded 4 Inch Unbonded

Figure 4-3 Ultimate Load Comparison for All Connectors Individually

Each unbonded specimen produced a reduction in ultimate strength for its respective connector. The
amount of reduction in ultimate strength varied greatly, however. For example, connector A with EPS produced a
reduction of approximately 10% when unbonded, while connector D with EPS produced an approximately 70%
difference when unbonded.

Foam type did contribute to the ultimate strength as well, but the results were also inconsistent (especially
with the 1SO). This variation is expected to be because the 1ISO surfaces were not consistent between manufacturers.
The 1SO foam selected for each was part of the manufacturer’s system/recommendation, and therefore what a

precast producer would receive upon purchase. Some 1SO surfaces were smooth plastic or metallic foil while others
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had a paper surface (Figure 4-4). The vastly differing properties of each of these materials causes them to bond
differently with the concrete, possibly leading to inconsistencies in bonded and unbonded behavior for the 1SO.

Ultimate strengths were typically higher with XPS, but connector D experienced higher loads with EPS.

Figure 4-4 Different types of polyisocyanurate foam and their associated face finishing

An “elastic limit” load (Fg) and “elastic” stiffness (Kg) were identified from the load deformation curve of
each push-off specimen. This was done by visually identifying the yield point as shown in Figure 4-2. Figure 4-5
shows the maximum elastic force (Fe) observed during testing for each connector configuration. Although fatigue
testing was not performed, it was assumed that Fe should be the maximum force allowed in the connector during
service loading scenarios as damage may accumulate at higher loads. Figure 4-5 allows a visual comparison of
elastic load limits for all push-off specimens in this paper. The connectors that exhibited a high ultimate strength, F,
in Figure 4-3 also presented with a similar Fg, relative to the other connectors. Connector A with XPS had the
highest Fe value (9.5 kips), but Connector A with 1SO was significantly lower than the EPS and XPS combinations.
This is likely due to the difference in 1SO surface treatment used with the fabricators system as previously discussed,
which might cause inconsistent bond. There was relatively little difference between the Connector A I1SO bonded
and unbonded. Similar relationships between insulation, wythe thickness and bond performance are observed with

respect to Fe.
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Figure 4-5 Elastic Load Limit (Fg) Comparison for All Specimen Configurations

Figure 4-6 presents the elastic stiffness values for the push-off specimens tested in this program. Connector
B resulted in the lowest Ke values with as low as 6 kips/in in combination with the 4-in. unbonded specimens,
whereas several Connector A specimens exceeded 150 kips/in. Surprisingly, although Connector D specimens had
displayed lower relative strengths with respect to the other connectors, they had a similar stiffness to the other
connector specimens in many instances. Connectors A and C showed significantly higher stiffness and strength. This
is likely due to their truss-like fiber orientation which allows more efficient horizontal load transfer as opposed to

the load transfer mechanism of Connectors B and D, which is more like dowel action or pure shear.
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Figure 4-6 Elastic Stiffness Comparison for All Connector

Both unbonded 1SO scenarios for connectors A and C displayed higher elastic stiffness values than their
bonded counterparts. This was unexpected and may be evidence of highly variable bond behavior and/or insulation
behavior. Generally, 4-in. wythes, bonded and unbonded, exhibit significantly lower stiffness than the observed
reductions in strengths in Figure 4-2 and Figure 4-5. Similar observations can be made from the inelastic stiffnesses

presented in Figure 4-7.
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Figure 4-7 Inelastic Stiffness Comparison for All Connector
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It should be expressly noted that the differences in strength and stiffness should not be the sole factor in
selecting a shear component. Cost, durability, ease of fabrication and customer support should also be considered

when selecting a system. Also, connector configuration is important to performance (Olsen and Maguire 2016).

4.3.1  Experimental Results for Connector A

Figure 4-8 and Figure 4-9 display plots of shear load versus shear deflection for all Connector A 3-in. and
4-in. specimens, respectively. There is a reduction in all mechanical values when comparing the 4 in. specimens to
the 3 in. specimens, as expected. Connector A seems to be affected by the bond of the foam to the concrete since, in
all cases, the bonded specimens have larger strengths and stiffnesses than the unbonded specimens. This did not hold
true for all the other connectors as presented in the following sections. Table 4-3 and Table 4-4 present the tabulated

capacities of the specimen and the stiffnesses, respectively.
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Figure 4-8 Chart of all 3-in. specimens for Connector A
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Table 4-3 Observed Experimental Capacity of Connector A

AISOUB4

Ultimate Capacity of Specimen Ultimate Capacity of Connector

3 Inch 4 Inch 3 Inch 4 Inch

(kips) | (kips) | (kips) | (kips) | (kips) | (kips) | (kips) | (kips)

B UB B UB B UB B UB

AEPS | 60.4 57.6 49.7 41.5 15.1 14.4 12.4 10.4

AXPS | 67.2 | 578 |459 |389 | 16.8 144 | 115 |97

AISO | 626 405 |415 |331 |156 101 | 104 |83

Table 4-4 Elastic and plastic stiffness for all Connector A push-off specimens
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4.3.2  Experimental Results for Connector B

Figure 4-10 and Figure 4-11 display plots of shear load versus shear deflection for all Connector B 3-in.
and 4-in. specimens, respectively. There is a reduction in all mechanical values when comparing the 4 in. specimens
to the 3 in. specimens, as expected. Connector B seems to behave similarly whether the foam is bonded or not. Table

4-5 and Table 4-6 present the tabulated capacities of the specimen and the stiffnesses, respectively.
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Figure 4-10 Chart of all three-inch specimens for connector B
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Figure 4-11 Chart of all 4-in. specimens for Connector B push-off specimens
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Table 4-5 Observed experimental capacity of Connector B

Ultimate Capacity of Specimen | Ultimate Capacity of Connector
3 Inch 4 Inch 3 Inch 4 Inch

B uB B uB B uB B uB
BXPS | 59.91 | 43.71 | 35.77 | 31.95 | 499 |3.64 | 298 | 2.66
BISO | 51.32 | 48.38 | 41.49 | 3142 | 428 | 4.03 |3.46 | 2.62

Table 4-6 Elastic and plastic stiffness for all Connector B push-off specimens
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4.3.3  Experimental Results for Connector C

Figure 4-12 and Figure 4-13 display plots of shear load versus shear deflection for all Connector C 3-in.
and 4-in. specimens, respectively. There is a reduction in all mechanical values when comparing the 4 in. specimens
to the 3 in. specimens, except for the Connector C 1SO bonded 4 in. specimen, which had very similar values
compared to the 3 in. specimens in the same series. Connector C was affected by the foam to concrete bond,
although is it less pronounced in the 3 in. specimens and in nearly every case the strength and stiffness is
significantly reduced when unbonded. Note that the manufacturer does not recommend Connector C for 3 in.
specimens and some connectors in the 3 in. wythes experienced compression blow out as discussed later in this

chapter. Table 4-7 and Table 4-8 present the tabulated capacities of the specimen and the stiffnesses, respectively.
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Figure 4-13 Chart of all 4-in. specimens for Connector C

Table 4-7 Observed Experimental Capacity of Connector C

Ultimate Capacity of Specimen | Ultimate Capacity of Connector
3Inch 4 Inch 3 Inch 4 Inch
B UB B uB B UB B UB
CXPS | 9785 | 78 |6237 | 46 | 1223 | 9.76 7.8 5.75
CISO | 94.74 | 80.21 | 91.61 | 80.04 | 11.84 | 10.03 | 11.45 | 10.01
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Table 4-8 Elastic and plastic stiffness for all Connector C push-off specimens
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4.3.4  Experimental Results for Connector D

Figure 4-14 and Figure 4-15 display plots of shear load versus shear deflection for all Connector B 3-in.

and 4-in. specimens, respectively. There is a reduction in all mechanical values when comparing the 4 in. specimens

to the 3 in. specimens. Connector D had significantly reduced ductility when compared to the other connectors,

especially for the 3 in. specimens. This is due to its randomly aligned fibers and dowel action failure mode. Based

on these results, it appears that foam type and has little effect on the strength and stiffness of Connector D. Bond

does influence strength and stiffness, however it negligible. Table 4-9 and Table 4-10 present the tabulated

capacities of the specimen and the stiffnesses, respectively. Interestingly, considering its overall strength, Connector

D has a very high elastic stiffness, which would be a very favorable property for controlling elastic deflections and

cracking.
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Figure 4-14 Chart of all 3-in. specimens for Connector D
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Table 4-9 Observed experimental capacity of Connector D

0.4

DISOUB4

0.45

Ultimate Capacity of Specimen

Ultimate Capacity of Connector

0.5

3 Inch 4 Inch 3 Inch 4 Inch

B UB B UB B UB B UB

HKEPS | 54.00 | 46.18 - 16.73 | 450 | 3.85 - 1.39

HKXPS | 46.92 | 39.52 | 45.08 | 24.74 | 391 | 329 | 3.76 | 2.06

HKISO | 43.26 | 37.03 - 2498 | 3.60 | 3.09 - 2.08

Table 4-10 Elastic and plastic stiffness for all Connector D push-off specimens
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4.3.5  Experimental Results for Connector E

Figure 4-16 displays a plot of shear load versus shear deflection for all Connector E specimens. For
Connector E, only 3-in. specimens were tested because the 4-in. specimens were unacceptable for testing. Based on
the little information gathered, there does not seem to be a significant influence of foam type on the strength, but the

ISO specimen had reduced elastic stiffness. Connector E had lower ductility than the rest, except for connector D.
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Figure 4-16 Chart of all 3-in. specimens for Connector E

Table 4-11 Elastic and plastic stiffness for all Connector E push-off specimens
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43.6  Failure Modes of Shear Connectors

In general, glass fiber-reinforced polymer (GFRP) and nearly all other polymers and FRP products are
considered brittle when compared to material like steel. However, the GFRP shear connectors tested, have exhibited
many different modes of failure including: delamination, rupture, pull-out, push through and dowel action (pure

shear).

43.6.1 Connector A (Nu-Tie Connector)

Connector A was a pultruded GFRP bar. It was 48 inches long and there were four of them in each
specimen. Load was applied parallel to the connector and engaged the connector by putting the legs of the truss into
either tension or compression. All specimens were loaded to failure. Figure 4-17 shows specimen AISOUB3. This
failure was very typical for all connector A specimens. It shows a tensile rupture caused by rupture of the tension leg
of the truss. Figure 4-18 shows specimen AISOUB4, which failed in pullout. Pullout was not common for this
connector type and is likely to have been fabrication related. Figure 4-19 is failure due to shear fracture an unbonded

EPS specimen.

Figure 4-17 Tensile rupture in unbonded specimen with ISO foam
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Figure 4-18 Pullout failure in unbonded specimen with ISO foam

Figure 4-19 Shear fracture failure in unbonded specimen with EPS foam

4.3.6.2 Connector B (Thermomass CC Connector)

Connector B was an extruded connector symmetric in cross-section except for the machined deformations
constructed to aid in the creation of bond development. Twelve connectors were equally and symmetrically spaced
in each specimen. Load was applied perpendicular to the long axis of the connector and loaded to failure. Because
these connectors were loaded perpendicular to the grain of the connector, relatively large deformations were
observed, leading to greater variety of failures as well. Dowel action and the delamination of fibers, was the most

common failure. Figure 4-20, Figure 4-21 and Figure 4-22 depict different connector delamination patterns. Another
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commonly observed failure was that of shear rupture, also caused by pure shear. (see Figure 4-23). Pull-out was also
observed with Connector B. When a connector failed due to pull-out, other failure mechanisms were also present.
Figure 4-24 shows connector B failing in pullout, but bending fracture is also observable. Figure 4-25 shows a clean

and clear shear fracture of connector B.

Figure 4-20 Dowel action causing delamination occurring along the width of Connector B

Figure 4-21 Dowel action failure of Connector B
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Figure 4-22 Dowel action occurring along the length of Connector B

Figure 4-23 Shear fracture observed in Connector B
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Figure 4-25 Shear fracture of Connector B
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4.3.6.3 Connector C (Thermomass X Connector)

Much like Connector B, Connector C is a pultruded connector with machined ends to enable mechanical
bond. Unlike Connector B, Connector C is loaded axially due to the compression and tension struts which develop
because of its shape. Eight Connectors were equally and symmetrically spaced in each specimen. Load was applied
in line with the connectors. Delamination and rupture were the most common cases of failure. In the case of the 3-in.
specimens, the connector punched through the concrete on the outside of the specimen. This was somewhat
expected as these connectors are not recommended for 3 in. concrete wythes, but were tested that way for the
comparison study. Figure 4-26, Figure 4-27, and Figure 4-28 show various types of rupture and delamination. Figure
4-29 is a great example of a shear fracture. This fracture takes place in the compression leg of the “X.”. Figure 4-30

and Figure 4-31 show the failure of 3-in. specimens caused by punch through of the connector.

Figure 4-26 Delamination observed in a 4-in. unbonded XPS specimen
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Figure 4-27 Dowel action in a 4-in. bonded XPS specimen

Figure 4-28 Delamination / shear rupture in a 4-in. bonded XPS specimen
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Figure 4-29 Shear fracture and dowel action of Connector C

Figure 4-30 Punch through observed in all 3-in. specimens with Connector C
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Figure 4-31 Punch through close-up

4.3.6.4  Connector D (HK Composite Connector)

Connector D was a mold injected connector with randomly aligned fibers. Twelve connectors were equally
and symmetrically spaced in each specimen. Load was applied in line with the connectors. Shear rupture / dowel
action was the only observable failure mode in Connector D. Fracture always occurred on both ends of the
connector. There were no instances where fracture occurred on one end and not the other. Pull out was not observed.
Connector D does, however, have the most uniquely shaped embedment regions of all the connectors. Figure 4-32

through Figure 4-34 show the shear fractures of connector D from multiple angles.
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Figure 4-32 Shear fracture of Connector D (full specimen)

Figure 4-33 Shear fracture of Connector D, both ends fractured
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Figure 4-34 Close-up of shear fracture of connector D

4.3.6.5 Connector E (Delta Tie Connector)

For Connector E, eight connectors were equally and symmetrically spaced in each specimen. Load was
applied in line with the connectors. Connector E exhibited only one type of failure: tensile rupture. This woven
connector displayed a consistent failure mode. The truss formation of Connector E always failed in its tension
members. Figure 4-35 shows the completely ruptured specimen. Figure 4-36 and Figure 4-37 depict the tension legs
of the truss failed while the compression leg is mostly intact. Due to internal truss shape of Connector E, it fails with
rupture of the tension leg of the connector, but the overall shape of the connector is similar to that of Connector B
and D and also its behavior. For Connector E, the foam was not engaged as much as it was for A and C, which had

more angled connectors.
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Figure 4-35 Three inch bonded EPS connector E tensile rupture of all connectors

Figure 4-36 Tensile rupture of connector E, note compression leg still intact
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Figure 4-37 Tensile rupture of tension strut in truss.

4.3.7  Recommended Design Curves

The shear load versus deformation information from the above connectors is a valuable design value for
partially composite sandwich panel walls. Using the concept illustrated in Figure 4-2 one can use the values
summarized in Table 4-12. Future effort should investigate statistical information regarding the shear strength and
stiffness in order to properly and safely set limits on elastic stresses and failure stresses in the connectors during
different loading scenarios. As of now it seems prudent to limit connector forced to the elastic range (Fg, 4g) for
elastic behavior like cracking and deflections. Furthermore, for the ultimate limit state it may be prudent to limit
connector forces and deformations to Fy and Ay to force failure of the wythes rather than a probably more brittle

failure of the connectors.
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Table 4-12 Summary of recommended design curves for all connectors

Connector Foam Bond Fe Ke Fu Kie Ae A

Interface (Kips) (Kipsf/in.) (Kips) | (Kips/in.) (in.) (in.)

3EPS Bonded 9.13 391.30 15.10 42.54 0.023 0.166

3EPS Unbonded 8.00 170.21 14.39 34.45 0.047 0.233

4EPS Bonded 7.23 99.04 12.41 25.58 0.073 0.276

4EPS Unbonded 6.36 70.67 10.36 40.20 0.090 0.190

3XPS Bonded 9.50 220.93 16.79 68.11 0.043 0.150

A 3XPS Unbonded 9.00 163.64 14.44 34.04 0.055 0.215
4XPS Bonded 7.50 115.38 11.46 72.53 0.065 0.120

4XPS Unbonded 6.24 69.33 9.72 32.82 0.090 0.196

3ISO Bonded 5.50 171.88 15.60 53.91 0.032 0.219

3ISO Unbonded 4.60 184.00 10.12 33.66 0.025 0.189

41S0 Bonded 5.00 83.33 10.37 31.12 0.060 0.233

41S0 Unbonded 4.36 62.29 8.27 15.01 0.070 0.331

3XPS Bonded 2.50 19.23 4.99 3.55 0.130 0.833

3XPS Unbonded 2.20 18.33 3.64 1.53 0.120 1.064

4XPS Bonded 2.20 7.00 2.98 1.02 0.314 1.168

5 4XPS Unbonded 2.40 7.67 2.66 0.29 0.313 1.535
3ISO Bonded 2.00 25.00 4.28 2.89 0.080 0.867

3ISO Unbonded 2.30 17.69 4.03 2.24 0.130 0.901

41SO Bonded 2.33 7.77 3.46 0.89 0.300 1.565

41SO Unbonded 2.15 7.17 2.62 0.32 0.300 1.778

3XPS Bonded 8.20 205.00 12.23 33.29 0.040 0.161

3XPS Unbonded 6.90 152.78 9.76 23.51 0.045 0.168

4XPS Bonded 4.20 110.53 7.80 49.95 0.038 0.110

4XPS Unbonded 3.40 42.50 5.75 6.79 0.080 0.426

¢ 3ISO Bonded 8.60 172.00 11.84 26.40 0.050 0.173
3ISO Unbonded 8.00 235.29 10.03 29.65 0.034 0.102

41SO Bonded 7.73 140.55 11.45 53.13 0.055 0.125

41S0O Unbonded 7.12 94.93 10.01 13.41 0.075 0.290

3EPS Bonded 2.08 115.56 4.56 36.47 0.018 0.086

3EPS Unbonded 2.88 62.61 3.85 23.05 0.046 0.088

4EPS Unbonded 1.23 14.84 1.39 2.05 0.083 0.163

3XPS Bonded 1.88 94.80 3.91 38.78 0.020 0.073

b 3XPS Unbonded 1.92 68.57 3.29 31.57 0.028 0.072
4XPS Bonded 1.04 86.67 3.76 32.61 0.012 0.095

4XPS Unbonded 1.56 25.16 2.06 6.27 0.062 0.142

3ISO Bonded 1.50 63.56 3.60 35.43 0.024 0.083

3ISO Unbonded 1.58 79.00 3.09 34.62 0.020 0.064

41SO Unbonded 1.25 22.24 2.08 12.45 0.056 0.123

3EPS Bonded 2.12 95.45 3.99 9.09 0.022 0.230

E 3XPS Bonded 2.48 72.73 3.17 3.63 0.034 0.245
3ISO Bonded 2.43 37.38 3.58 10.04 0.065 0.177
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4.4  Summary and Conclusions

The preceding chapter describes the testing of 41 pure shear push-off specimens, created to evaluate the
shear stiffness of the various commercially available sandwich panel wall shear connectors. The variables studied
were connector type, foam thickness, foam type and foam bond. Due to project constraints, only a single specimen
of each type could be constructed so there is no statistical information available regarding the connector strength and

stiffness values. The following conclusions can be made from the push-off testing:

e  For pin type connectors that fail mainly in dowel action (Connectors B and D) or behave like a pin
connector (Connector E) foam type and bond play a negligible role in strength and stiffness.

e  For truss type connectors (Connectors A and C) that are loaded mainly in tension or compression
when shear is applied to the specimen, foam type and bond plays a more significant role in
strength and stiffness.

e Connector types vary widely in stiffness, strength, and ductility

o Due to inherent variability associated with concrete bond, it is not recommended that designers
use the fully bonded values for strength and stiffness for long term strength without long term
testing.

o  Future effort should investigate statistical information regarding the shear strength and stiffness in
order to properly and safely set limits on elastic stresses and failure stresses in the connectors

during different loading scenarios.
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5 TEST RESULTS FOR FULL-SCALE PANELS

51  Material Testing

Concrete cylinder compressive tests were performed for all specimens tested. For full-scale tests, concrete
cylinders were provided by the respective precaster to be tested on the day of specimen testing. The results of the
ASTM C39 compression testing is presented in Table 5-1. Each value presented in Table 5-1 is the average of three
cylinders from the compression wythe taken on the day of testing. For convenience of data presentation, each
connector was assigned a letter descriptor as explained in Section 3.2 as follows: Nu-Tie connector (Connector A),
Thermomass CC Connector (Connector B), Thermomass X Connector (Connector C), and HK Composite
Connector (Connector D). Two panels were tested with Connector A (NU-Tie 3/8 in. diameter connectors), two with
only Connector B (Thermomass CC), two with a combination of Connectors B and C (Thermomass CC and X

connectors), and two with only Connector D (HK Composite connectors).

Table 5-1 Concrete Compression Strength for Full-scale Specimens

Specimen | Average fc’ | Split tension | Modulus of Elasticity
(psi) (psi) (psi)
A-2 10,400 766 6,191,000
A-4 10,400 766 6,191,000
B-1 9,230 691 5,824,000
B-2 8,000 699 5,986,000
BC-1 9,230 691 5,824,000
BC-2 8,000 699 5,986,000
D-1 9,230 691 5,824,000
D-2 8,000 699 5,986,000

Figure 5-1 presents the stress vs strain curves for the rebar in the B, BC, and D sandwich panels. The
average yield stress was 72.2 ksi and the ultimate stress was 110 ksi. The average ultimate capacity for the
prestressing strands was 259 ksi. It is likely the testing method described in Section 3.2 above affected the ultimate

capacity of the strands.
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Figure 5-1 Stress vs. Strain for rebar in B, BC, and D panels

5.2 Full-scale Test Results

5.2.1  Load vs. Deflection for Entire Data Set

All loads shown herein include self-weight, and all deflections include deflection due to self-weight as
measured by a total station. Figure 5-2 presents the load versus deflection plot for A-2 and A-4 panels. The
maximum loads attained by the two panels were considerably different. The maximum loads attained were 30%
different (compare 463 psf to 333 psf in Figure 5-2). Observed slip at the maximum load in the A-4 panel was 0.167
inches, whereas the slip at maximum load observed in the A-2 panel was 0.24 inches at failure. Clearly the shear tie

intensity, at the level tested in these two panels, had a large effect on maximum load and slip.
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Figure 5-2 Load vs Deflection for A-2 (left) and A-4 (right)

The load vs. deflection results of B-1 and B-2 panels are presented in Figure 5-3. The maximum loads for
these panels were also very similar with a difference of only 13% (comparing 355 psf for B-1 and 307 psf for B-2 in

Figure 5-4). The amount of slip measured in the panels at maximum capacity was 0.74 in.
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Figure 5-3 Load vs. Deflection for elastic only for B-1 (left) and B-2 (right) panels
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The load vs. deflection results of BC-1 and BC-2 panels are presented in Figure 5-4. The maximum loads
for these panels were also very similar with a difference of only 8% (comparing 528 psf for BC-1 and 485 psf for

BC-2 in Figure 5-4). The amount of slip measured in the panels at maximum capacity was 0.05 in.
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Figure 5-4 Load vs. Deflection for BC-1 (left) and BC-2 (right) panels

Figure 5-5 presents the Load versus Deflection plots for the D-1 and D-2 panels. The maximum loads
attained by the two panels were similar. The maximum loads attained had only a 6% difference (comparing 529.5

psf to 498.8 psf in Figure 5-5). The amount of slip measured in the panels at maximum capacity was 0.08 in. in both

panels.
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Figure 5-5 Load vs Deflection for D-1 (left) and D-2 (right) panels

The maximum loads and slip values are also summarized numerically later in Table 5-2 of Section 5.2.3.
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5.2.2  Load vs. Deflection for Elastic Only

Figure 5-6 through Figure 5-9 show the load vs deflection for the elastic only.
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Figure 5-6 Load vs Deflection for elastic only for A-2 (left) and A-4 (right)
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Figure 5-7 Load vs. Deflection for elastic only for B-1 (left) and B-2 (right) panels
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Figure 5-9 Load vs Deflection for elastic only for D-1 (left) and D-2 (right) panels
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5.2.3  Load vs. Slip for Entire Data Set
Slip of the wythes was measured during testing to calculate the composite action within each panel. Table

5-2 summarizes the maximum loads and slips measured for all tested panels.

Table 5-2 Full-Scale Specimen Panel Test Results

. Wythe . Slip at
Specimen configuration Span length | Maximum Load Maximum Load
(in) (ft) (psf) (in)
A-2 3-4-3 15.0 334 0.26
A-4 3-4-3 15.0 463 0.18
B-1 4-3-4 14.0 355 0.74
B-2 4-3-4 14.0 307 0.74
BC-1 4-3-4 14.0 528 0.11
BC-2 4-3-4 14.0 485 0.05
D-1 4-3-4 14.0 530 0.08
D-2 4-3-4 14.0 499 0.08
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Figure 5-10 Load vs. slip for A-2 (left) and A-4 (right) panels
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Figure 5-11 Load vs. slip for B-1 (left) and B-2 (right) panels
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Figure 5-12 Load vs. slip for BC-1 (left) and BC-2 (right) panels
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Figure 5-13 Load vs. slip for D-1 (left) and D-2 (right) panels

5.2.4  Composite Action Results

Utilizing the theoretical fully-composite moment, theoretical non-composite moment, and the actual

measured moment from the test results, the degree of composite action, Kun, can be determined as shown in for

different panels using Eq. (5-1).

Mn,test - Mn,NC

Kyn = ——"——"—
M My pe = Mone (5-1)
Where Mnese = experimental maximum moment of the sandwich panel
Mnne = theoretical maximum moment of the non-composite sandwich panel

Mngc

= theoretical maximum moment of the fully-composite sandwich panel
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For the degree of composite action depending on cracking moment using Eq. (5-2).

K _ Mcr,test - Mcr,NC (5_2)
Mer Mcr,FC - Mcr,NC

Where Mecrest = experimental cracking moment of the sandwich panel
Mcrne = theoretical cracking moment of the non-composite sandwich panel

Mcrec = theoretical cracking moment of the fully-composite sandwich panel

For the degree of composite action depending on deflection using Eq. (5-3).

K, = Itest — Inc (5-3)
[FC - [NC
Where  liest = experimental moment of inertia the sandwich panel
Inc = theoretical moment of inertia of the non-composite sandwich panel
lrc = theoretical moment of inertia of the fully-composite sandwich panel

Figure 5-14 graphically demonstrates the degree of composite action shown in Eq. (5-1), (5-2), and (5-3).
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Figure 5-14 Visual demonstration of degree of composite action
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Table 5-3 presents the midspan moment comparisons for the full-scale panels. The measured maximum
moments of the sandwich panels were used to evaluate the composite action achieved. The measured maximum
moment was calculated at midspan, using the self-weight of the panel (a distributed load) and the four point loads.
The fully-composite nominal moment was calculated using strain compatibility and actual material properties for the
concrete and steel as presented above, assuming the entire cross section was active. The non-composite moment

strength was calculated in the same manner using only the properties of a single wythe and multiplying by two.

Table 5-3 Measured vs. Manufacturer-reported composite action for maximum moment

_ Measured Manufacturers
Specimen | Mnrc (Ib*ft) | Mnnc (Ib*ft) Composite Action Rep_orted _
Composite Action
(Io*ft) (Ib*ft) (%) (%)

A-2 55,000 15,800 70% -*

A-4 55,000 15,800 115% 100%

D-1 44,100 12,800 104% 80%

D-2 43,400 12,200 97% 80%

BC-1 44,100 12,800 103% 70%

BC-2 43,400 12,200 93% 70%

B-1 44,100 12,800 41 % =¥

B-2 43,400 12,200 57 % -*
* Purposely reinforced lower than usual — not a typical panel

The A-4 panel resulted in 115% composite action. Other programs have noticed over 100% in the past,
which is likely due to material variability as it would be impossible for a panel to be stronger than theoretically
composite. Had the manufacturer designed this panel, it would have been designed at 100% composite. The A-2
panel would not have been a design coming from the manufacturer, but was prepared to demonstrate what would
come from under-detailing such a panel. Doubling the number of connectors resulted in a 30% increase in composite
action at ultimate.

The Connector B panels had a lower connector number due to manufacture error. This resulted in an

average of 50% composite action, and is not realistic of actual design used in the field.

113



The Connector BC panels resulted in a composite action of 103% and 93% (Table 5-3). However, the
manufacturer would recommend only 70% composite action at nominal strength for these connectors
The D-1 and D-2 panels at the as-built 16 in. spacing would have resulted in a panel designed at 80%
composite action per manufacturer recommended guidelines. Both panels achieved far more that 80% composite
(see 104% and 97% in Table 5-3).
From the panels tested with the recommended connectors, it is clear that the manufacturer recommended

empirically based composite actions are accurate and conservative.

5.3  Conclusions

Eight concrete sandwich panels were tested to failure at the Utah State University Structures Lab. The purpose
of the testing was to evaluate the percent composite action for the connector configurations and compare the results
to those reported by composite connector manufacturers. The following conclusions can be made from the

experimental program:

e The type and intensity of shear connectors significantly affect the degree of composite action achieved
in a concrete sandwich panel wall. Doubling the number of shear connectors in the Connector A
panels (Nu-Tie connector) resulted in a large gain in percent composite action. (Note that the A-2
panel is reinforced much lighter than would be detailed for an actual building)

e The manufacturer-reported degree of composite action can be considered conservative for the panel

configurations and connectors and connector patterns tested in this paper.
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6 PREDICTING ELASTIC BEHAVIOR

Predicting concrete sandwich panel elastic stresses and deformations is paramount for design to prevent
cracking and limit second order effects. Several researchers have developed techniques to predict sandwich panel
deformations (e.g. Bunn 2011; Frankl et al. 2011; Bai and Davidson 2015; Woltman et al. 2013). Prediction methods
vary significantly in complexity and accuracy. This section presents two proposed methods that were developed and
used during this testing that may give engineers a quick and accurate prediction of the elastic behavior of PCSWPs

in the future: the Beam-Spring Model, and the proposed Elastic Hand Method.

6.1 Beam-Spring Model

The first model investigated was an analytical model created using a commercial matrix analysis software
package and is a more general variation of what many connector manufacturers do currently using usually
specialized techniques for their connector shape/configuration. This model could easily be replicated using any
commercial or personally written matrix analysis software, and could also be easily built into commercial wall panel
analysis and design software and should work for any connector type. This approach modeled the PCSWP using
only beam and spring elements (Figure 6-1) combined with the appropriate material values, boundary conditions,
and shear connector stiffnesses (attained from the tested push-off specimens discussed earlier in Chapter 4). Other
research programs (e.g., modified truss [Pantelides et al. 2008] and beams and springs [Teixeira et al. 2016]) have
described similar methods using matrix software. This concept has been around for decades when discussing multi-
wythe masonry (Drysdale, Hamid, and Baker 1994). Many connector manufacturers use a truss analysis with matrix
software, usually a Vierendeel truss, but some angled connectors, like Connector A (Nu-Tie connector), use angled
truss elements. The purpose of developing a simple model that relies only on springs and beam elements is that it
can be used to model a panel with any connector type, repetitively, with little to no change between analyses, and
relies only on shear testing data, which most connector companies already have from ICC-ES acceptance criteria,

specifically ICC-ES AC320 and ASTM E488-96.
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Figure 6-1 Example of Full-scale specimen modeled using the Beam-Spring Model

The proposed two-dimensional model consists of two frames with cross-sectional areas equal to the area of
the wythes of the panel they represent. These beam elements can be assigned the individual gross properties of each
wythe and separated by a distance equal to the distance between the centroids of the wythes. Shear and axial spring
elements are then used to model the transfer of shear force between wythes, and are assigned shear stiffnesses
corresponding to the actual stiffnesses of the connectors as measured in the previous sections. Support conditions are
modeled as pin (translation fixed, rotation free) and roller (longitudinal translation free, transverse translation fixed,
rotation free) and should be placed at the appropriate location on the panel.

To verify this method, each test specimen was modeled from the previous chapter, and elastic deflections
and stresses were compared to the test results. Because each test specimen had a different connector configuration
and spacing, links connecting the beam elements were placed at locations corresponding to each of the shear
connectors. The values of shear stiffness, Kg, used in each model are shown in Table 6-1. These shear connector
stiffnesses from the push-off tests included both the stiffness of the connector and the lumped insulation stiffness.
For design, it may be prudent to use the unbonded values, but to verify the accuracy of the panels in this study the

bonded values for Ke were used.
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Table 6-1 Panel Properties

Modulus
Modulus of Split Connector of

Panel Width Configuration Span Elasticity of | Tension of | Stiffness Elasticity
Concrete Concrete (Kg) of

Insulation
in. in. in. psi psi Kips/in psi
A-2 48 3-4-3 180 6,191,000 766 118 670
A-4 48 3-4-3 180 6,191,000 766 118 670
B-1 36 4-3-4 168 5,824,000 691 17.9 670
B-2 36 4-3-4 168 5,986,000 699 17.9 670
BC-1 36 4-3-4 168 5,824,000 691 12259 670
BC-2 36 4-3-4 168 5,986,000 699 1225? 670
D-1 36 4-3-4 168 5,824,000 691 94.8 670
D-2 36 4-3-4 168 5,986,000 699 94.8 670

The model included four point loads applied to the top face of the model, imitating the full-scale testing
performed in this study. In addition, self-weight was added to the total load. Links were also assigned longitudinal
stiffnesses based on the tributary geometry and on an assumed Young’s modulus of XPS insulation (since XPS was
the only insulation used for the full-scale specimens). Tension/compression values for the connectors were not
measured in this study, but most connector companies have tension testing performed according to ICC-ES AC320.
With this model, the deformations and deflections were easily predicted along with axial forces and bending

moments in the concrete wythes, which can be resolved into stresses. The results will be discussed in Section 6.3.

6.2  Elastic Hand Method Analysis Procedure

6.2.1  Elastic Hand Method Description
The proposed Elastic Hand Method for predicting deflections and cracking requires a sectional analysis as
well as a full member analysis in order to incorporate panel geometry and connector forces. This method was based

on the following assumptions:

1. Standard Euler-Bernoulli beam theory applies to the individual wythes (i.e. plane sections remain
plane and normal to the deflected axis)

2. Linear elastic material behavior (including the shear connectors).
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3. The Principle of Superposition is valid
4, The slip varies linearly along the length of the panel as shown in Figure 6-2. This implies that the
shear forces will vary linearly too if the connectors are identically distributed. This is not always

true, but is a reasonable simplification as will be demonstrated below.
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Figure 6-2 Slip Diagram along the length of the panel

Using the above assumptions, the engineer must perform an iterative procedure due to the nature of
determining slip for various connector patterns. Once the connector force is determined based on the end slip, a
sectional analysis is performed for the controlling wythe (the cracking wythe) and deflections can be easily
determined using elastic beam equations. The guessed slip will need to be checked using slip kinematic

relationships, but this is accomplished using familiar mechanics equations and equivalent loads.

6.2.2  Elastic Hand Method Procedure

The cracking moment and deflection predictions of the Elastic Hand Method depend mainly on the section
geometry, modulus of rupture of the concrete, the elastic modulus, and the connector forces. For the purposes of
discussion, wythe 1 is considered the wythe that would be in compression during positive bending of a fully-
composite sandwich panel and wythe 2 is considered the wythe that would be in tension during positive bending of a

fully-composite sandwich panel. The following steps comprise the procedure for the Elastic Hand Method.
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Calculate the material and section properties assuming the sandwich panel acts non-compositely.

The following equations are an example. These may vary depending on the type of reinforcement.

E. =330y % /f'c (6-1)
f.=75%.f'c (6-2)
o bty
NC1 — 12
bty
Iycy = —22 (6-3)
NC2 12
twy, +t
Z= R by 6-4)
Where E. = modulus of elasticity of the concrete (psi)
y = unit weight of the concrete (pcf)
fe’ = concrete compressive strength (psi)
fr = modulus of rupture of concrete (psi)
Inc1 = moment of inertia of non-composite wythe 1 (in%)
Inc2 = moment of inertia of non-composite wythe 2 (in%)
b = slab width (in)
twy1 = thickness of wythe 1 (in)
twy2 = thickness of wythe 2 (in)
z = distance between compression and tension wythe centroids (in.)
tinsul = insulation thickness (in)

Assume an end slip, which is the slip at the end connector line (see Figure 6-2). Calculate the slips

in the other connectors using similar triangles or Eq. (6-5).
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L
(G=x) 65

Where 4(1) = slip in connector i (in)
Omax = Slip in the end connector (in), also assumed to be the max. slip in the panel
L = total length of the sandwich wall panel (in)
Xi = location of the connector from the end of the panel (in)

Calculate the forces in each connector and connector line using Equations (6-6) and (6-7).

Fom = XF; (6-7)
Where F(i) = is the force in connector line i (in)
Ni = is the number of connectors in connector line i
KEi = is the elastic stiffness from shear testing for the connectors in connector line i
Fsum = is the sum of the connector forces at the longitudinal location of interest

Calculate the cracking moment for a mild reinforced non-composite wythe (assuming wythe 2 will
crack before or simultaneously with wythe 1) as shown below, with appropriate addition of
prestressing forces if necessary (not shown), and including the axial force generated by the

connector forces from Equation (6-7) and as demonstrated by Figure 6-3:

twy
MWYz * 2 : Fsum _ f
Incs b *t,,, "
f“r Es‘um
M =2x%] _ 6-8
wyz *Inc2 * <twy2 b * trys 2 (6-8)
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Figure 6-3 Load and stress profile of sandwich panel (left) equivalent load (right)

Now, the applied load that causes this cracking moment can be back calculated which will aid in
determining deflections and rotations. Calculate the equivalent load that wythe 2 can carry using
equations (6-8) and (6-9). Figure 6-3 shows the stress profile and the equivalent distributed load to
produce the cracking moment in a reinforced concrete section. An equivalent load can be a
distributed load, a point load, four point loads etc. depending on load condition. Equation (6-9)
demonstrates the equivalent distributed load for the moment carried by only the bottom wythe at

cracking assuming the wythes share load equally (twy1 = tuy2).

Wy Span?
MWYZ - 8
8+ M,
Wwez = Spa::gz (6-9)

To determine if the above assumption of slip is correct, the slip needs to be recalculated for
verification. This iteration is deemed necessary only because solving for the slip (in a closed form)
directly is very cumbersome (but possible). Slip calculation is accomplished by finding the
different components of slip (axial and rotational, see Figure 6-4) at the end connector line and
comparing it to the assumptions using the equivalent load above. For additional accuracy, the
same process could be used at each connector line (with additional iteration), but will be shown to

be unnecessary with respect to accuracy.
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Total Axial Slip

Y

- Wythe Axial deformation

Figure 6-4 Axial and Bending Slip

Using the equivalent load from the previous step, calculate axial and rotational displacement at the
end connector. Rotation (6) of the wythe at the end connector location can be calculated using
published equations (available in the PCI Design Handbook) or an elastic structural analysis
method (e.g. Castiglione’s Theorem, Virtual Work) for the applied load (e.g., distributed, point
loads). For this explanation, it is assumed a distributed load is most common and is presented in
Equation (6-10). Equation (6-10) uses the moment of inertia of only wythe 2 and the equivalent
load calculated in the previous step for wythe 2.

_ Wy * Span®

= (6-10)
24 x E * Iy,

AROt =07 (6'11)

Where  Wuye = equivalent distributed load of the wythe (Ib/in)
0 = angle of rotation (radians)
Span = support to support distance (in)
ARrot = slip of the wythes due to bending (in) at the end connector
n = total number of connector rows on L/2
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To calculate the axial slip, one must account for each of the connector forces along the beam based
on the assumed slip distribution. Then the axial forces from the connectors combined with their
locations on the panel are used with the well-known elastic axial deformation equation (PL/AE)
for both wythes. This process is demonstrated in Figure 6-5 for a single wythe. Equation (6-12)
below could be simplified for direct solution of standard connector patters (e.g., uniform,

triangular) if desired.

y %_xc %//i(_ ﬁ.’ﬂ"
s —— A
..-"Il_ lj‘-xmna ﬁ'{ ‘.;i \__E]:;Ii_ % a.’.:

Y S O A
’i; — lf'xcunﬁ A= b
g — FR _'I ]
4 —
F‘ - /I'L)iL a_-\"
2 — -1 '_"'I |
— FA= b
Fi1 — |
5

Figure 6-5 Axial slip

n

1 1 L
Apxial = [(b*E*tWy1>+<b*E*t )] *ZFi*<E_Xi> (6-12)

wy2 i=1

Where Aaia = slip of the wythes due to axial deformation at the end connector (in)
n = total number of connector rows on L/2
i = connector line starting at the end of the panel
Fi = force in connector i (Ib)

Xi = location of connector line i
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Finally, using Equation (6-11) and (6-12), the slip at the end connector can be calculated as

Oena = Brot — Baxiar (6-13)

Total slip at every connector is the result of two components: the axial deformation and the
bending slip, as shown in Figure 6-4. | may also be noted that the axial slip and the rotation slip
act in different directions. Because they are calculated as absolute deformations in Equation (6-11)

and (6-12), they lose their sign and Equation (6-13) requires the negative sign.

Compare this slip value to that assumed in Step 2, and repeat Steps 2 through 6 until dend assumed
(Step 2) is equal to deng calculated (Step 6). This is most easily accomplished using a spreadsheet

or computer program.

Calculate the cracking moment using equation (6-14).

Mo = Myy, * 2+ Foym * Z (6-14)

Where Mer = applied moment (Ib-in)

Calculate deflection using Equation (6-15) for a uniform distributed load. For different loading
pattern, a different formula should be used.

_ 5% W, * Span*

(6-15)
384 x E, * Iycy

Where 4 = predicted overall deflection of the midspan of the sandwich wall panel (in)

The above steps and explanation outline the approach using only first principles and equations most

engineers are familiar with. Some examples of using this method for analysis are included in Appendix A. Below,

this methodology will be checked against the experimental results in previous chapters which include panels with

prestressing only, mild reinforcing only, different depths, different concrete strengths, different connectors, and

different connector patterns. In theory, this method could also be used to predict behavior of panels with holes and at

any location along the length of the panel, with some modifications.
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6.3  Validation of the Beam-Spring Model and Elastic Hand Method

Predictions of cracking moment, deflection, and slip of the eight full-scale test panels were made using the
Beam-Spring Model and Elastic Hand Method above, and then compared to the actual measured values to validate
these predictions. Both methods returned very favorable results. Figure 6-6 presents the actual results and
predictions of both models for the full-scale A-2 sandwich panel. In this figure and those similar in the following,
the Beam-Spring and Elastic Hand Method (labeled as HM), are plotted up through cracking, which is the last point
at which they are valid. In the plots, a slightly bi-linear relationship for the HM and the Beam-Spring model can be
observed (which is counterintuitive for an elastic method) this is because the method was applied for a uniform load
to simulate dead load and then four point loads (as it was tested).

Both models show excellent agreement with the observed behavior. The cracking moment differs only by
0.5% and 0.8% for the Beam-Spring Model and Elastic Hand method, respectively. Deflection at the cracking
moment differs by 14% and 4% for the Beam-Spring model and Elastic Hand method, respectively. The actual slip
of the A-2 panel was measured to be 0.05 inches, with the Beam-Spring Model predicting 0.045 inches and the
Elastic Hand Method predicting 0.0423 inches. Furthermore, in the below figures, it is easy to see the experimental

load deformation plots and the slip plots become non-linear just as the HM and Beam-Spring model predict

cracking.
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Figure 6-6 Load versus Deflection (left) and Load versus End Slip (right) for A-2 Panel
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The Beam-Spring Model and the Elastic Hand Method underpredicted the cracking moment of the A-4
panel by 5% and 4% percent respectively. Figure 6-7 shows that the applied load at cracking was around 200 psf,
which differed slightly from the predictions of both methods. Both methods overpredicted the slip in this specimen,

the Beam-Spring Model doing so by 11% and the Elastic Hand Method by 14%.
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Figure 6-7 Load versus Deflection (left) and Load versus End Slip (right) for A-4 Panel

The Connector B specimens are included in this section only for completeness. The full-scale Connector B
specimens were fabricated incorrectly and transported improperly, arriving to the USU facility cracked. As such,
deflection and cracking predictions are not valid by the methods presented here and are not indicative of a real-life
panel reinforced per manufacturer recommendations. The load vs. deflection and load vs. slip for the Connector B
specimens are shown in Figure 6-8 and Figure 6-9. The Beam-Spring Model and Elastic Hand Method for this case
predicted the same cracking load and slip values. A comparison of the actual values to the predicted values was not

possible for these specimens since the panels had cracked during transportation.
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Figure 6-8 Load versus Deflection (left) and Load versus End Slip (right) for B-1 Panel
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Figure 6-9 Load versus Deflection (left) and Load versus End Slip (right) for B-2 Panel
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Both methods overpredicted the cracking load, the Beam-Spring Model by 10% and the Elastic Hand

Method by 10% as shown in Figure 6-10 and Figure 6-11 for the BC-1 and BC-2 panels. The slip for the BC

specimens was overpredicted by 80% for both methods.
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Figure 6-10 Load versus Deflection (left) and Load versus End Slip (right) for BC-1 Panel
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Figure 6-12 and Figure 6-13 display the predicted values vs. the actual values for the D-1 and D-2

specimens. The cracking load predicted by the Beam-Spring Model matched the average result of the full-scale D

panel specimens. However, the Elastic Hand Method overpredicted the cracking load by 9%. The Beam-Spring

Model overpredicted the slip by 18%, and the Elastic Hand Method overpredicted the slip by 40%.
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Figure 6-12 Load versus Deflection (left) and Load versus End Slip (right) for D-1 Panel
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Figure 6-13 Load versus Deflection (left) and Load versus End Slip (right) for D-2 Panel
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Table 6-2 presents a comparison of the measured cracking load and deflection at cracking for each full-
scale test in this study to the Beam-Spring Model and Elastic Hand Method, respectively. Both methods are very
accurate except for the D-2 and BC-2 specimens. The reason for this is unclear and may be due to measurement
error. Table 6-3 and Table 6-4 contain the measured-to-predicted ratios for the Beam-Spring Model and the Elastic
Hand Method, respectively. As is shown in these tables, on average, the predictions are very good at 0.95 and 0.97
for the Beam-Spring and 0.94 and 0.98 for the Elastic Hand Method for cracking and deflection at cracking,
respectively. These accuracies are similar to those of other analysis methods for structures like reinforced and
prestressed concrete beams as well as steel members (Nowak and Collins 2000). If the BC-2 and D-2 panels are not

included, the measured-to-predicted ratios are nearly 1.0.

Table 6-2 Summary of measured and predicted cracking and deflections

Measured Elastic Hand Method Beam-Spring Model
Panel | Cracking Load | Deflection | Cracking Load | Deflection | Cracking Load | Deflection
(psf) (in) (psf) (in) (psf) (in)
A-2 155 0.34 156 0.36 156 0.39
A-4 202 0.44 194 0.33 192 0.352
B-1 - - 150 0.17 152 0.198
B-2 - - 150 0.17 152 0.198
BC-1 180 0.12 195 0.16 198 0.155
BC-2 164 0.15 195 0.16 197 0.157
D-1 221 0.14 222 0.15 209 0.144
D-2 184 0.13 222 0.15 208 0.138

Table 6-3 Beam-Spring Model Measured-to-Predicted Ratios

Panel Cracking Load | Deflection
A-2 0.99 0.87
A-4 1.05 1.25
B-1 - -

B-2 - -
BC-1 0.91 0.79
BC-2 0.83 0.96

D-1 1.06 1.00

D-2 0.88 0.96

Average 0.95 0.97
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Table 6-4 Elastic Hand Method Measured-to-Predicted Ratios

Panel | Cracking Load | Deflection
A-2 0.99 0.96
A-4 1.04 1.33
B-1 - -

B-2 - -
BC-1 0.92 0.77
BC-2 0.84 0.95

D-1 1.00 0.97

D-2 0.83 0.89

Average 0.94 0.98

6.4  Elastic Hand Method and Beam-Spring Model Comparison

One of the critical assumption of the Elastic Hand Method is the slip distribution along the length of the
member. As noticed by previous research, the slip is not truly a triangular distribution, like the distribution of
vertical shear in a simply supported beam with a distributed load (Olsen and Maguire 2016). The distribution seems
to look more like a parabola or “hourglass” shape. Figure 6-14 compares the connector force distribution for two
different panels using the Elastic Hand Method and Beam-Spring Model, where the distributions do not match,
although they are very close. Table 6-5 shows that predictions made with the Elastic Hand Method were similar to
those of the Beam-Spring Model (all ratios between 0.93 and 1.15) indicating there is very little difference in the

predictions and indicates the linear slip assumption is good enough for design, especially for cracking.
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Figure 6-14 Connector forces diagram using the Elastic Hand Method and the Beam-Spring Model
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Table 6-5 Ratio of the Beam-Spring Prediction to the Elastic Hand Method Prediction

Panel | Cracking Load | Deflection
(psf) (in.)
343-2 1.00 1.10
343-4 0.99 1.07
HK 1 0.94 0.97
HK 2 0.94 0.93
TAlL 1.02 0.98
TA2 1.01 1.00
TB1 1.01 1.15
TB2 1.01 1.15

Because engineers are currently used to the concept of percent composite action, Table 6-6 and Table 6-7
show the composite action prediction for cracking moment and deflection, respectively, for the Elastic Hand Method

and Beam-Spring model. There is very good agreement again except for the BC-2 and D-2 panels.

Table 6-6 Measured Composite Action for cracking moment

Specimen | Marc | Memc Mea_sured _ Elastic Ha_nd Me_thod Beam-Sp_ring m(_)del
Composite Action Composite Action Composite Action

(Ib*ft) | (Ib*ft) (%) (%) (%)
A-2 66,583 | 12,804 12 12.3 12.2
A-4 66,583 | 12,804 24 21.8 21.2
B-1 41,481 | 11,067 - 2.3 2.9
B-2 41,866 | 11,184 - 1.9 2.5
BC-1 41,481 | 11,067 11 15.3 135
BC-2 41,866 | 11,184 6 14.8 12.5
D-1 41,481 | 11,067 23 23.2 18.0
D-2 41,866 | 11,184 11 22.6 17.0
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Table 6-7 Measured Composite Action for deflection

e | Inc Mea_sured _ Elastic Ha_nd Me-thod Beam-Spring Mpdel
Specimen Composite Action Composite Action Composite Action
(in®) | (in*) (%) (%) (%)
A-2 3744 | 216 5.1 4.0 3.7
A-4 3744 | 216 5.4 7.7 75
B-1 3912 | 384 - - -
B-2 3912 | 384 - - -
BC-1 3912 | 384 111 6.2 5.4
BC-2 3912 | 384 1.0 7.4 6.9
D-1 3912 | 384 12.7 10.0 10.2
D-2 3912 | 384 7.5 12.4 10.9

6.5 Elastic Hand Method Design Procedure

The following procedure outlines the design approach for service loads using the Elastic Hand Method (see
Appendix B for a Design Example). This procedure is for sandwich panels with equal wythe thicknesses; however,

it can also be used for sandwich panels with unequal wythe thicknesses if appropriate modifications are made.

1. Calculate the material and section properties assuming the sandwich wall panel acts non-
compositely.
2. Assume the number and spacing of connectors, and the slip at the end connector line. Calculate the

forces in each connector and connector line using Equations (6-6) and (6-7), repeated here for

convenience.

F,=68() N; xKg (6-16)
Fom = XF; (6-17)
3. Calculate the cracking moment for a mild reinforced non-composite wythe using Equation (6-18).

Mservice - E?um *Z

Mwyz = 2 (6-18)

133



Calculate the equivalent load using Equation (6-9), repeated here for convenience.

8+ M,
R (6-9)

W, =
we2 Span2

Using the equivalent load, calculate the axial and rotational displacement assuming the equivalent

load distribution using equations (6-10) through (6-12), again repeated here for convenience.

_ Wy * Span®

0 = 6-10
24 x E * Iycy ( )
AROC = 9 * Z (6'11)
1 1 c L
Apxiat = + * Z Fi <— - xi) (6-12)
b * E * ty,, b+ E x t,,y, = 2
i=

Calculate a new value of deng USiNg Equation (6-13). Check if deng iS less than the Elastic Slip limit.

If it is not, iterate steps 2-6 until this limit state is satisfied.

Oena = Brot — Baxiar (6-13)

Check tension stress to verify it is less than modulus of rupture of the concrete with Equation

(6-19).

f _ Mwyz * twyz Fsum

2 * Iyca bxt

<f. (6-19)

wy2

Calculate the midspan deflection. For a uniform distributed load, use Equation (6-15).

4
D * Wy * Span

(6-15)
384 x E, x Iyca
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6.6  Conclusions

In this section, two methods to predict elastic deformations and cracking were developed. First, the Beam-
Spring model is a simple, general, matrix analysis framework that allows for accurate prediction of sandwich panel
behavior. The proposed Elastic Hand Method was also developed which uses some simplifications and enforces
equilibrium and slip kinematics. This method is general enough to predict cracking and deflections in most panels,
but requires some iteration. Both models are limited to elastic behavior, although if inelasticity were introduced to
the Beam-Spring model (non-linear springs and beam elements), ultimate deflections and ultimate strength could
likely be determined, though this may not be necessary (see next chapter).

The Beam-Spring Model presented here is a promising option for elastic analysis of precast concrete
sandwich panel walls using composite shear connector systems, including those with unsymmetrical wythes, axial
forces and irregular connector patterns, including P-3 and P-A effects.

The Elastic Hand Method presented here relies on iteration, which is inconvenient, but easily programmed
into excel or anther design aiding program. The iteration could be eliminated, but is difficult due to the summations
of force required, and this would limit the method’s versatility and may require additional simplifying assumptions.
The Elastic Hand Method is only evaluated on equal wythe panels from this program, but could be extended to
unsymmetrical wythes, axial forces, panels with openings and alternate connector patterns.

Both methods were compared to the elastic portions of the full-scale tests from previous sections. Table 6-8
below simply consolidates Table 6-3 and Table 6-4 from the chapter as a summary of the accuracy of the cracking
and deflection predictions for the panels tested in this study by displaying the Measured-to-Predicted ratios for each

method. Additional validation on more varied panels should be performed, but the results are very promising.
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Table 6-8 Measured-to-Predicted ratio

Elastic Hand Method Beam-Spring Model
Panel | Cracking Load | Deflection | Cracking Load | Deflection
A-2 0.99 0.96 0.99 0.87
A-4 1.04 1.33 1.05 1.25
B-1 - - - -
B-2 - - - -
BC-1 0.92 0.77 0.95 0.71
BC-2 0.84 0.95 0.88 0.97
D-1 1.00 0.97 1.06 1.00
D-2 0.83 0.89 0.88 0.96
Average 0.94 0.98 0.97 0.96

The following conclusions can be made from the result in this chapter:

e A versatile, general matrix-based procedure, termed the Beam-Spring Model, can be used to
predict elastic deflections and cracking very accurately, with a 0.97 and 0.96 test-to-prediction
ratio for cracking load and deflections, respectively.

e Using first principles and a series of assumptions, a hand based method can be used to predict
elastic deflections and cracking very accurately, with a 0.94 and 0.98 test-to-prediction ratio for

cracking load and deflections, respectively.
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7  PREDICTING STRENGTH BEHAVIOR

7.1 Introduction

There are a handful of recently introduced methods proposed to predict the ultimate moment capacity of a
concrete sandwich panel wall (Tomlinson 2015; Hassan and Rizkalla 2010; Naito et al. 2012). In addition to being
few in number, they are difficult to use for engineers in practice, requiring complicated moment curvature analyses.
Furthermore, they rely on empirical data and interpolation rather than a general approach, or a combination of these
things. There is a significant need to develop an easy-to-use method based on first principles and good design
assumptions that is easily fit into an engineer’s design routine. To simplify the design process of concrete sandwich
panel walls so that a greater number of engineers can safely design them, this chapter presents a new method, the
Partially-Composite Strength Prediction Method, to predict the nominal moment capacity of concrete sandwich wall
panels that is easy to implement and shown to be accurate. The results of the method are compared to those in the

full-scale testing chapter and use the results generated in the shear-testing chapter.

7.2 Calculating Percent Composite Action

Design engineers are familiar with the calculations of non-composite and fully-composite sandwich wall
panels. The following sections reiterate this for completeness of the below discussion, as well as introduce a formal
definition of percent composite action for ultimate moment. The latter is necessary because there is no standard

definition within the industry, although the most popular one is adopted for this discussion.

7.2.1  Non-Composite Ultimate Moment
The ultimate moment for an ideally non-composite panel is the sum of the ultimate moments of the
individual wythes, as shown in Figure 7-1. When reinforced with mild steel, the following calculations (based on

strain compatibility) can be used to calculate the ultimate moment, with minor variation for a prestressed panel:

ASlfSl
= 71
M= 085f/b (7-1)

Aszfsz
= sl 72
%2 = 0.85£/b (7-2)

B a, a,

My = Asifir (dy = =) + A fia(de =) (7-3)
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Figure 7-1 Strain and load profile for the non-composite SWP (left) and fully-composite SWP (right)

7.2.2  Fully-Composite Ultimate Moment
To calculate the fully-composite moment, one assumes that the entire panel acts as one beam, without
strain discontinuity. Using strain compatibility, the following procedure can be used for mild-steel reinforced panels

(with minor variation for prestressed panels):

— Aslfsl + Aszfsz
0.85(/b (7-4)

a

2) + Ago fs2 (dz + twy, T tins — E) (7-5)

Mpc = Ag1fa1 (d1 2

7.2.3  Definition of Partial Percent Composite Action for Ultimate Moment
Utilizing the theoretical fully-composite moment, theoretical non-composite moment, and the actual
measured moment from the test results or a prediction method, the degree of composite action, Kun, can be

determined using Eq. (7-6).

Ko — My test — My nc (7-6)
i = —est e
" Mn,FC - Mn,NC
Where Mnest = experimental maximum moment of the sandwich panel
Mnne = theoretical maximum moment of the non-composite sandwich panel
Mnec = theoretical maximum moment of the fully-composite sandwich panel
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Figure 5-14 graphically demonstrates the relationship between moment and degree of composite action in Eq. (7-6).

MUk

MUest

Muyc

0% X% 100%
Degree of Composite

Figure 7-2 Visual demonstration of degree of composite action

7.3  Partially-Composite Strength Prediction Method

7.3.1  Overview and Discussion

The proposed Partially-Composite Strength Prediction Method procedure is based entirely upon first
principles (i.e. equilibrium, strain compatibility), a “good enough” assumption about the slip profile along the length
of the member, and shear deformation data of the connectors (which many connector companies already collect for
ICC-ES certification, and which has been collected by several researchers). As such, this method is robust enough
that it may be applied to situations outside of the simply supported panels presented in this report, although this
would require validation. Furthermore, the reliance upon familiar first principles makes the procedure easily adopted
by precast engineers and is a direct solution as long as recommendations are followed. For the purposes of validating
the method, the approximate stress strain curve of the materials should be used (e.g., Hognestad’s Concrete Material
Model [Wight and MacGregor 2005], strain hardening of the steel) in lieu of common design assumptions; however,
when used for design, standard assumptions (e.g., Whitney’s stress block [Whitney, 1937], elastic-perfectly plastic
rebar) can (and should) be used.

For the sake of illustrating the Partially-Composite Strength Prediction Method procedure, wythe 1 (or the

“top wythe”) is considered the fully-composite compression side of the member and wythe 2 (or the “bottom
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wythe”) is considered the fully-composite tension side of the member, as shown in Figure 7-1. The forces in a
partially composite member are presented in Figure 7-3 which include the force of the connectors at the point of
interest (Fsum) assumed to act at the center of each wythe. To maintain static equilibrium within a given wythe, the

compression and tension forces in each wythe must transfer the difference between them to the other wythe; i.e.:

7-7
ZFaxial,lle_Cl_Fsumzo ( )

Z Faxial,z =T, —C,+ Fpum=0 (7'8)

Where Fqm = is the sum of the connector forces from one end of the panel to the cross-section of interest

£c1-0.003
° .4 : £ C1
o F . A P < ‘ «+—Fsum=C1-T1
‘_q T T1=As1*fs1+Aps1*fps1
P . o
. _A o ) A ‘a
@ %é g E £C28
a4 . —% c2
S 4 S ‘ —» Fsum=T2-C2
_ T2=As2*fs2+Aps2+fps2
Y £s2

Figure 7-3 Strain and load profile of concrete sandwich wall panel

The shear force provided by the connectors can be estimated using the data from the push-off test depending

on the number of connectors, the connector spacing, and a linear assumption about the slip distribution as shown in

Figure 7-4.
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ol = dmax

Force

o1,

L/2 l Slip
Figure 7-4 Slip distributed along the panel length

After the forces in each connector are determined, they can be summed for any given point along the length
of the beam and applied to the beam cross-section as shown in Figure 7-3. With these simplifying assumptions,
determining the moment capacity of a sandwich panel with an arbitrary distribution of shear connectors is no more
difficult than determining the capacity of two separate beams with axial loads (Fsum, in this case). Similarly, it is

known that the two wythes will have equal deflection and equal curvature:

P1= @2 (7-9)

Where @1 = is the curvature of the wythe 1

@2 = is the curvature of the wythe 2

This method can be extended to all cross-sections along the panel and points on the load deflection curve,
but the purpose of this chapter of the report is to determine the ultimate moment strength in a straightforward
manner. The condition for failure is determined as either when the connectors fail or when the concrete on wythe 1
crushes (i.e., ea = 0.003). It is assumed that designers would prefer to prevent the sudden failure of the connectors to
ensure a ductile failure. Therefore, it is recommended to set a reasonable value for the force or slip in the connectors
at the end of the panel connectors during design. Once the forces are resolved on the cross-section, one can use the

following equation to calculate the nominal moment that can be carried by the cross-section:
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twyl + twyz
M=M1+M2+Fsum*<7 ins)

2 (7-10)
Where Mj = is the moment in the top wythe created by C; and Ti:

M = the moment in the bottom wythe created by C, and T2:

The following sections outline the procedure for analysis of existing concrete sandwich panel walls, as well

as a detailed design procedure.

7.3.2  Partially-Composite Strength Prediction Method Procedure
The following steps are proposed to predict the nominal moment capacity for a sandwich wall panel. The
steps do not necessarily need to occur in this order, but the authors found this order convenient when analyzing a

panel that was already created. A detailed design process is presented in the following section (Section 7.3.4).

1. Find the forces at each connector using the load-slip curve and assuming a linear distribution of slip (see
Figure 7-4). The slip can be iterated until it maximizes the connector force, which will be the condition at
ultimate, taking into account the post maximum strength of the connectors if desired. This can also be

determined by using an influence line.

Design Note: As stated above, for design it may be important to prevent connector failure prior to panel failure by
limiting slip or force carried by the most heavily loaded connectors. This can be conservatively done by assuming
that the connectors at the end of the panel are at their maximum force (F.). Connector behavior and mechanical
property variation (e.g., ultimate strength, proportional limit, elastic limit, deformation at ultimate and shear
deformation at rupture) are not always understood due to the private and proprietary nature of this part of the

industry. Limiting connector forces at different limit states is an important consideration for PCI committees.
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The slip at every connector location can be estimated heuristically (by assuming a linear slip profile based

on the plot shown in Figure 7-4 or Figure 7-5 and Figure 7-6, which can then be used to create a robust

spreadsheet), or by using the following equation (which is based on similar triangles):

Where 4(i)
ouit
L
Xi

L
i i
5@0) = Sy + f—x (7-11)
7_ 1

= the slip of the wythes at connector i

= Maximum slip of the end row of connectors at the ultimate moment
= length of the panel

= location of the connector from the end of the panel

= connector line number from the end of the panel to the point of interest/analysis

Slipur

Slip (4) | _Slip (5)

Xcon@) |
Xcon®)

r— Xcon(n ﬁi/ ‘ |

Xcon@)

Xcone)

L2

Figure 7-5 Slip diagram

Find the force, F;, at each connector by using the appropriate load-slip curve.
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Figure 7-6 Typical load-slip curve

2. Find the total force provided by the connectors

Foym = N * Z F; < Agfs + Apsfps (7-12)
Where N = number of connectors per row
Fi = the force at connector i

The maximum connector force that can be transferred between wythes is limited to the smaller of the
maximum force generated by connectors at the location of interest or maximum tensile force carried by the
steel in the bottom wythe, hence the right-hand side of the inequality in Equation (7-12). In other words,
adding additional connectors will not increase the strength of the panel over the fully-composite moment,

although it is likely to influence deflections.

3. Find C; and T; for the top wythe as if it were an independent beam with an axial force Fsum (see Figure

7-8).
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This process is exactly the same as any other reinforced/prestressed beam:
a. Assume the top fiber concrete strain is 0.003
b. Assume a value of the depth of the compression force in the concrete, ci.

c. Calculate the curvature, p1. Assuming small angles, g1 may be calculated as

(7-13)

d. Calculate the compressive force in the top wythe. The compressive force in the concrete will

utilize Hognestad’s equation to estimate the concrete compressive strength. Hognestad’s equation

is not required for an accurate prediction of the top wythe, but it will become necessary for the

bottom wythe if the panel is partially composite because Whitney’s stress block is only valid when

the maximum concrete strain is 0.003. The Hognestad formula is shown in Equation (7-14):

rftz- (2]

Where f; = stress in the concrete
fe' = concrete compressive strength
&c = strain in the concrete
€o =0.002.

(7-14)

Substituting Hognestad’s equation, the concrete compressive force can be calculated as

“ 2% g\
cl=b*f fcdy=b*f £ —(—) dy
0 0 €o o

C1 2
comve [ e me s (@ray],
0 €o )
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cl

Clzb*

, | @1 * % @1% % ¢,®
fe & 3xg,?

2 2 3
S|P *C P17 * G
o

0

3 xg,2
2
, o P1*¥Cg ( @1 * C1>
C;=b 1- -
1=bxfcx — 3e, (7-15)
Where C; = the compressive force in the concrete in wythe 1
b = width of the panel

€1 g1 z*gc_(g_c)z
fo fe & g *cp ¢ dey

Xe1 = 2
g [2xe (g
o [Pate = (2)] e
1 o % ¢, 2 2 4¢3
f01fc[2*@1£ 1 _(91821]dcl
Yo = €1 P1 :C1 @,? :C12
fg fe [2 * PR - £,2 ] de
2,@x¢’ 1 @+t
o = & 4 £4°
o (91*512_1*‘-912*C13
& 3 £,°
Cr*(Bxgp =3 %@ xcy)
Xc1 = C1 — -
- 12% g, — 4% @ %4 (7-16)
Where Xa = the centroid of compressive force in the concrete from extreme compressive fiber

Hognestad’s concrete stress strain relationship is plotted along with the resultant force location in Figure 7-7.
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Figure 7-7 Stress vs strain of Hognestad (left) and stress profile (right)

Design Note: To facilitate design it is recommended to use Whitney's stress block. The Hognestad model is
only used to analyze partially composite panels in this report and is still an approximation. It is
recommended that when designing, the designer designs for a fully-composite panel, preventing

compression in the bottom wythe and eliminating the need for and hassle of this more complex material

model.

e. Calculate the strain and then stress in the steel. Strain can be determined using similar triangles

(see Figure 7-8):

_di—o
& = & o (7-17)
Where d; = depth to the centroid of the steel measured from the top of wythe 1.
C1 = depth to neutral axis of wythe 1 measured from the top of wythe 1.
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Figure 7-8 Strain and load profile for the top wythe

The stress is then calculated using an appropriate steel model:

Mild Steel for Design: Elastic Perfectly Plastic

Esxes if e,<¢,

fs = { £, ife e, (7-18)
Where fs = stress in the mild steel
Es = modulus of elasticity of the steel
&s = strain in the mild steel
&y = strain of the mild steel at yielding
fy = mild steel yield stress
For Prestressing Steel: The power formula (Devalapura and Tadros, 1992):
27600
fos = &ps * {887 + 736 T < 270 (7-19)
[1+ (1124 % £,,)"]

Where fps = stress in the prestressing steel

Actual stress versus strain profile for the reinforcement, e.g. see Figure 5-1.
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Figure 7-9 Stress vs. Strain for rebar

f.  Calculate the tension force in the top wythe. This will just include the tension in the steel:

Ty = fo1461 + fpslApsl (7-20)

g. Determine if c; satisfies the force equilibrium for wythe 1. If not, repeat step 3 and iterate until

force equilibrium is satisfied.

ZFx_>0=T1_C1_Fsum (7-21)

4. Find C; and T, for the second wythe as if it is a separate beam with Fsm acting as an axial force.
a. Assume both wythes will deflect equally and maintain ¢, = ¢1. This is a standard assumption for
all composite or non-composite structures, steel, concrete or otherwise (Bai and Davidson 2015;
Hassan and Rizkalla 2010; Newmark et al. 1951).
b. Assume a value of cz; however, in contrast to the previous example, the top fiber will not be 0.003

unless the panel is a hon-composite design.
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c. Calculate the compressive force in the bottom wythe, C,. The compressive force in the concrete
will again utilize Hognestad’s equation to estimate the concrete compressive strength, but it is
critical here because Whitney’s stress block is only valid when the top fiber is at 0.003 strain and
in the case of partial composite action, this will not be true. Substituting Hognestad’s equation, the
concrete compressive force can be calculated as before, with appropriate variables changed to

reflect wythe 2, as:

szb*f’C*

@y % C5 P * Cy
—*|1- (7-22)
o

3g,

Design note: To facilitate design it is recommended to use Whitney'’s stress block. The Hognestad model is
only used to analyze partially composite panels in this report and is still an approximation. It is
recommended that when designing, the designer designs for a fully-composite panel, preventing

compression in the bottom wythe and eliminating the need to calculate C..

d. Calculate the strain and stress in the steel. Assuming small angles, the strain can be determined

using the relationship in Equation (7-13) and (7-17) above and demonstrated in Figure 7-10 below

as
& =(d; —¢2) * (7-23)
€C23
a4 . - - F—t c2
.o : 9. 4 @- | — Fsum=T2-C2
Ai—————— T2=As2*fs2+Aps2*fps2

Figure 7-10 Strain and load profile for the bottom wythe

The stress can then be calculated using Equations (7-18) and (7-19) in Step 3e above.
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e. Calculate the tension force in the bottom wythe:

T, = fAs + fpsZApsz (7-24)

f.  Determine if c; satisfies the force equilibrium for Wythe 2. If not, repeat step 4 and iterate until

force equilibrium is satisfied.

DB 0=T,—C 4 Fum (7-25)

By enforcing equilibrium of each wythe using Equation (7-21) of step 3g and Equation (7-25) from step 4f,
force equilibrium for the whole panel is now satisfied.
5. Find the ultimate moment of the concrete sandwich wall panel by taking the moments carried by the

different parts of the panel presented in Figure 7-3:

twy1 T twy2
M = M; + M; + F gy * <w ins) (7-26)
Where M; = the moment in wythe 1 created by C1 and T1
M = the moment in wythe 2 created by C; and T»
M; and M are most easily found by summing the moments about the steel locations:
My = Cy * (dy — Xc1) (7-27)
M, = C; * (dy — Xc2) (7-28)

Alternatively, the moment can be taken for all concrete and steel forces over the entire panel cross-section

at a convenient location.
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7.3.3  Validation of the Partially-Composite Strength Prediction Method

The Partially-Composite Strength Prediction Method presented in the previous section is compared below
to the full-scale panel tests for its validation. Table 7-1 shows the experimental ultimate moment compared to
predictions made by Partially-Composite Strength Prediction Method. The percent difference was, on average, about
8 percent less than the experimental ultimate moment results. This is a very common error metric, which is
comparable to that of most other predictions for other members like normal reinforced concrete in bending or shear

(Nowak and Collins 2000). Appendix C contains the detailed calculations for the panels from this study.

Table 7-1 Validation of Partially-Composite Strength Prediction Method

Observed Ultimate Moment Partially-Composite
Strength Prediction | Percent Difference

Panel Specimen 1 Specimen 2 Moment
(k-ft) (k-ft) (k-ft) (%)
Nu-Tie 343-2 43.36 - 395 8.9
Nu-Tie 343-4 60.86 - 55.37 9.0
HK 45.23 42.5 39.9 9.0
TA 45.1 41.3 41.1 4.9
TB 29.82 25.6 25.36 8.5
Average 8.0

7.3.4  Recommendations for Design
To make the Partially-Composite Strength Prediction Method easier to follow during the design stage,

several recommendations are suggested to facilitate the strength calculation at failure:

a) Consider the panel as a fully-composite panel and find the required area of steel, which can be set equal to
Fsum to select the total number of shear connectors. If satisfied, this assumption implies that the second
wythe compression force (C;) will be zero. Anything less than fully-composite requires the use of
Hognestad’s concrete material model (or another model of the engineer’s choice) or another simplifying
assumption. While Hognestad’s material model is not complicated and the required equations derived and
presented are above, it does add enough complication that a designer unfamiliar with it may not be

comfortable.
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b) Find the ultimate moment of the panel using the methods presented above. Several simplifications can be
made to bring the method more in line with current reinforced concrete and prestressed concrete design:
a. The Whitney stress block can be used as long as there is no compression force in the wythe 2.
b. Elastic Plastic Mild Steel
c. Power Formula or PCI formula for prestressing steel
d. Limit end connector slip to the slip at maximum force (F,) per the shear testing results
c) Find the number of connectors and spacing that provide the required Fsun for the cross-section. Although
uniform spacing of connectors is recommended based on discussions with connector manufacturers and
their in-house testing, alternate spacing layouts have been noted to be beneficial (Olsen and Maguire 2016).
d) Due to inherent variability associated with concrete bond, it is not recommended that designers use the
fully bonded values from the push-off testing for strength and stiffness for long term strength without long

term testing.

Some of these design assumptions are not appreciably different than those used by connector
manufacturers, but are formalized here and fit within the design parameters discussed in this chapter. See Appendix

D for Design Examples using the Partially-Composite Strength Prediction Method.

7.4  Conclusions

There is a significant need to develop an easy-to-use method based on first principles and good design
assumptions that is easily fit into an engineer’s design routine. This chapter presented a new method, the Partially-
Composite Strength Prediction Method, to predict the nominal moment capacity of concrete sandwich wall panels
that is easy to implement and shown to be accurate. The results of the method are compared to those in the full-scale
testing chapter and use the results generated in the shear-testing chapter. The following conclusions can be made

about the findings in this chapter:

e Adesign method based on familiar first principles and a series of assumptions was developed

e The developed Partially-Composite Strength Prediction Method was shown to be accurate to within
8% on average for the panels produced and tested in a preceding chapter. These panels represented
very different configurations and were reinforced with different connectors and connector patterns,

further demonstrating robustness.
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The developed method relies only on connector load-slip information extracted from the push-off tests.
The developed, recommended, design procedure suggests designing for 100% composite action to
facilitate design using standard assumptions, like Whitney’s Stress block, and limiting connector end

slip at ultimate to F..
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8  CONCLUSIONS

8.1 Summary

In this report, a thorough literature review and history of composite action in PCSWP was presented and
current design philosophies were described. In an attempt to develop general methods to predict PCSWP behavior
an experimental program was undertaken in which push-off specimens and full-scale PCSWP were designed,
fabricated and tested at the Utah State University SMASH lab. Using this valuable experimental data, two elastic
models (one matrix-based and one based on first principles) were presented to predict important elastic deflections

and cracking moments. Additionally, a first-principles based method was developed to predict ultimate load.

8.2  Push-off Testing

A total of 41 pure shear push-off specimens were created to evaluate the shear stiffness of the various
commercially available sandwich panel wall shear connectors. The variables studied were connector type, foam
thickness, foam type and foam bond. Due to project constraints, only a single specimen of each type could be
constructed so there is no statistical information available regarding the connector strength and stiffness values. The

following conclusions can be made from the push-off testing:

e  For pin type connectors that fail mainly in dowel action (Connector B and D) or behave like a pin
connector (Connector E), foam type and bond play a negligible role in strength and stiffness.

e  For truss type connectors (Connectors A and C) that are loaded mainly in tension when shear is
applied to the specimen, foam type and bond plays a more significant role in strength and
stiffness.

e  Connector types vary widely in stiffness, strength and ductility

e Bi-linear design curves were developed to be used in the prediction methodologies and limits on
connector forces/deformation.

e Due to inherent variability associated with concrete bond, it is not recommended that designers
use the fully bonded values for strength and stiffness for long term strength without long term

testing.
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e  Future effort should investigate statistical information regarding the shear strength and stiffness in
order to properly and safely set limits on elastic stresses and failure stresses in the connectors

during different loading scenarios.

8.3  Full-Scale Testing

Eight full-scale concrete sandwich panels were tested to failure at the Utah State University Structures Lab.
The purpose of the testing was to evaluate the percent composite action for the connector configurations and
compare the results to those reported by composite connector manufacturers. The following conclusions can be

made from the experimental program:

e The type and intensity of shear connectors significantly affect the degree of composite action achieved
in a concrete sandwich panel wall. Doubling the number of shear connectors in the Connector A (Nu-
Tie connector) panels resulted in a large gain in percent composite action. (Note that the A-2 panel
was more lightly reinforced than would be detailed for an actual building)

e The manufacturer-reported degree of composite action can be considered conservative for the panel

configurations and connectors and connector patterns tested in this paper.

8.4 Elastic Prediction Methods

In this section two methods to predict elastic deformations and cracking were developed. First, the Beam-
Spring model is a simple, general, matrix analysis framework that allows for accurate prediction of sandwich panel
behavior. The Elastic Hand Method was also developed which uses some simplifications and enforces equilibrium
and slip kinematics. This method is general enough to predict cracking and deflections in most panels, but requires
some iteration. Both models are limited to elastic behavior, although if inelasticity were introduced to the Beam-
Spring model (non-linear springs and beam elements), ultimate deflections and ultimate strength could likely be
determined, though this may not be necessary.

The Beam-Spring Model presented herein is a promising option for elastic analysis of precast concrete
sandwich panel walls using composite shear connector systems, including those with unsymmetrical wythes, axial

forces and irregular connector patterns, including P-6 and P-A effects.
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The Elastic Hand Method presented herein relies on iteration, which is inconvenient, but easily
programmed into excel or anther design aiding program. The iteration could be eliminated, but is difficult due to the
summations of force required and this would limit the method’s versatility and may require additional simplifying
assumptions. The Elastic Hand Method is only evaluated on equal-wythe panels from this program, but could be
extended to unsymmetrical wythes, axial forces, panels with openings and alternate connector patterns. The

following conclusions can be made about the elastic prediction methods:

e A versatile, general matrix-based procedure, termed the Beam-Spring Model, can be used to
predict elastic deflections and cracking very accurately, with a 0.97 and 0.96 test-to-prediction
ratio for cracking load and deflections, respectively.

e Using first principles and a series of assumptions, a hand based method can be used to predict
elastic deflections and cracking very accurately, with a 0.94 and 0.98 test-to-prediction ratio for

cracking load and deflections, respectively.

8.5  Nominal Strength Method

There is a significant need to develop an easy-to-use method based on first principles and good design
assumptions that is easily fit into an engineer’s design routine. This chapter presented a new method to predict the
nominal moment capacity of concrete sandwich wall panels that is easy to implement and shown to be accurate. The
results of the method are compared to those in the full-scale testing chapter and use the results generated in the

shear-testing chapter. The following conclusions can be made about the findings in this chapter:

e Adesign method based on familiar first principles and a series of assumptions was developed.

e The developed partially-composite nominal moment design procedure was shown to be accurate to
within 8% on average for the panels produced and tested in this study. These panels represented very
different configurations and were reinforced with different connectors and connector patterns, further
demonstrating robustness.

e The developed method relies only on connector load-slip information extracted from the push-off tests.

e The design procedure developed herein and recommended for use in practice suggests designing for

100% composite action to facilitate design using standard assumptions, like Whitney’s Stress block,
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and limiting connector end slip at ultimate to F,. However, the analysis method is not limited to these

assumptions.
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APPENDIX A. Elastic Hand Method Analysis Examples
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This appendix contains examples and predictions for predicting cracking moment of the full-scale panels
(which utilized HK Composite, Nu-Tie, and Thermomass connectors) using the Elastic Hand Method proposed in
this report. Table A-1 Load, Deflection, and Slip predictions for panels using Table A-1 summarizes the results of
this section. The calculations of the values in Table A-1 follow thereafter. These examples illustrate how the Elastic

Hand Method predicts the deflection and cracking of a given panel. Note that the Elastic Hand Procedure is iterative.

Table A-1 Load, Deflection, and Slip predictions for panels using

Panel Load Considered Load Deflection slip
(psf) (in) (in)
Self-Weight 75 0.154 0.0184
A-2 Four-Point 81.3 0.202 0.0239
Total Applied 156.3 0.356 0.0423
Self-Weight 75.00 0.1130 0.0130
A-4 Four-Point 119.52 0.2173 0.0247
Total Applied 194.52 0.3303 0.0377
Self-Weight 100 0.1074 0.0142
B-1 and B-2 Four-Point 49.4 0.0648 0.0085
Total Applied 149.9 0.1722 0.0227
Self-Weight 100 0.073 0.0103
BC-1 and BC-2 Four-Point 95.77 0.0845 0.0090
Total Applied 195.77 0.1575 0.0193
Self-Weight 100.00 0.0600 0.0071
D-1 and D-2 Four-Point 122.62 0.0888 0.0105
Total Applied 222.62 0.1488 0.0176
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A-2 Panel (Nu-Tie connectors) Analysis Example (Prestressed)

Panel Properties

L=16ft Span = 15 ft

tWyl = 3 ln tWyZ = 3 ln

tin5=4in b=4‘ft

f! =10.43 ksi A,s = 0.255 in? (three prestressing strands)
_[247. _

x; = [72 in N=2

——3S/5=3 ft——+—S8/5=3 ﬂTSE: 3 f‘tj
P\-VE l P\VE l P\.VE l PWE l
 a— . — ¥ — —

IaSeSuzeseseseanaitesesesisesesesesszitesessaesizeses S O O O

2 4

I 1

82T 0

% Roler o '. .151)ﬁ. | ' %

16.0 ft

7000
Z 6000
5000

4000
3000 F,=117089 6
2000

1000

Load per Connector (kip)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Slip (in)

Figure A-1 Load vs Slip of Connector A (Nu-Tie connector)
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Solution

1. Calculate the material and section properties of a non-composite sandwich panel.

Span
Xpy = =3ft xpp=2xxp; =6ft
E. = 6191.46 ksi
7.5 ksi 170 ksi * 0.085 in? 3
fr =m*,/10430 psi + B in 3 = 1.067 ksi

4 ft* 12f

Incr = 12 (twyl) = * (3 in)3 =108 in*

4ft*12f—t
Inc2 = 1 (twyz) = * (3in)® = 108 in*
twy, Tt 3in+3in . .
Z=w+tmsul=T+4m=7m

2. Assume an end slip, which is the slip at the end connector line (see Figure 6-2). Calculate the slip
in the other connectors using similar triangles or Eq. (6-5).
Assuming dmax = 0.0423 in
L
(7 B xi) _ 10.0423

(% _ xl) ~10.0141

6(1) = 6max *

3. Calculate the shear forces in each connector using Figure A-1.

[4955.7

1652 ]lb

Foum = XF; = 13220 1b

4. Calculate the cracking moment:

F,
=2 ()

tWy WZY 2

1.067 ksi 13.22 kip
3in 48 in * (3 in)?

=2*108in4*( )=5.851kip*ft

5. Calculate the equivalent load that wythe 2 can carry using equations (6-9).

w =8*Mwy2=8*5.851kip*ft 0208@

wez ™ Span? (15 ft)? ft
M 5.851 kip * ft

Pooy = —02 P*It 065 kips

(xp1 + xp3) B B ft+6ft)
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6.

Using the equivalent load from the previous step, calculate axial and rotational displacement at the

end connector using Eq. (6-10) and (6-11)

kip 3 .2 2
Y « Span® o.zosﬁ* (15 ft)3 * 144 in?/ft 000630
Wwe2 24 % E % Iye, — 24%6191.46 ksi * 108 in*
9 _ xp1[(Span® — x3,) + (Span — xp,)(2Span — xp)]
Pwez ™ Twe2 6 * Span * E, * Iyc,
xpz [(Span® — x3,) + (Span — xp,) (2Span — xp,)]
+
6 x Span * E. * Iy
0 =065 3[(152 —32) + (15-3)(30 — 3)]  6[(15% — 6%) + (15 — 6)(30 — 6)]
Pwez = ™ 6 * 15 * 6191.46 * 108 6 * 15 * 6191.46 * 108

= 0.00630

Agoe = 0 % Z = 0.00630 * 7 in = 0.04410 in

n é_ X
_ . 2 Xi _ .
Apxiar = 2 * Z F(i) * brE vt v 0.00178 in
i=1

Using Equation (6-11) and (6-12), calculate the slip at the end connector and compare to assumed

value.

Omax = Drot — Daxiar = 0.0441 in — 0.00178 in = 0.04232 in
Omax = Assumed 6,4 ~ OK

Calculate the cracking moment using Equation (6-14).
My = Myy, * 2+ Foym * Z

=2 %5.851 kip = ft + 13.22 kip * 7 in = 19.4137 kip * ft

kip 4 in\?
A _S*Wwez*Span4 _S*OZOSF*(lsft) *<12f_t) 035441
Wwez = 384 % % Iyey | 384 %6191.46 ksi « 108 in* o

Pues
Brer = (Grag) a3+ Span® — 4+ xf,) + 2 = (3 + Span® — 4+ xf,)}

A =( 0.559 >{3*(3*152_4*32)-}-6*(3*152_4*62)}*123
Pwez 24 x 6191.46 * 108

= 0.357 in
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Table A-2 Total Load, Equivalent Load Deflection, and Slip

Deflection from
N Equivalent Slip
Load Distribution Total Load, protar Load, Ae
(in) (in)
M ioqg 8 19.4 %8
Uniform Distributed Load applied  ~ _ =172. 0.3544 0.04232
i istribu Span? + b 15254 172.55 psf
Four-Point Load M appiea _ 2D 4379 0.357 0.04232
our-roint -oads (xpy +Xxpp) *Span b 9 15%4 79psf ' ’

The actual load on the sandwich wall panel included the four-point applied load as well as self-weight.
Dseir = 150 pcf * (6 in) = 75 psf
Wself = Pself * b=75 pSf * 4ft = 300 plf

(Wsers * Span?) 300 plf * (15ft)?
Mself = 3 = g

Mrourpt = My — Moy = 19.4137 kip * ft — 8.4375 kip * ft = 10.976 kip * ft

= 8.4375 kip * ft

10.976 kip * ft
36in+72in

_ 4878 lbs
Prourpt = m

Prourpe = 4 * ( ) = 4.878 kip

= 81.3 psf

pTotulApplied = pself + PFourpt = 75 psf +81.3 psf =156.3 pSf

Similar effects can be calculated for deflection also, as well as slip. Since self-weight is a distributed load,

the uniform distributed load values will be used from Table A-2.

pself A = 75 pSf
Protal ¢ 172.55 pSf

Prourpt « A = 81.3 pSf
Protal ¢ 143.79 pSf

Dser = % 0.3544 in = 0.154 in

* 0.357 in = 0.202 in

Apourpt =

Arorar = 0.154 in + 0.202 in = 0.356 in

_ Dseif _ 75 psf

é =— = ————%0.04232in = 0.0184
self Protal " Omax 172.55 psf " m m

Prourpt 81.3 pSf . .
1) =— = ———x0.04232 in = 0.0239
FourPt Drotal * Bmax 143.79 psf * in in

8rotal = Bset + Opourpe = 0.0184 in + 0.0239 in = 0.0423 in
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A-4 Panel (Nu-Tie connectors) Analysis Example (Prestressed)

Panel Properties

L=16ft Span = 15 ft

tWyl = 3 ln tWyZ = 3 ln

tin5=4in b=4‘ft

f! =10.43 ksi A,s = 0.255 in? (three prestressing strands)
_[247. _

x; = [72 in N=4

——3S/5=3 ft——+—S8/5=3 ﬂTSE: 3 f‘tj
P\-VE l P\VE l P\.VE l PWE l
 a— . — ¥ — —

IaSeSuzeseseseanaitesesesisesesesesszitesessaesizeses S O O O

2 4

I 1

82T 0

% Roler o '. .151)ﬁ. | ' %

16.0 ft

7000
Z 6000
5000

4000
3000 F,=117089 6
2000

1000

Load per Connector (kip)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Slip (in)

Figure A-2 Load vs Slip of Connector A (Nu-Tie connector)
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Solution

1. Calculate the material and section properties of a non-composite sandwich panel.

Span
Xpy = =3ft xpp=2xxp; =6ft
E. = 6191.46 ksi
7.5 ksi 170 ksi * 0.085 in? 3
fr =m*,/10430 psi + B in 3 = 1.067 ksi

4 ftx 12f

Inci = 12 (twyl) = * (3 in)3 =108 in*

4ft*12f—t
Inc2 = 1 (twyz) = * (3in)® = 108 in*
twy, Tt 3in+3in . .
Z=w+tmsul=T+4m=7m

2. Assume an end slip, which is the slip at the end connector line (see Figure 6-2). Calculate the slip
in the other connectors using similar triangles or Eq. (6-5).
Assuming dmax = 0.0377 in
L
(7 B xi) _ 0.0377

(% _ xl) ~10.0126

6(1) = 6max *

3. Calculate the shear forces in each connector using Figure A.

44134

i 1471.1] b

Fyum = 4 * YF; = 23540 Ib

4. Calculate the cracking moment:

fT' Fsum
M,., =2xI —
wyz *Iyco * <twy b * t‘%}yz

1.067 ksi 23.54 kip
3in 48 in * (3 in)?

=2*108in4*( )=5.421kip*ft

5. Calculate the equivalent load that wythe 2 can carry using equations (6-9).

” =8*Mwy2=8*5.421kip*ft= 01927@

wez2 " Span? (15 ft)? ' ft
M 5.421 kip = ft

Pooy = —202 = P*It _ 4.602 kips

(xp1 +xp2) B ft+6f1)
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6. Using the equivalent load from the previous step, calculate axial and rotational displacement at the

end connector using Eqg. (6-10) and (6-11).

kip 3 2 f2

, _ ez « Span® _ 0'1927ﬁ* (15 ft)° = 144 in* /ft 0005837

Wwez 24 x E * Iyc, 24 % 6191.46 ksi x 108 in* '

0. xp1[(Span? — x3,) + (Span — xp1)(2 * Span — xp,)]

Pwez ™ Twe2 6 * Span * E, * Iyc,

xpa[(Span® — x3,) + (Span — xp,) (2 * Span — xp;)]
+
6 x Span * E. * Iy
0 0,602 3[(152 —3%) + (15 —-3)(30 — 3)] 6[(15%2 —6%) + (15 —6)(30 — 6)]
Pwez = ™ 6 %15+ 6191.46 * 108 6 %15+ 6191.46 * 108

= 0.005837

Agoe = 0 % Z = 0.005837 7 in = 0.04086 in

n é x
_ . 2 L _ .
Dpyiar = 2% Z F(i) * YT o, = 0.003168 in
i=1

7. Using Equation (6-11) and (6-12), calculate the slip at the end connector and compare to assumed

value.

Omax = Drot — Daxiar = 0.04086 in — 0.003168 in = 0.0377 in
Omax = Assumed 6,4 ~ OK

8. Calculate the cracking moment using Equation (6-14).

My = Myy, * 2+ Foym * Z

= 2%5421 kip * ft + 23.54 kip x 7 in = 24.573 kip * ft

kip 4 in\?
5w Span’ 5+0.1927 % = (15 f0)* » <1zf—t> .
Wwez = 384 % E_ % Iyey | 384 %6191.46 ksi * 108 in* oo T

P
= (G (o * (3 Span? — 4 xfy) + 2, * (3 + Span’ — 4 xfy))

Fvez 4 xE;xIyco
0.602
= 2 2 2 _ 2 3
Pwez _(24*6191.46*108>{3*(3*15 4%3%) + 6% (3%15% —4x6")}* 12

=0.331in
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Table A-3 Total Load, Equivalent Load Deflection, and Slip

Deflection from
N Equivalent Sli
Load Distribution Total Load, protai an d, Ae P
(in) (in)
M ied ¥8 24.57 %8
Uniform Distributed Load S‘Z’;ﬁi"* =T, = 21843psf 0.3283 0.0377
Four-Point Loads M appiiea _ 257 g 0.3310 0.0377
(Xpy + Xxpp) *Span *b 9% 15%4 psf ' '

The actual load on the sandwich wall panel included the four-point applied load as well as self-weight.
Dseir = 150 pcf * (6 in) = 75 psf
Wself = Pself * b=75 pSf * 4ft = 300 plf

(Wsers * Span?) 300 plf * (15ft)?
Mself = 3 = g

Myourpe = My — Mygyp = 24.573 kip + ft — 8.4375 kip * ft = 16.1355 kip * ft

= 8.4375 kip * ft

16.1355 kip * ft
36in+ 72 in

_ 7171 lbs
Prourpt = m

PFourPt =4 % < > =7.171 klp

= 119.52 psf
pTotalApplied = pself + Prourpt = 75 psf +119.52 psf =194.52 pSf

Similar effects can be calculated for deflection also, as well as slip. Since self-weight is a distributed load,

the uniform distributed load values will be used from Table A-3.

_ Pseif % _ 75 pSf

A = =——%0.3283in =0.113 i
U rorar ¢ 21843 psf m m

_ Prourpt * — 119.52 pSf

A = 0.3310in = 0.2173 i
FOurPt = et ¢ 182psf m m

Aror = 0.113 in + 0.2173 in = 0.3303 in

pself 75 pSf . .
1) =——%0 =———x0.0377in = 0.013
N Pro " 21843psf "
PFourpt 119.52 pSf . .
1) = A =——%0.0377 in = 0.02476
FourPt Drotal * Bmax 182 pSf * n n

8rotal = Oself + Orourpe = 0.0130 in + 0.02476 in = 0.0377 in
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B Panel (only Thermomass CC connectors) Analysis Example (Mild Reinforcement)

Panel Properties

L=16ft Span = 14 ft
twyl = 4‘ lTL twyZ = 4 lTl
tins = 3in b=3ft
fi =9.23 ksi

_ [3071. _
Xi = [82 in N=3

TSE: 2.8 ﬂTSﬁ: 2.8 ftTSE: 2.8 ﬁj
Pwel Pue l Pwe l Pive l

ﬂT“-—-.I.I,R(;”er - —— R 14.0 ft Lt s - ol f -

16.0 ft

F,=175006

0 0.02 0.04 0.06 0.08 0.1
Slip (in)

Figure A-3 Load vs slip of Connector B (Thermomass CC connector)
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Solution

1. Calculate the material and section properties of a non-composite sandwich panel. The modulus of
rupture of the concrete (f;) was measured in this case, so the actual value is included here.

Span

xP]_: =2.8ft XPZZZ*XP1=5.6ft

E, = 5824.4 ksi

fr = 0.691 ksi
3ft* 12ft
Incr = 12 (twyl) = * (4’ in)3 =192 in*
3 ft * 12}—’;
Inca = 35 *(tay,) = —G " (4 in)® =192 in*
t +t 4in+4in
Z:%+tlnsul:f+3ln:7ln

2. Assume an end slip, which is the slip at the end connector line (see Figure 6-2). Calculate the slip
in the other connectors using similar triangles or Eq. (6-5).
Assuming dmax = 0.0227 in
L
@ _ 0.0227] ;

(% _ xl) ~ 10.0048

6(1) = 6max *

3. Calculate the shear forces in each connector using Figure A-3.

405.5

Fi=3+1"g6

I

Foum = XF; = 1475 1b

4. Calculate the cracking moment:

F,
=2 ()

tWJ/Z WJ/Z

0.691 ksi 1.475 kip
4in 36 in * (4 in)?

=2*192in4*( )=5.446kip*ft

5. Calculate the equivalent load that wythe 2 can carry using equation (6-9).

8 * M 8 % 5.446 kip = ft ki
Wypes = Yz p-f = 0222322
Span? (14 ft)? ft
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M,y 5.446 kip * ft
Pyer = 2__ = = 0.648 ki
W2 T (xpy + Xpy) (2.8 ft + 5.6 ft) P

Using the equivalent load from the previous step, calculate axial and rotational displacement at the
end connector using Eq. (6-10) and (6-11).

Wy * Span® 0.2223%’* (14 ft)3 * 144

0 = =
Wwez 24 % E, * Iycy 24 % 5824.4 ksi * 192 in*

= 0.003273

P _ xp1[(Span? — x3,) + (Span — xp,)(2Span — xp,)]
Pwez ™ Twe2 6 * Span * E, * Iyc,

n xp2[(Span® — x3,) + (Span — xp,) (2Span — xp,)]
6 x Span * E. x Iycs

2.8[(142 — 2.82) + (14 — 2.8)(28 — 2.8)]
6 * 14 x 5824.4 * 192

Op,oy = 0.648{

5.6[(14% — 5.6%) + (14 — 5.6)(28 — 5.6)]
+ 6 * 14 * 5824.4 * 192 = 0.00327
Agor = 0 % Z = 0.003273 * 7 in = 0.02291 in
L

PN B |
Dpyigr =2 % Z F(i) * m = 0.0002 in
i=

Using Eq. (6-11) and (6-12), calculate the slip at the end connector and compare to assumed value.
Smax = Drot — Daxiar = 0.02291 in — 0.0002 in = 0.02271 in
Omax = Assumed 6,4 ~ OK
Calculate the cracking moment using Equation (6-14).
My = My, * 2+ Fgupp x Z

=2x5446 kip = ft + 14751b * 7 in = 11.752 kip * ft

kip 4 in\?
A B 5 % Wipez * Span4 B 5 % OZZZSF * (14 ft) * (12 ﬁ) 017181
Wwez = 384 % E_ % Iye, | 384 58244 ksi + 192 in* o0

Pes
Brer = (Grag) a3+ Span® — 4+ xf,) + 2 = (3 + Span® — 4+ xf,)}

. :< 0.648 >{28*(3*142_4*282)+56*(3*142_4*562)}*123
Pwez ™ \24 x 5824.4 x 192/ ** ' . |

=0.1732in
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Table A-4 Total Load, Equivalent Load Deflection, and Slip

Deflection from
Load Distribution Total Load, protar EE::(;?IET Slip
(in) (in)
Uniform Distributed Load 1‘/;‘;’”::;‘1**1)8 - 111;}725**38 = 160 psf 0.1718 0.02271
Four-Point Loads Mapptiea A+ 1LTS 1y 0q) 0.1732 0.02271
(xpy + xpy)b * Span 8.4 %3 % 14

The actual load on the sandwich wall panel included the four-point applied load as well as self-weight.
Dseir = 150 pcf * (8 in) = 100 psf

Wself = Dself * b =100 psf * 3 ft = 300 plf

(Wself xSpan?) 300 plf = (14ft)?
Mself = 3 = g

Mpourpt = Mer — Mggyp = 11.752 kip + ft — 7.35 kip * ft = 4.402 kip * ft

= 7.35 kip * ft

4.402 kip * ft
33.6in+67.2in

_ 2096 lbs
Prourpt = m

PFourPt =4 % < ) = 2.096 klp

= 499 psf
pTotalApplied = pself + Prourpt = 100 psf +49.9 psf =149.9 pSf

Similar effects can be calculated for deflection also, as well as slip. Since self-weight is a distributed load,

the uniform distributed load values will be used from Table A-4.

_ Dself " _ 100 pSf

A = = % (0.1718 in = 0.1074 in
U Protar ¢ 160 psf

_ Prourpt * _ 49.9 pSf

A = = 0.1732in = 0.0648 i
FOurPt = et ¢ 13324 psf m m

Arotar = 0.1074 in + 0.0648 in = 0.1722 in

_ Dseif _ 100 psf

Ose1f = ——* =———x0.0227 in = 0.0142 in
self Protal max 160 psf

Prourpt 49.9 pSf
Orourpt = *Dmax =
Protal 133.24 pSf

* 0.0227 in = 0.0085 in

Stotal = Bsetf + Opourpe = 0.0142 in + 0.0085 in = 0.0227 in
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BC Panel (Thermomass CC and X connectors) Analysis Example (Mild Reinforcement)

Panel Properties

L=16ft

tWyl = 4 ln

tins =3in

fi =9.23 ksi
[16]
[32]

Xcci = |48]in
64
80

Xy; = [24]in

Span = 14 ft
tWyZ =4in
b=3ft

A = 0.44 in?

NCC=3

NX=3

TS/5= 2.8 ﬂTSB: 2.8 ftTS/:S: 28 ﬂj
Pwel Pue Pwe Pive l

2000

ips)
[y
[0}
(=}
(=}

1600
1400
1200
1000
800
600
400
200

Load per Connector (k

F,=175006

0.02 0.04 0.06 0.08 0.1
Slip (in)

Figure A-4 Load vs slip of Connector B (Thermomass CC connector)
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7000

F;=855256+ 3061
6000

5000
4000

Axis Title

3000
2000

F,=3159406
1000

0 0.01 0.02 0.03 0.04 0.05
Axis Title

Figure A-5 Load vs slip of Connector C (Thermomass X connector)

Solution

1. Calculate the material and section properties of a non-composite sandwich panel. The modulus of
rupture of the concrete (fr) was measured in this case, so the actual value is included here.

Span

Xp1 = =28ft XP2=2*xP1=5.6ft

E, = 5824.4 ksi
f. = 0.691 ksi

in

Inci = 7 (twyl) = * (4in)® =192 in*

3 ft * 12f—t

Iycz = 12 (twyz) = * (4in)3 =192 in*
twy, T 1 4in+4in . .

Z:%‘thsul =f+3m= 7 in

2. Assume an end slip, which is the slip at the end connector line (see Figure 6-2). Calculate the slip
in the other connectors using similar triangles or Eq. (6-5).

Assuming dmax = 0.01929 in
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16] 0.01929

0.01736
_|32]. N “xt 0.01543],
= I 80 = Omax * ( 0.01157|"
l64J 2 1 lo 00772J
80 0.00386

Calculate the shear forces in each connector using Figure A-4 and Figure A-5.

[3 * 344, 4]
2 %3472
_|3%2755

171342067

3x137.8
3 % 68.9

b

Fopm = YF, = 10040 Ib

Calculate the cracking moment:

F,
Myy, = 2% Incy * <_fr b :I;m )

tWY2 wy2

0.691 ksi 10.04 kip
4in 36 in x (4 in)?

=2*192in4*( >=4.97kip*ft

Calculate the equivalent load that wythe 2 can carry using equations (6-9).

" :8*Mwy2=8*4.97kip*ft 0203@
wez ™ Span? (14 ft)? ft
M 4.97 kip = ft
Py = —002 = PIt 05917 kip

(xpy + xpy) (2. 8 ft +5. 6ft)

Using the equivalent load from the previous step, calculate axial and rotational displacement at the
end connector using Eq. (6-10) and (6-11).

ki
Wyey * Span® 0203 ff « (14 f£)% * 144

0 = =
Wwe2 T 24 % E % Iye; 24 * 5824.4 ksi » 192 in*

= 0.00299

xp1[(Span® — x5,) + (Span — xp1)(2Span — xp,)]
6 x Span * E_ x Iycs

HPwez = Pyez {

xp2[(Span® — x3,) + (Span — xpp) (2Span — xpy)]
+
6 * Span *x E, * Iyc,

2.8[(142 — 2.82) + (14 — 2.8)(28 — 2.8)]
6 * 14 * 5824.4 * 192

Op,,, = 0.5917{

5.6[(14% — 5.62) + (14 — 5.6)(28 — 5.6)]
6 * 14 x 5824.4 x 192

} = 0.00299

180



Agor = 6 * Z = 0.00299 * 7 in = 0.0209 in

n L
N .
Dpyir = 2 % Zl F(i) * m = 0.001618 in
i=

7. Using Equation (6-11) and (6-12), calculate the slip at the end connector and compare to assumed
value.
Smax = Drot — Aaxiar = 0.0209 in — 0.001618 in = 0.01928 in
Omax = Assumed 60 -~ OK
8. Calculate the cracking moment using Equation (6-14).
Mer = M,

y2*2+Fsum*Z

=2x497 kip * ft + 10040 [b * 7 in = 15.797 kip * ft

kip 4 in\?
A _S*Wwez*Span4_5*0'203F*(14ft) *(121‘7) 0157
Wwez = 384 % E, % Iyey | 384 % 58244 ksi * 192 in* T

Puyez
Bpyer = (245“”7,1%2) {tpy * (3 Span® — 4+ x},) + xpz * (3 + Span’ — 4« x3,)}

. =( 0.559 ){28*(3*142_4*282)+56*(3*142_4*562)}*123
Pwez ~ \24 « 5824.4 « 192/ ' . |

= 0.158in
Table A-5 Total Load, Equivalent Load Deflection, and Slip
Deflection from
. Equivalent Slip
Load Distribution Total Load, protar Load, Ae
(in) (in)
Uniform Distributed Load Mapptiea 8 _158+8 _ 1, o5 0.1570 0.01929
Span? xb ~ 142x3 "7 psf ' '
Four-Point Loads M appiea _ _4x158 179.1 0.1581 0.01929
(Xpy + Xpp)b * Span ~ 8.4 %3 x14 Apsf ' '

The actual load on the sandwich wall panel included the four-point applied load as well as self-weight.
Dseir = 150 pcf * (8in) =100 psf

Wseif = Dself * b =100 psf = 3 ft = 300 plf

Weorr * Span? 300 plf * (14ft)?
Mself=( Selfsp ) _ pfs( I 535 kip « ft
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Mpourpe = Mo — Mgop = 15.797 kip = ft — 7.35 kip  ft = 8.447 kip * ft
8.447 kip * ft
33.6in+67.2in

_ 4020 lbs
Prourpt = m

Proyrpe = 4 * ( ) = 4.02 kip

= 95.77 psf

Protalapplied = Pself + PFourPt = 100 psf + 95.77 psf = 195.77 psf

Similar effects can be calculated for deflection also, as well as slip. Since self-weight is a distributed load,

the uniform distributed load values will be used from Table A-5.

100 ps
Agerp = Poetr * A, = —pf x0.157 in = 0.0730 in

Protal ¢ 214.95 pSf

Prourpt A = 95.77 pSf

A = = 0.158 in = 0.0845 i
FourPt S et ¢ 17913 psf n n

Arorar = 0.0730 in + 0.0845 in = 0.1575 in

_ pself _ 100p5f

*

1) = — =———%0.01929 in = 0.00897 i
U rocar T 21495 psf n n

_ PFourpt _ 95.77 pSf

=— =———%0.01929in = 0.0103 {
6FourPt Protal * Omax 17913 psf*OO mn 0.0103 in

87otal = Oset + Opourpe = 0.00897 in + 0.0103 in = 0.01928 in
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D Panel (HK Composite connectors) Panel Analysis Example (Mild Reinforcement)

Panel Properties

L=16ft Span = 14 ft
tWyl =4in tWyZ =4in
tin5=3in b=3ft
£l =9.23 ksi

[16

[32]
x; = |48|in N=3

64

80

TS/5= 2.8 ﬂTSB: 2.8 ftTS/:S: 28 ﬂj
Pwel Pue l Pwe l Pve l

14.0 ft. T

4000

3500

3000

2500

Force (Ib)
N
o
o
o

1500

1000

16.0 ft

F;=38812* & + 1093

F;=94872* 6

500
0
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Slip (in)

Figure A-6 Load vs slip of HK connector

Solution

1.

Calculate the material and section properties of a non-composite sandwich panel. The modulus of

rupture of the concrete (f;) was measured in this case, so the actual value is included here.
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Span

xP]_: =2.8ft XPZZZ*XP1=5.6ft

E, = 5824.4 ksi

f. = 0.691 ksi

3 ft * 12ft

Inci = 12 (twyl) = * (4’ in)3 =192 in*

3ft*12f

Incz = 12 (twyz) = * (4’ in)3 =192 in*

twy, T twy, 4in+4in

Zzwylz + tinguy = ————+3in=7in

Assume an end slip, which is the slip at the end connector line (see Figure 6-2). Calculate the slip
in the other connectors using similar triangles or Eq. (6-5).

Assuming dmax = 0.01763 in

. [0.01763
o (7_ xi) _|oo1410(
6() = Oppax * Y A 0.01058 |in
=X 0.00705
0.00353

Calculate the shear forces in each connector using Figure A-6.

(16731
|1338|

1004 |1b
669
335

Fyum = 3 Y F; = 15053 Ib

4. Calculate the cracking moment:

5.

fT' F:cum
b t2

wy2

My, =2 % Iycy * <t

concy

0.691 ksi 15.053 kip
4in 36in* (4in)?

= 384 in* * < ) = 4.692 kip * ft

Calculate the equivalent load that wythe 2 can carry using equation (6-9).

8xM 8 * 4,692 ki t ki
Wiyep =~ = PrIt_ 01917%P
Span2 (14 ft)? ft
M, 4.692 kip * ft
Pyey = ——2— = PrIt _ o559 kip

(xp1 +xp2)  (28ft+56f1)
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6.

Using the equivalent load from the previous step, calculate axial and rotational displacement at the
end connector using Eq. (6-10) and (6-11).

kip 3
Ve « Span® 01915?"‘ (14 ft)3 * 144  oo0zes
Wwe2 " 24 % F % Iye, 24 %5824.4 ksi 192 in*

P _ xp1[(Span® — x3,) + (Span — xp,)(2Span — xp)]
Pwez ™ Twe2 6 * Span * E, * Iyc,

n xpz2[(Span® — x3,) + (Span — xp,) (2Span — xp,)]
6 x Span * E. * Iy

2.8[(142 — 2.8%) + (14 — 2.8)(28 — 2.8)]
6 * 14 x 5824.4 * 192

Op,oy = 0.559{

5.6[(142 — 5.6%) + (14 — 5.6)(28 — 5.6)]
— 0.00282
+ 6+ 14 % 5824.4 x 192 0.0028
Aor = 6 % Z = 0.00282 * 7 in = 0.01974 in
n L
Ajpia = Z*ZF(i)* _27% ) 0002106in
Axial £ b " EC " twyl .

Using Equation (6-11) and (6-12), calculate the slip at the end connector and compare to assumed
value.
Smax = Drot — Maxiar = 0.01974 in — 0.00211 in = 0.01763 in
Omax = Assumed 6, ~ OK
Calculate the cracking moment using Equation (6-14).
Mer = M,

y2*2+Fsum*Z

= 2% 4.692 kip * ft + 15053 Ib * 7 in = 18.165 kip * ft

kip 4 in\?
5w Span 5+ 0.1917 2 » (14 f1)* » (12f—t) e
Wwez = 384 % % Iyey | 384 % 58244 ksi « 192 in* o

PWeZ

Ap,., = (m) {xpy * (3 x Span?® — 4 = x&,) + xp, * (3 x Span? — 4 * x£,)}

. =( 0.559 ){28*(3*142_4*282)+56*(3*142_4*562)}*123
Pwez = \24 x 5824.4 + 192/ ' - |

= 0.1493 in
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Table A-6 Total Load, Equivalent Load Deflection, and Slip

Deflection from
Load Distribution Total Load, protai EE::(;?IET Slip
(in) (in)
Uniform Distributed Load Iz;pc’l’;lijd**bg - 1?4126**38 = 247.1 psf 0.1480 0.01763
Four-Point Loads M appiea _ 41816 o595 psf 0.1492 0.01763
(xpy + xpy)b *Span 8.4 3 x 14

The actual load on the sandwich wall panel included the four-point applied load as well as self-weight.
Dseir = 150 pcf * (8 in) = 100 psf

Wself = Dself * b =100 psf * 3 ft = 300 plf

(Wself xSpan?) 300 plf = (14ft)?
Mself = 3 = g

Mpourpt = Mer — Mgy = 18.165 kip * ft — 7.35 kip * ft = 10.815 kip * ft

= 7.35 kip * ft

10.815 kip * ft
33.6in + 67.2 in

_ 5150 lbs
Prourpt = m

Prourpe =4 * ( ) = 5.15kip

= 122.62 psf

pTotalApplied = pself + PFourpt = 100 psf +122.62 psf = 222.62 pSf

Similar effects can be calculated for deflection also, as well as slip. Since self-weight is a distributed load,

the uniform distributed load values will be used from Table A-6.

pself A = 100 pSf
Protal ¢ 247.13 pSf

PFrourpt 122.62 pSf
Apourpr = ¥ Qe =
Protal 205.95 pSf

Agerf = *0.148 in = 0.06 in

* 0.1492 in = 0.0888 in

Arorar = 0.06 in + 0.0888 in = 0.1488 in

pself 100 pSf . .
Ogerf =———* 8 =———+——x0.01763 in = 0.00713
self Protal ¥ Omax 247.13 pSf ’ m m
_ DProurpt _ 122.62 psf

1) =— =——%0.01763in = 0.0105¢
FourPt Drotal * Bmax 205.95 psf * in in

8rotal = Oset + Opourpe = 0.00713 in + 0.0105 in = 0.01763 in
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APPENDIX B. Elastic Hand Method Design Examples
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This appendix serves to clarify the Beam-Spring and Elastic Hand Method prediction methodology
described in Chapter 6. The example included herein illustrates the design method to predict the deflection and

cracking of a given panel. Note that the Elastic Hand Procedure is iterative.

Panel Properties

L=37ft Span = 35 ft

twyr = 3in twyz = 3in

tins = 3in b=8ft

f! = 6.0 ksi fy = 60 ksi

Wind Load = W, = 30 psf Insulation Type: XPS

K = 94.8 kips/in

4000

3500 F;=38812* 6 + 1093

3000

2500

Force (Ib)
N
o
o
o

1500
1000
F,=94872* &
500
0
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Slip (in)

Figure B-1 Load vs slip of HK connector
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8.0'

CORAREEY 37.0

Figure B-2 Design example sandwich panel dimensions

Elastic Hand Method

Solution

1. Calculate the material and section properties of a non-composite sandwich panel.
E. = 4696 ksi

f, =75%\/f'c=75%v6000 = 0.581 ksi

b 8x12
INC2=E*(tV3Vy2)= P * (3%) = 216 in*

tW)’1 + tWJ/Z
2

Z = +tipsw =3in+3in=6In
W, = L * Span® 30 psf * 8 ft = (35 ft)?
* =

Mgervice = 1.0 3 8

= 36.75 kip. ft

2. Assume four connectors in a row (N = 4) with 24 in. longitudinal spacing. This spacing means

there will be 9 connector rows in half of the span (n =9).

Now assume the slip at the end connector line and then calculate the shear forces in the
connectors. A good initial assumption is to assume the ultimate elastic slip of the connectors.

Assume 8,4 = 0.02 in
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F12 ] - 0.02 1
36 0.0177
60 0.0154
84 (3-x) [00131
x;=108[in & (1) = Seng * T -—4 ={0.0109 |in
132 5—%) |0.0086
156 0.0063
180 0.0040
[204] 0.0017

Calculate the forces in each connector and connector line using Equations (6-6) and (6-7) or use

Figure 6-2 and Figure B-1 to find the forces that correspond to connector slip

- 0.02 75847
0.0177 6717
0.0154 5851
0.0131 kips |4984

F, = 8()N; * Kz =|0.0109|in * 4  94.8—— = |4117]|1b
0.0086 13250
0.0063 2384
0.0040 1517
100017 L 650

Foym = YF; = 37,053.3 lb

Calculate the cracking moment for a mild reinforced non-composite wythe using Equation (6-8).

. . . 1ft
Mo . —F. %7 36.75klp*ft—37.05k1p*6m*12. )
My, = = = > = 9.112 kip * ft

Calculate the equivalent load using Equations (6-9).

8% My,, 8x%9.112kip=*ft kip
Wiez = Span? (35 fo)? = 0.0595 Fr

Using the equivalent load, calculate the axial and rotational displacement assuming the equivalent
load distribution by using Equations (6-10) through (6-12).

ki
Waep * Span® 00595 "7 * (35 f1)°

= = = 0.0151
24« E *Iyc, 24 %4696 ksi * 216 in?

Agor = 6 % Z = 0.0151 % 6 in = 0.0905in

n L
Basa = 2 Y PO+ | 2
Axial = & ¥ O\ o
e b *E *t,,,

190



n

_ 2 i L
_—b*E*twyZ * L, (l)*<§_Xi>
i=
175847 r 12 1
6717 36
5851 60
2 i i??;} | XA 18048 ' |
= - — % * — in
8 ft x 4696 ksi * 3 in 3550 2 132 |
2384 156 |
1517 180 /
L 650 1204
= 0.00809 in

Calculate a new deng Using equation (6-13).
Send = Arot — Daxiar = 0.0906 in — 0.00809 in = 0.0825 in
Check to see if §.pg < Of

Song = 0.0825 in > §; = 0.02 in

This violates the linear elastic assumption, therefore more connectors are required. Repeat steps 2

through 6 and iterate until this limit is satisfied.

This time assume six connectors in a row (N = 6) with 16 in. longitudinal spacing. This spacing

means there will result in 13 connector rows in half of the span (n = 13).

Again assume a slip at the end connector line and then calculate the shear forces in the connectors.

Assume 6,,,4 = 0.01568 in

(16 ] [0.01571
32 0.0145
48 0.0132
64 0.012
80 0.0108
96 L_x) |0.009
xp=|112[in & 6(0) = Sena * T o— =0.0084|in
128 5—x) 00072
144 0.0059
160 0.0047
176 0.0035
192 0.0023
208! 10,0011

191



Calculate the forces in each connector and connector line using Equations (6-6) and (6-7) or use

Figure 6-2 and Figure B-1 to find the forces that correspond to connector slip

[0.0157 189221
0.0145 8229
0.0132 7536
0.012 6843
0.0108 6150
0.0096 5457

F, = ()N; * Kz = |0.0084|in * 6 * 94.8 kips /in = |4764|1b

0.0072 4071
0.0059 3378
0.0047 2685
0.0035 1992
0.0023 1299

10.0011- L 606 -

Foum = YF; = 61,932 1b

Calculate the cracking moment for a mild reinforced non-composite wythe using Equation (6-8).

1ft
M. . . _F Z 36.75 kip. ft — 61.932 kip * 6 in * 75—
wyy = > sum * p-f . P 12in _ 5892 kip « ft

Calculate the equivalent load using Equations (6-9).

8% M,  8=*2.892kip*ft kip
= = = 0.01889 —
Wwez Span? (35 ft)? ft

Using the equivalent load, calculate axial and rotational displacement assuming equivalent load
distribution using equations by using Equations (6-10) through (6-12).

ki
Wyey * Span® _ 0-01889 ff % (35 ft)?

0 = =
24 E * Iyc, 24 % 4696 ksi * 216 in?

= 0.00479

Apot =0 *Z = 0.00479 * 6 in = 0.02874 in
n L
. 7%
Bpxiat = 2 % zF(l) *
i=1

b+ E x ty,,

Zp(l) <——x>

i=1

b*E*t

wy2
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1892217 [ 16 7
8229 32
7536 48
6843 64
6150 80
2 ii igzz b adin ;ﬁz [
— - — % * - in

8 ft 4696 ksi x 3 in i 4071 2 128
3378 144
2685 160
1992 176
1299 192
- 606 1208

= 0.0130in

6. Calculate a new deng USing equation (6-13).
Sond = Drot — Aagiar = 0.0287 — 0.013 = 0.0157 in
Sena = 0.01568 = Assumed 8,pq
Check to see if 8,4 < O
8ong = 0.0157 in < 8z = 0.02in -~ OK
7. Check tension stress to verify it is less than modulus of rupture of the concrete with Equation
(6-19).

f= M,,y, * tyy, Foum 2892 kip * ft +3in  61.932 kip

= 0.456 ksi
2% Inc; b t,,, 2% 216 in* 8ft 3 in st

f<fr « OK
Therefore, use six connectors per row with 16 in. longitudinal spacing.

8. Calculate deflection at midspan using Equation (6-15) for a uniform distributed load.

5 ew,  Spant 5 0.01889’%’* (35F6)* * (12 in/ft)?

- = 0.628
384 + E, * Iy 384 * 4696 ksi * 216 in* 0.628 in
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Beam-Spring Model

Creating the Beam-Spring model requires a two-dimensional finite element software and only requires
assignment of gross individual wythe properties and connector shear stiffness. Assuming the connector spacing is
equal to 16 inches in both directions, each spring will have a shear stiffness of N * Ke. Figure B-3 shows the Beam-

Spring model for this example.

/,—?.n pst

Beam Element

/ Link Element

- S S
]| ‘

-,‘u"‘
ail
e
Sl

| 35 A
f 37

Figure B-3 Beam-Spring Model of design example

Table B-1 shows the results from the Beam-Spring Model.

Table B-1 Results from the Beam-Spring Model for wythe 2

Moment (kip-ft) 2.72 Kip-ft
Tension force (kip) 61.7 Kips
Slip (in) 0.014in

Deflection at mid span (in) | 0.58 in

_ P M=xc
f A i
12 in
; 2.67 kip * ft * x1.5in
_ 617 kip N p*f ft — 44lpsi <f 0K
288 in? 216 T
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APPENDIX C. Partially-Composite Strength Prediction Method Analysis Examples
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This appendix presents the analysis for predicting the ultimate moment using the partially composite

moment prediction method presented above for the HK, Nu-Tie, and Thermomass panels tested in this report.

A-2 Panel Analysis Example (Nu-Tie connectors, Prestressed Reinforcement)
Strain Compatibility

Section and Material Properties

fos = 270 ksi Aps = 0.255 in?
f! =10.43 ksi b=48in
tWyI = 3 lTl tWyZ = 3 ln
tins = 4in L=192in
247 .
Xconx = [72] in N=2

All Rebar is #3 GR0 60 ¥ Prestressed Strand (0.75fpu)
16}

- #3 bars N
Shear Connector Provided By ASLAN-FRP (Nu-Tie)

Solution

1. Find the forces in each connector using the load-slip relation. Using an influence line, the ultimate slip

(dun) that occurs at the maximum force is determined to be 0.267 in.
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Load per Connector, F; (kip)

2.

3.

2 M
192 24
~_ 0267in 2 Y. 10.2677.
8D = 197 —"l192 = 0_089] m
Tm—24m 72
2
Find F; at each connector by using Figure C-1.
N _ [11.251,.
F(i) = [9.26]k1ps

The full load-slip diagram for the connector is used to obtain the most accurate prediction

14000

12000 F;=9081.16+8773.5

10000

8000
F;=118750 6

6000
4000
2000
0
0 0.05 0.1 0.15 0.2 0.25
Slip, & (in)

Figure C-1 Load-slip curve for Nu-Tie Panels

Find the total sum of the connector forces using Equation (7-12):

Foum = N * ZFi = 41.0 kips
Foum < Aps * fp, = 0.255 in? * 270 ksi = 68.9 kips
Find Cy and T; for the first wythe

a.  Assume ¢ = 0.003.

197

F;=-11682 6 + 14172

0.3

0K

0.35



b. Assume a value of c;. We will assume ¢; = 0.287 in
c. Calculate curvature using Equation (7-13):

_0.003

d. Calculate the compressive force in the top wythe using Equation (7-15). This will incorporate

Hognestad’s Equation (7-14).

@ *cf < €01*Cl>
(1 —

Ci=bx*f
! “fex & RN

C, =48in x 10.43 ksi *

0.01045 * 0.287? ( 0.01045 * 0.287

= 107.83 ki
0.002 0.006 ) s

e. Calculate the strain and stress in the steel using Equations (7-17) and (7-19).

foe 170
& E,. 28500 0.00596 & =0
0.003 1.5 - 0287 +0.00596 + 0 = 0.01864
€ps 0.287
27600 ,
fos = €ps #4887 + —3e-T( = 261.98 ksi

[1+ (11245 £,5)"]
f.  Calculate the tension force in wythe 1 with Equation (7-20)
T, = 261.98 ksi * 0.255 in? = 66.8 kips
g. Enforce force equilibrium for wythe 1 with Equation (7-21):
C, — T, = 107.83 kips — 66.8 kips = 41.0 kips = Fp, -~ OK
4. Find C; and T, for the second wythe
a. Assume both wythes will deflect equally, therefore assume ¢, = ¢, = 0.01045
b. Assume a value of c2. We will assume ¢; = 0.11154 in (neutral axis in the bottom wythe)
c. Calculate the compressive force in the bottom wythe, C,, using Equation (7-22). The compressive
force in the concrete will again utilize Hognestad’s equation to estimate the concrete compressive
strength, but it is critical here because Whitney’s stress block is only valid when the top fiber is at

0.003 strain and in the case of partial composite action, this will not be true.

2

P2 *C; P2 * Cy
Co=bxf (1-22)
2 * fi * o * 3e
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C, =48in * 10.43 ksi *

0.01045 * 0.111542 ( 0.01045 0.11154) = 26.2 ki
0.002 0.006 - oL Kaps

d. Calculate the strain and stress in the steel.

gps = (d =) * @y + &

gys = (1.5 — (0.11154))  0.01045 + 0.00596 = 0.02052

27600
fps = gps * 4887 + = 263.68 ksi

-1
[1 + (112.4 * Sps)7-36]7.36

e. Calculate the tension force in wythe 2 using Equation (7-24):
T, = 263.68 ksi * 0.255 in? = 67.2 kips
f.  Enforce force equilibrium for wythe 2 with Equation (7-25):

T, — C, = 67.2 kips — 26.2 kips = 41.0 kips = Fyy =~ OK

€c¢1-0.003
—_F T C1=107.83 kips
[0 5]
= Eosi +—= T1=66.8 Kkips
— iy Aﬁps
v 3
o |
~ ©
v h
F—r+—C2=26.2 kips
P — Eps1 (PZ _ _ i
At = T2=67.24 kips

Figure C-2 Nu-Tie 343-2 Panel Design Example

5. Calculate the ultimate moment of the concrete sandwich wall panel using Equation (7-26). In addition,

Using Equation (7-16) to calculate the centroid of C; and Co.

_ L *x(Bxe, —3x@*cy) 0.287 0.287 = (8 x0.002 — 3 x 0.01045 x 0.287) 012 i
Xl s T T e A re, 12%0.002 —4+001045 0287~ -"

M, =C, * (dy — X,;) = 107.83 » (1.5 — 0.12) = 148.8 kip. in
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B Co* (Bxey —3*@yxcy) 01115 0.1115 = (8% 0.002 — 3 0.01045 % 0.1115) 0.0348 i
X2 s 2 T T e —dx gy, 12+0002 — 4% 01115 001045 oot

M, = C, * (dy — x.3) = 26.2 % (1.5 — 0.0348) = 38.4 kip. in

twyl + twyz

M=M1+M2+Fsum*< 2

+ tins)

3+3
= 148.8 + 38.4 + 41 * < + 4-) =474.2 kip * in

=39.5 kip * ft
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A-4 Panel Analysis Example (Nu-Tie connectors, Prestressed Reinforcement)
Strain Compatibility

Section and Material Properties

fos = 270 ksi Ay = 0.255 in?
! = 10.43 ksi b =48in
twyl = 3 in twyZ = 3 in
tons = 4 in L=192in
24 _
X = [72 in N=4

All Rebar is #3 GR0 60 2" Prestressed Strand (0.75fpu)

y
fe

’ mvfg%

N
L
L
4
L

-

oot

\— #3 bars N
Shear Connector Provided By ASLAN-FRP (Nu-Tie)

Solution

1. Find the forces in each connector using the load-slip relation. Using an influence line, the ultimate slip
(dun) that occurs at the maximum force is 0.267 in., but because of the limit Fg,,,, < A, * f,y, the ultimate

slip will actually occur at a force of Fsum, which is dui = 0.187 in. Calculate slip using Equation (7-11):

8 L
8() = -2 s (5 - x)
275
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o 24 [0.187 Jin
192 . , 192 0.0623
——in— 24 in - - 72

Find F; at each connector by using Figure C-3.

F(i) = [9'79_38] kips

The full load-slip curve for the connector is used to obtain the most accurate prediction. In a design, the

bilinear curve recommended above should be used.

14000

12000

F;=9081.16 +8773.5 F;=-11682 6 + 14172

o
o
o
o

8000

D
o
o
o

4000

Load per Connector, F,(kip)

2000

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Slip, 6 (in)

Figure C-3 Load-slip curve for Nu-Tie Panels

2. Find the total sum of the connector forces using Equation (7-12):

Fop = N * Z F, = 68.9 kips
Fum < Aps * fpy = 0.255 in? x 270 ksi = 68.9 kips - OK
3. Find C; and T; for the first wythe
a. Assume g = 0.003.
b.  Assume a value of ¢1. We will assume c; = 0.359 in.

c. Calculate curvature using Equation (7-13):
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_ 0008 0.00835
$=0359

d. Calculate the compressive force in the top wythe using Equation (7-15). This will incorporate
Hognestad’s Equation (7-14).

2

*C
Clzb*fc'*(pl 1*(1_
€o

@1 * C1>
3¢,

0.00835 * 0.3592 < 0.00835 * 0.359

C, = 48 in  10.43 ksi
1 m stx 0.002 0.006

) = 134.9 kips

e. Calculate the strain and stress in the steel using Equations (7-17) and (7-19).

fre 170
=P — = 0.00596 ~ 0
T E,, 28500 £2
0.003 150359 + 0.00596 + 0 = 0.01554
=0. e . =0.
Eps 0.359

27600

(14 (11245 ,)")

fos = &ps * (887 + 258.8 ksi

7.36‘1) =

f.  Calculate the tension force in wythe 1 with Equation (7-20)
T, = 258.8 ksi * 0.255 in? = 66.0 kips
g. Enforce force equilibrium for wythe 1 with Equation (7-21):
C, — Ty = 134.9 kips — 66.0 kips = 68.9 kips = Fy;y =~ OK
4. Find C; and T, for the second wythe
a. Assume both wythes will deflect equally, therefore assume ¢, = ¢, = 0.00835
b. Assume a value of c,. We will assume ¢, =-1.11 in (neutral axis in the foam)
c. Calculate the compressive force in the bottom wythe, C,, using Equation (7-22). The compressive
force in the concrete will again utilize Hognestad’s equation to estimate the concrete compressive
strength, but it is critical here because Whitney’s stress block is only valid when the top fiber is at

0.003 strain and in the case of partial composite action, this will not be true.

2

* C
szb*fc'*(pz 2*<1_
€o

@y * Cz)
REN

C, = 0 kips
d. Calculate the strain and stress in the steel.

gps=(d_C2)*(p2+£1
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gps = (1.5 — (—1.112)) = 0.00835 + 0.00596 = 0.02783

27600
=¢e,.* (887 + —) = 270 ksi
ps DS 7.3671

(1+ (1124 % ,)")

e. Calculate the tension force in wythe 2 using Equation (7-24):
T, = 270 ksi * 0.255 in? = 68.9 kips
f.  Enforce force equilibrium for wythe 2 with Equation (7-25):

T, — C, = 68.9 kips — 0 kips = 68.9 kips = Fg,,, ~ OK

£c1-0.003
Z T T—— C1=134.9 kips
= coni /lﬁ +—= T1=66.0 kips
] e ﬂEps
)
v o
e
N - ®
— Epst Aeps
< z o > T2=68.9 kips

Figure C-4 Nu-Tie 343-2 Panel Design Example

5. Calculate the ultimate moment of the concrete sandwich wall panel using Equation (7-26). In addition,
Using Equation (7-16) to calculate the centroid of C; and Co.

cr*(8Bxg, —3x@y*cy) 359 _ 0.359 * (8% 0.002 — 3 *0.00835 * 0.359)

. =0.15i
2%, —4+@,*c 12 % 0.002 — 4 = 0.00835 * 0.359 i

Xe1 = €1 —

M, =C, * (dy — xzy) = 134.9 % (1.5 — 0.15) = 182.1 kip * in

M, =C;x(d; —x2) =0

t +t
y1 Y2
M:M1+M2+Fsum*<u ins)

2

3+3
= 1821+ 0+ 68.9 * ( + 4) = 664.4 kip * in

= 55.4 kip * ft
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B Panel Analysis Example (Thermomass CC connectors only, Mild Reinforcement)

Section and Material Properties

f! =9.23 ksi A, = 0.44 in?
b=36in twyr = 4 in
twyz =4 in tins =3 in
L=192in

O]m N=3

re“jl» 12.” ﬂ» 12" «r 125' ﬁiwz” ﬂ» 12" ﬁ» 12"j% 12" # 12 ﬁ».m" ﬁ‘# 1.2" ﬂ» 12" ﬁ‘L 12.” ﬂ» 12° ﬁ‘g 1.2" f; 1,2" —1 GT—

._k

16.0°

\ 30" 7

Solution

1. Find the forces in each connector using the load-slip relationship. Using an influence line, the ultimate slip
(dun) that occurs at the maximum force is determined to be 0.18 in. In addition, the sum of the forces

should be less than or equal to As * fs in the bottom wythe. Calculate slip using Equation (7-11):

2™
192 30
5 = 0.833 in . - 0.833
192 30 in 192 0.17671"
5—in T_
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Find F; at each connector by using Figure C-5.

F(i) = [‘2‘:22] kips

Note that the full connector load-slip diagram is used to obtain the most accurate answer.

6000

F;=-3245 6 + 7693
5000

F,=51156 +730
4000

F;=1767 6 + 2203

3000

2000

Load per Connector, F; (kips)

1000 F;=17500 6

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
Slip, & (in)

Figure C-5 Load-slip curve for Thermomass B

2. Find the total sum of the connector forces using Equation (7-12):
Foum = N * z F; = 22.65 kips

Foum < Ag * f, = 0.44 in? 110 ksi = 48.4 kips - OK
3. Find C; and T; for the first wythe
a. Assume g = 0.003.
b.  Assume a value of c¢;. We will assume c¢; = 0.242 in

c. Calculate curvature using Equation (7-13):

_ 0003 _ 0.01238
$=0242= "

d. Calculate the compressive force in the top wythe using Equation (7-15). This will incorporate

Hognestad’s Equation (7-14).

206



C]_:b*f;:,*

@y * ¢} < P * C1>
(1 —
& RN

0.01238 * 0.2422 ( 0.01238 = 0.242
x(1—

C, = 36 in * 9.23 ksi
1 m Stx 0.002 0.006

) = 60.38 kips

e. Calculate the strain and stress in the steel using Equations (7-17) and the experimental stress-strain

curve for the actual steel in the panel (see Chapter 5).

0.003 + 20— 0242 _ 12176
= 0. * —— = ().
& 0.242

£, = 85.75 ksi

f.  Calculate the tension force in wythe 1 with Equation (7-20)
T, = 85.75 ksi * 0.44 in? = 37.73 kips
g. Enforce force equilibrium for wythe 1 with Equation (7-21):
C, — T, = 60.38 kips — 37.73 kips = 22.65 kips = Fyy;y =~ OK
4. Find C; and T, for the second wythe
a. Assume both wythes will deflect equally, therefore assume ¢, = ¢, = 0.01238
b. Assume a value of c,. We will assume ¢z = 0.0982 in (neutral axis in the bottom wythe)
c. Calculate the compressive force in the bottom wythe, C,, using Equation (7-22). The compressive
force in the concrete will again utilize Hognestad’s equation to estimate the concrete compressive
strength, but it is critical here because Whitney’s stress block is only valid when the top fiber is at

0.003 strain and in the case of partial composite action, this will not be true.

*C2 * C.
Cz=b*fc'*(p2€ 2*<1_§02 2)
0

REN

0.01238 * 0.09822 ( 0.01238 * 0.0982
«[(1—

C, = 36 in * 9.23 ksi
2 e stx 0.002 0.006

) = 15.8 kips
d. Calculate the strain and stress in the steel using experimental curve (Chapter 5).
&= (d =) * ¢y
& = (2.0 — 0.0982) = 0.01238 = 0.02358
f. = 87.42 ksi
e. Calculate the tension force in wythe 2 using Equation (7-24):

T, = 87.42 ksi * 0.44 in? = 38.46 kips
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f.  Enforce force equilibrium for wythe 2 with Equation (7-25):

T, — C, = 38.46 kips — 15.8 kips = 22.66 kips = Fy, - OK

=" C1=60.35 kips

+— T1=37.73 kips

7
1.985

T C2=158 kips
B /e
= T2=38.46 kips
/ Fra

Figure C-6 Thermomass B Panel Design Example

5. Calculate the ultimate moment of the concrete sandwich wall panel using Equation (7-26). In addition,

Using Equation (7-16) to calculate the centroid of C; and Co.

0.242 * (8% 0.002 — 3 % 0.01238 * 0.242)

C1*(Breg, —3%@yxcy)

=c, - 242 =0.10
S I 12 % 0.002 — 4 # 0.01238 * 0.242 m
M, = C; *x (d; — x.1) = 60.38 kips * (2.0 in — 0.1 in) = 114.7 kip * in
c, *(8Bxg, —3 * * C 0.0982 = (8 %« 0.002 — 3 %0.01238 * 0.0982
Xep = €y — — Rl 02*) _ 0.0982 in — ( ) _ 0.0348 in

12 g, —4 %@, * Cy 12 % 0.002 — 4 % 0.0982 * 0.01238

M, = C, * (d, — x.,) = 15.8 kips = (2.0 in — 0.0348 in) = 31.05 kip * in

twyl + twyz
T + tins

+ 3) = 304.4 kip x in

M=M1+M2+Fsum*<

4+4
= 114.7 + 31.05 + 22.66 * (

= 25.36 kip * ft
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BC Panel Analysis Example (both Thermomass CC and X connectors, Mild Reinforcement)

Section and Material Properties

f! =9.23 ksi A; = 0.44 in?
b=36in twyr =4in
twyz =4 in tins =3 in
L=192in

[16]

[32]
Xcci = 48lin Ncec =3

64

80
Xy = [24]in Nx =2

5 ks“#12“ﬁ‘;1z"ﬂmz“ﬁ‘;12" ——12"#» 12”«?»12“«?'»12"#12"ﬁf12"#»12“#12“«1;12’#12%‘;12'% 6 |-
w% e B i
*
16.0
‘./.';2..
W
8 - - - - - - - - - - -
2 | 72" 72 b2
: ROV OV W AP KPR
g — 16" —— 16" —— 16" —f— 16" —F— 16" ——16" 16" —F— 16" —¢—16" 16" —f— 16" —— 16" —
@

Solution

1. Find the forces in each connector using the load-slip relationship. Using an influence line, the ultimate slip

(dun) that occurs at the maximum force is determined to be 0.18 in. Calculate slip using Equation (7-11):
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192
2
192
—— 24
2 [0.18
018 i 12 .1 |o1e2|
5@ = Adem 12 in = I0.144|l.n
192, 16 |192 0.108
2 ——48 | |
2 10072
192 0.036
— — 64
2
192 o
L 2 i

Find F; at each connector by using Figure C-7. The entire curve is used to obtain the most accurate
prediction. Because there are different N values for each connector (Ncc = 3 and Nx = 2), we incorporate

that into this step.

[3 * 2.567]
[2%12.17]

F(i) = ‘ 3% 2.5 Nyips

3%1.93
l 3%1.28
3% 0.643

12000

F;=29651 6 + 7367 F;=-50000 6 + 20350

10000
F,= 85525 & + 3061
8000

6000

4000

Load per connector, F; (kips)

2000 F _ 3150406

0 0.05 0.1 0.15 0.2 0.25
Slip, 6 (in)

Figure C-7 Load-slip curve for Thermomass A

2. Find the total sum of the connector forces using Equation (7-12). Note that we already accounted for N

values in the previous step in this example only because there were two different values for Ncc and Nx.
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Foum = Z F; = 51.13 kips
Foym = As = f,, = 044 in? x 110 ksi = 48.4 kips - Use Fy,,, = 48.4 kips
Ultimate Slip corresponding to F;,,, = 48.4 kips is 6y;; = 0.162 in
3. Find C; and T; for the first wythe
a. Assume g = 0.003.
b. Assume a value of c,. We will assume c; = 0.33307 in.

c. Calculate curvature using Equation (7-13):

e, 0.003

<= =0.009007
¢ 033307

(p:

d. Calculate the compressive force in the top wythe using Equation (7-15). This will incorporate

Hognestad’s Equation (7-14).

2
, P1*cC P *C
CL=bxfe+ 501*(1_ geo )

C; =36in*9.23 ksi

0.009007 * 0.333072 < 0.009007 = 0.33307
«[(1—

0.002 0.006 ) = 83 kips

e. Calculate the strain and stress in the steel using Equations (7-17). The stress will come from a

stress-strain curve for the actual steel in this panel as shown in Figure 7-9.

0003, 20033307
= 0. ¥ ————— = U.
& 0.33307

fs = 78.65 ksi

f.  Calculate the tension force in wythe 1 with Equation (7-20)
T, = 78.65 ksi = 0.44 in? = 34.6 kips
g. Enforce force equilibrium for wythe 1 with Equation (7-21):
C, — T, = 83 kips — 34.6 kips = 48.4 kips = Fyym =~ OK
4. Find C; and T, for the second wythe
a. Assume both wythes will deflect equally, therefore assume ¢, = ¢, = 0.009007
b. Assume a value of c2. Assume ¢, =-6.5 (the neutral axis is not in the bottom wythe; no

compression force)
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c. Calculate the compressive force in the bottom wythe, C,, using Equation (7-22). The compressive
force in the concrete will again utilize Hognestad’s equation to estimate the concrete compressive
strength, but it is critical here because Whitney’s stress block is only valid when the top fiber is at

0.003 strain and in the case of partial composite action, this will not be true.

2

*C
C2=b*fc'*(p2 2*<1_
o

Py * Cz)
3¢,

C, = Okips
d. Calculate the strain and stress in the steel. This step is only necessary to calculate the tension force
in wythe 2, and since we discovered in step 2 that the steel yields, this step is unnecessary and we
move to step 4e.
e. Calculate the tension force in wythe 2. Because the Steel has yielded:
T, = 48.4 kips
f.  Enforce force equilibrium for Wythe 2 with Equation (7-25):

T, — C, = 48.4 kips — 0 kips = 48.4 kips = Fy, -~ OK

£¢1-0.003
- —C— C1=83.0 kips
e — T1=34.6 kips
] Eps1
= £
w
¢- ~
AU
— Eps2

Fsum=48.6 kips

Figure C-8 Thermomass A Panel Design Example

5. Calculate the ultimate moment of the concrete sandwich wall panel using Equation (7-26). In addition,

Using Equation (7-16) to calculate the centroid of C,
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cL*(Bxeg, —3%@q *cq) 0.333 = (8 *0.002 — 3 % 0.009 * 0.333)
Xp =€ —— 0 L -0333-— =0.139 in
c 12 %6, — 4% @y %y 12 % 0.002 — 4 * 0.009 * 0.333

M; = C; *(d; —x.,1) =83 %(2.0—0.139) = 154.5 kip * in

M, = Cy*(dy —x) =0

twyl + twyZ
M=M1+M2+Fsum*<— ins)

2

4+4
= 1545+ 0+ 484 *( + 3) = 493.3 kip * in

= 41.1 kip * ft
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D Panel Analysis Example (HK Composite connectors, Mild Reinforcement)

Section and Material Properties

f! =9.23 ksi A, = 0.44 in?
b=36in twyr = 4in
twyz =4 in tins =3 in
L=192in
[16]
[32]
x; =148|in N=3
64
80
S 6" f—12" ——12" 12" —— 12" —— 12" —— 12" —— 12" —— 12" —— 12" 12" —— 12" 12" —— 12" —— 12" —— 12" 6" |~
— — — — :
w% e R ; ey * S - MR R - MR M - R
-
| 16' |
7%“»1,5" |
& 8 — — — — - — — - — —
Y
* —16 ! 16" ! 16 16" ! 16" ! 16" ! 16" ! 16" ! 16" ! 16" ! 16" ! 16" —
g
@

Solution

1. Find the forces in each connector using the load-slip relationship. Using an influence line, the ultimate slip
(oun) that occurs at the maximum force is determined to be 0.12 in. In addition, the sum of the forces

should be less than or equal to As * fs in the bottom wythe. Calculate slip using Equation (7-11):
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——16

—-32 0.12

012 in 192 [0-0968]

6() =qg7 ——* —— 48 in =10.0726lin
Tlin—16in 0.0484]

192 1 Loo2az

——80

Find F;i at each connector by using Figure C-9.

3.13
[3.52]
F(i) =13.91]kips
l2.97I
2.03

4000

3500

F. = 38812 & + 1093 F;=-16022 6 + 5073

w
o
o
o

2500

2000

1500

Load per connector, F; (Ib)

=
o
o
o

F,=94872 5

500
0
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Slip, & (in)

Figure C-9 Load-slip curve for HK
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120000 -

—
100000 /
80000 - I
E
~ 60000 -
(2]
g em— Bar 1
? 40000 - Bar 2
Bar 3
20000 -
0 T T T 1
0 0.05 0.1 0.15 0.2

Strain (in/in)

Figure C-10 Actual stress vs strain of HK and Thermomass panel

2. Find the total sum of the connector forces using Equation (7-12):
Foum = N Z F, = 46.7 kips
Foum < As * f, = 0.44 in? 110 ksi = 48 kip - OK
3. Find C; and T; for the first wythe
a. Assume g = 0.003.

b. Assume a value of c;. We will assume c; = 0.327 in.

c. Calculate curvature using Equation (7-13):

g, 0.003
== =0.00917

$1= T o327

d. Calculate the compressive force in the top wythe using Equation (7-15). This will incorporate

Hognestad’s Equation (7-14).

_$ *C1>

2
, L P1*a <
Ci=b 1
1 * fo * o * 32,

C, =36in*9.23 ksi *

0.00917 % 0.3272 < 0.00917 * 0.327
«(1—

0.002 0.006 ) = 815 kips

e. Calculate the strain and stress in the steel using Equations (7-17) and (7-18). The stress will come

from a stress-strain curve for the actual steel used in the panel as shown in Figure 7-9.
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0,003+ 2070327 _ ) 01535
= . * — = .
& 0.327

f. = 79.0 ksi
f.  Calculate the tension force in wythe 1 with Equation (7-20)
T, = 79.0 ksi * 0.44 in? = 34.8 kips
g. Enforce force equilibrium for wythe 1 with Equation (7-21):
C, — T, = 81.5 kips — 34.8 kips = 46.7 kips = F.y,, - OK
4. Find C; and T, for the second wythe
a. Assume both wythes will deflect equally, therefore assume ¢, = ¢; = 0.00917.
b. Assume a value of c,. Assume ¢, = -4.7 (neutral axis in the foam, no compression force)
c. Calculate the compressive force in the bottom wythe, C,, using Equation (7-22). The compressive
force in the concrete will again utilize Hognestad’s equation to estimate the concrete compressive
strength, but it is critical here because Whitney’s stress block is only valid when the top fiber is at

0.003 strain and in the case of partial composite action, this will not be true.

2

* C
szb*fc'*(pz 2*<1
€o

P2 Cz)
3&

C, = Okips
d. Calculate the strain and stress in the steel using the actual stress strain relationship for the steel in
the panel as shown in Figure 7-9.
g5 = ¢y (dy — ¢) = 0.00917 * (2 — (—4.7)) = 0.0614
f. = 106.1 ksi
e. Calculate the tension force in wythe 2 using Equation (7-24):
T, = f, ¥ A, = 106.1 ksi * 0.44 in® = 46.7 kips
f.  Enforce force equilibrium for wythe 2 with Equation (7-25):

T, — C, = 46.7 kips — 0 kips = 46.7 kips = Fg,,, ~ OK
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q T+ C1=815 kips
w (=]
<z a— T1=34 B kips
— -
—_— o
0
P: &
VA—
a— E)
= Fsum=46.7 kips

Figure C-11 HK Panel Design Example

5. Calculate the ultimate moment of the concrete sandwich wall panel using Equation (7-26). In addition,

Using Equation (7-16) to calculate the centroid of C,

c1*(Bxe, —3*@q xcy) ] 0.327 in * (8 * 0.002 — 3 * 0.00917 = 0.327) )
Xpp =€ — =0.327 in — = 0.1362 in
12 % e, —4*@q *Cq 12 % 0.002 — 4 x 0.00917 % 0.327

M, = Cy * (dy — x¢) = 81.5 kips * (2.0 — 0.1362) = 151.9 kip * in

M, =Cyx(dy; —x2) =0

t +t
y1 Y2
M:M1+M2+Fsum*<u ins)

2

. . 4in+4in
= 1519 kip * ft + 0 + 46.7 kips * (7

+3 in) = 4788 kip * in

=39.9 kip * ft
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APPENDIX D. Partially-Composite Strength Prediction Method Design Example
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As with many design problems, an example may clarify the ultimate moment method described in Chapter
7. This example only takes into account a single load case, but illustrates the design method to achieve full-
composite action at failure. There are two major stages to consider in this design of concrete sandwich panel walls.
The first stage is to find the required area of steel, and the second stage is to determine the number and spacing of
connectors needed. Figure D-1 depicts the sandwich panel used in this example.

Panel Properties

L=37ft Span = 35 ft

twyr =3in twyz =3 in

tins =31In b=8ft

f! = 6.0 ksi fy = 60 ksi

Wind Load = W, = 30 psf Insulation Type: XPS

* - 3'| o

Figure D-1 Design example sandwich panel dimensions
Solution

a. First, assume the panel acts with full-composite action and find the required area of steel.

¢ =09 d, =15in d, =15in
Nominal moment may be calculated using Equation (7-5) as

a

2) + Asz * fsz * (dz + twyl + tins — E)

M.
Mn=?u=Asl*fsl*(d1
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Ultimate factored moment is calculated as

y _L6xW xbxL? 1.6x30psf * (8 ft) * (35 ft)?

=58.8k.ft
u 3 g f
Assume As; = As, = 1.514 in? and (f; & f,) are yield
As; + As,) * 1.514 + 1.514)in? * 60 kis
_Us: 2 fy _( ) =0.371in

085 f/ b 0.85*6k$i*8ft*1/2:;n

Using strain compatibility, the stress in the steel is calculated as

(4-7)
fs = Eg* gc*Tl Sfy

By
Where
B1 = 0.85 —0.05 * (f, — 4 ksi) = 0.85 — 0.05 * (6 ksi — 4ksi) = 0.75

Stress is then calculated as

(15-%75)

0.317
0.75

fs1 = 29000 = 0.003 * =222ksi> f, ~ fo =60

(75 -%575)

0.317
0.75

fs2 = 29000 [ 0.003 = = 1457 ksi > f,, = fs; = 60

Substituting, we can solve for As:

58.8 k. ft

oo = As * 60 ksi » (15 in—§)+As + 60 kesi + (7.5 in—%)

Ag = 1.52 in? = Assumed A, - OK

Therefore, use eight #4 bars in each wythe.
Assume the shear force provided by the connectors at midspan is equal to the area of steel times
the steel yield stress.

Faum = Ag * f, = (8 ¥ 0.2:in®) x 60 ksi = 96 kips.
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b.

Find the ultimate moment of the panel:

Find Cy and T for wythe 1

a. Assume ¢; = 0.523 in

b. Calculate curvature as

£ _ 0003 0.005736
e 05230

¢. Using Whitney Stress block, we calculate compressive force of
C,=085%f *bx*f *c
C;, =085%6ksi*96in *0.75 * 0.523 in = 192 kips
d. Strain and stress of steel are calculated as

d— ¢ 1.5 — 0.523
& = SCC— = 0.003 * W = 0.056
1 .

fi = &5 * E; = 0.056 * 29000 ksi = 1624 ksi > 60ksi = f; = f, = 60 ksi
e. Tension force in the wythe is calculated by
T, = f; * Ag = 60 ksi * (8 x 0.20 in?) = 96 kips
f. Check for C1 — T1 = Faum

C, — Ty =192 kips — 96 kips = 96 kips = Fy, ~ OK

Find C, and T, for wythe 2

a. Assume ¢, = ¢, = 0.005736
b.Guess c, = 0 (neutral axis at top fiber of wythe 2)
c. It is recommended to facilitate design that there is zero compressive force in
wythe 2, therefore

C, =0 kips

d. We also assume the steel has yielded, therefore
fo = f, = 60 ksi
e. Tensile force in the bottom wythe will be calculated as
T, = f, * Ay = 60 ksi = (8 * 0.20 in?) = 96 kips

f. Check for C; — T2 = Faum

C, — T, =96 kips — 0 kips = 96 kips = Fg, -~ OK
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Force (kip)

iii. The moment is determined to be

75
. ) — 250.3 kip * in

a .
My = €+ (dy =) = 192 kips » (1.5 —0.523
_ az\ L
M, = Cz*(dz—T)—Oklp*m
_ twy1ttwy2 _ . . . .
My = My + My + Fy + (25222 4 4, ) = 250.3 kip * in + 96 kips * 6 in =
826.3 k-in = 68.8 k-ft
M, = 588 kip. ft < (¢M,, = 0.9 = 68.8 = 61.92 kip. ft) -+ OK

c. Find the number of connectors and the spacing that provide the required shear force.

Assume 4 HK Composite connectors at 24 spacing. First calculate the slip using Equation (7-11).

L
8() = ——*>—x;
2
2 %

F222 — 24 1 r0.07267

222 — 48 0.0638

_ 222 — 72 0.055

5() = 0.0726 in J222-96 | _loo462]

222in—24in 1222 —120 0.0374

222 — 144 0.0286

222 — 168 0.0198

1222 — 1921 L 0.011 -
4 Fu=3.91 kip —_—

Fe=1.88 kip

3
— |«
Y AP K,=38.78
2
1
0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Slip, & (in)

Figure D-2 Load-slip curve for D connector

223



Using Table 4-12, a design curve may be created for the recommended design. The force at each
connector location can then be determined using the load-slip curve for the HK connector (see
Figure D-2). Alternatively, the following equations may be used to calculate the force at each
value of slip.

F(.)_{ Ky * 8(0) if 8§ < 68g
YEUE - Kip * 85) + Kip * Slip if 8 > 6

F(.)_{ 94.8 % § if 5 <5
Y7111+ 38786 if 6> 6

r3.91 1
3.57
3.23
2.89
2.55
2.21
1.861

L 1.0 -

F(i) = kip

These values can then be used with Equation (7-12) to calculate Fsyn:

Foym = 42126 kip =85 kip <Agxf, ~ NotOK
Therefore, Assume 4 HK Composite connectors at 20 spacing.

Again, calculate the slip using Equation (7-11) as

5(0) = L6ult . (5 _ xi)

2 m

1222207 [0.0726

222 — 40 0.0654

222 - 60 0.0582

222 - 80 0.051

5y = 20726 1222 -100f, _10.0438|

222in—20in |222 - 120 0.0366
222 — 140 0.0295

222 — 160 0.0223

222 - 180 0.0151
222 —2001  lo0.008-
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The force at each connector location can then be determined using the load-slip curve for the HK

connector (see Figure D-2).

F(i) =

r3.917
3.63
3.35
3.07
2.79
2.51
2.24
1.96
1.43

L0.75-

kip

These values can then be used with Equation (7-12) to calculate Fsym:

Fyum =4 * 25.65 kip = 102.6 kip > A * f,, = OK

Therefore, using 4 HK Composite connectors at 20 in. center-to-center spacing.

as shown in Figure D-3 is acceptable.

F24'y

8.0'

37.00

Figure D-3 Sandwich panel detail for Design Example
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