
Supported by: 

IIIIII1 Ulnllllllllllllllil 
PES3 -::1454= 

U.S . .JAPAN COORDINATED PROGRAM 

FOR 

MASONRY BUILDING RESEARCH 

Report No. 3.1(c)-1 

IN-PLANE SEISMIC RESISTANCE 

OF 1W()'STORY CONCRETE MASONRY 

COUPLED SHEAR WALLS 

by 

National Science Foundation 
Grant No. ECE-86l1860 

PHIL M. FERGUSON STRUcruRAL ENGINEERING LABORAlURY 
Department of Civil Engineering I Bureau of Engineering Research 

The University of Texas at Austin 

PMFSEL Repon No. 89-3 
May 1990 

il(I" ..... ·nlt"l 
1' .. " .. ,.lnl" .. ' ... I .... ~".,.'" .... ,,10.1' 

f'~ I..-,_h,.-.' .,,< .. " .... H~ 
~~,,~ ... ~I.\,. ~~I ... I 



IIIIIIIIIIIII 
PB93-214542 

IN·PLANE SEISMIC RESISTANCE OF 1WO·STORY 
CONCRETE MASONRY COUPLED SHEAR WALLS 

by 

Kenneth Mark Merryman 
Gilberto Leiva 

Nicholas Antrobus 
and 

Richard E. KJingner 

Repon on a Resc:arcb Project 
Sponsored by 

National Science Foundation 
Grant No. ECE-8611860 

Phil M. Ferguson Structural Engineering Laboratory 

Department of Civil Engineering 
BUREAU OF ENGINEERING RESEARCH 
THE UNIVERSITY OF TEXAS AT AUSTIN 

May 1990 



This report presents the results of • research project which was part of the u.s. CoordiDated Program for 
Muoury Building Research. The program coastitUtC5 the Uaited Stales put of the U.s. CoordUwe Program 
for Muoury Building Research, coaducted under thc auspices of the Poel 011 WmcI aDd Seismic Effects of the 
U.S.-Japlll Natural Resources ~lopmeat PrOjp'aDI (UlNR). This Dlllterial ia bued OD work SIlpportcd by 
the Natioaai Science FOUDdaaiOD UDder the directioa of Program Director Dr. A. J. EgeDberaer. Any opinions. 
fiDdings, aod coacllllioaa or recommelldalioa$ expressed ill this pubIicaboIl are thole of the .~Itbon aod do not 
DCcessarily reflect the views of the Natioaa1 Scieace Foundatioa aod/or the Uaited Stales Goo.-cnunCDI. 

u 



ACKNOWLEDGEMENTS 

The research de!.Cribed here is pan of the ll.S. Coordinated Program for Masonry Building Research 
(TCCMAR). and il. supported by the National Science foundation (Grant No. ECE·86I1860). The work was 
carried out at the Phil M. ferguson Structural Engineering Laboratory, Balcones Research Center, The 
University of Texas at Austin under the direction of Dr. Richard E. Klingner. 

The authors thank the past and prescnt undergraduates who worked on tbis project: Alex Gonzales. 
David franzen. Mohamed Alyusuf. Tom Estrel. and David DOfT, without whose hard work the completion of 
tbis research could not have been possible. 

The authors thank all the ferguson Lab staff members for their assistance on tbis project. Special 
thanks to Blake, Dick, Wayne L., Pat Wayne f., and Alec for their help on the floor. and to Irene, Laurie. 
Sharon, Maxine, Jean and Jennifer for help in answering numerous questions. 

ill 



TABLE OF CONTENTS 

Page 

1. INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1 
1.1 General ............................................................... 1 
1.2 Scope and Objecti\les ..................................................... 1 

2. BACKGROUND. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5 
2.1 General ............................................................... 5 
2.2 Coupled Walls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5 

2.2.1 General. ....................................................... 5 
2.2.2 Coupled WaD Behavior. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5 

2.3 Typic:aI Masonry Materials ................................................. 6 
23.1 Typical Masonry Mortar. ........................................... 6 
23.2 Typical Concrete Masonry Units. ..................................... 7 
233 Typical Coarse Masonry Grout. ...................................... 7 
2.3.4 Typical Masonry A.\semblages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 7 
23.5 Typical Reinforcement. ............................................ 8 

3. SPECIMEN DESCRIPTION AND DESIGN ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9 
3.1 Description of Type 2 Specimens. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9 

3.1.1 General. ....................................................... 9 
3.1.2 Description of Type 2 Specimens Tested for This Study. ................... 9 

3.2 Specimen Dcaign and Details .............................................. 10 
3.2.1 General. ...................................................... 10 
3.2.2 Strudural Desip and Details of Walls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 10 
3.23 Structural Details of Floors. ........ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 12 

33 Material Tests ......................................................... 14 
33.1 General. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14 
33.2 Concrete Masonry Unit Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14 
333 Mortar Tests. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16 
33.4 Grout Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 17 
3.3.5 Prism Tests. ................................................... 18 
33.6 Coaa-ete Tests. ................................................. 19 
3.3.7 Reinforcement Tests. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 19 

4. CONSTRUCTION OF SPECIMENS ............................................. 23 
4.1 Geaeral ........••......................•............................. 23 
4.2 COIIItnIdioa Sequcna: ................................................... 23 
43 COIIItnIdioa of Coacrete B.ae Beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 24 
4.4 COIIItnIdioa of Masonry Walls .. . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 24 
4.5 Coastruc:tioa of SiabI .................................................... 26 

4.S.1 Formwork for Slabs. ............................................. 26 
4.5.2 Reinforcement for Slabs. .......................................... 26 
4.5.3 Conaete Placement for Slabs. ...................................... 26 
4.5.4 Re-shores for Slabs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 26 

iv 



5. TEST SETUP, INSTRUMENTATION AND TESTING PROCEDURE .................... 33 
5.1 Test Setup ............................................................ 33 

5.1.1 General. ...................................................... 33 
5.1.2 Reaction Syr.tem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 35 
5.1.3 CODcrCtC Base Beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 35 
5.1.4 Vcrtical LoadiDg Frame. .......................................... 35 
5.15 Lateral Loading Frame. ...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 36 
5.1.6 Sway Bracing. .................................................. 36 

5.2 Instrumentation ....... ................................................ 36 
5.2.1 Gelleral. ...................................................... 36 
5.2.2 Measuremcnt of Applied Loads. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 36 
5.2.3 Mf'.asurement o( Overall Lateral Displacemcnts. .. . . . . . . . . . . . . . . . . . . . . . .. 36 
5.2.4 Measuremcnt of F1elQUai Oc(ormatioas ill Walls. ........................ 36 
5.2.5 Measuremcnt of Shearing Deformaboas in Walls. . . . . . . . . . . . . . . . . . . . . . . .. 37 
5.2.6 Measurement of Slip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 37 
5.2.7 Measurement of End RotatiollS of Coupling Beams. .. . . . . . . . . . . . . . . . . . . .. 38 
5.2.8 Measuremcnt of Strains in Rcinforcemcnt and Concrcte. .................. 38 

5.3 Tcsting Procedure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 39 
5.3.1 Gcncral. ...................................................... 39 
S.3.2 Loadiag Sequence. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 39 
5.3.3 Tasks CODducted at Each Load Point. ................................ 40 

6. PREDICTION OF WALL BER'VIOR ....... .................................... 47 
6.1 General .............................................................. 47 
6.2 Matcrial Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 47 

6.2.1 Properties of Reinforciug Steel. ..................................... 47 
6.2.2 Properties of Prestressing Steel. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 47 
6.2.3 Properties of Masonry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 47 
6.2.4 Properties of Coaaete. ........................................... 47 

6.3 Simple Plastic AIIaIysis ................. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 47 
6.3.1 CoIlapIC Mceh'ni!S!!!. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 47 
6.3.2 Elemelll F1emral Capacities. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 49 
6.3.3 Lateral Load Capacity. ....................... . . . . . . . . . . . . . . . . . . .. 50 

6.4 NonliDear Step-by-Step AIlaIysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 51 
6.4.1 Geometric: ModelliDg. . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 51 
6.4.2 Element Properties. ............................................. 51 
6.4.3 l>eacriplioa of NoaIiDcar Analysis. .................................. 52 

7. EXPERIMENTAL RESULTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 57 
7.1 General .•............•................................... . . . . . . . . . . .. 57 
7.2 E.IperiaIeDtaI Results (or Specimcn 2a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 57 

7.2.1 Teal SUIIlIIlary, Specimen la. ....................................... 57 
7.2.2 Lateral DiaplacemCilI of the Wall, Specimell la. ......................... 57 
7.2.3 Load-Top Diaplaccmcilt History, SpecimCil 2a. ........ . . . . . . . . . . . . . . . . .. 57 
7.2.4 Slip bctweea Wall aDd Base, Specimell 2a. ............................. 57 
7.2.5 Strain in LoagitudiDal Reinforcement at Wall BI5C5, Specimen la. ........... 58 
7.2.7 Strain iD Slab I..oapudiaaI ReiDforcement, SpecimCII la. .................. 58 
7.2.8 Detailed Test Descriptioa, Specimen 2a. . . . . . . . . . . . . . . . . . . • . . . . . . . . . . .. 58 

7.3 Experimental Reaulb for Specimen 2b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 73 
7.3.1 Teal Summary, Specimell 2b. ....................................... 73 
7.3.2 Lateral Displaccmcat of the Wall, Specimen 2b. ..........•.•... . . . . . . . .. 75 

y 



7.3.3 Load-Top Displacement History, Specimen 2b. . . . . . . . . . . . . . . . . . . . . . . . . .. 75 
7.3.4 Slip between WaD aDd Base, Specimen 2b. ....... . . . . . . . . . . . . . . . . . . . . .. 75 
7.3..5 Strain in LoJl8itudinal Reinforcement, Specimen 2b. ...................... 75 
7.3.6 Strain in Transverse Reinforcement, Specimen 2b. ......... ............. 75 
7.3.7 Strain in LoJl8itudinal Beam Rcinforcemcnt, Specimen 2b. ................. 75 
7.3.8 Detailed Test Description, Specimen 2b. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 76 

8. DISCUSSION OF TEST RESULTS .............................................. 105 
8.1 Genc;;ral ...........•................................................. 105 
8.2 Discussion of Load-Displacement History ............................. , . . . . .. 105 
8.2.1 General. ........................................................... 105 
8.22 Discussion of Hysteresis Loops. .......................................... 105 

8.2.3 Discussioa of Load-Displac;;ement EDvelope$. .......................... 112 
8.2.4 Comparison of Load-Displacement Envelopes with Predicted Envelopes. .. . . .. 112 
8.2..5 ComparisoD of Maximum Lateral Load Capacity of Coupled WaDs with 

Uncoupled Wa.Il5 ..................... , ................ ,...... 112 
8.3 Discussion of Specimen Stiffness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 117 
8.4 Discussion of Wall Behavior ...... ,....................................... 117 

8.4.1 General. ..................................................... 117 
8.4.2 Discussion of Wall DeformatioDS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 117 
8.4.3 Discussioa of Behavior of Wall LoagitudiDal Reinforcement Strain. . . . . . . . . .. 122 
8.4.4 Discussioa of Behavior of Wall Transverse Reinforcement Strain. . ... ,...... 122 
8.4..5 Discus&ioa of Behavior of Wall Construction Details. .................... 123 

8.6 Discussion of Slab Behavior .............................................. 132 
8.6.1 Discussioa of Slab Coupling Behavior. ............................... 132 
8.6.2 Discus&ioa of Behavior of Slab Construction Details. . . . . . . . . . . . . . . . . . . . .. 134 

8.7 Discussion of Failure Modes . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 134 

9. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS .......................... 135 
9.1 Summary ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 135 
9.2 Conciuaioas ........... ,.............................................. 135 
9.3 RecommeDdatioas ..................................................... 136 
9.4 Recommendatioaa for Future Research. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 136 



LIST OF FIGURES 

Figure Page 

1.1 Typical Type 1 Specimen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2 
1.2 Type 2 Specimeas ......................................................... 3 
2.1 A Comparison of Flexural Resisting Mechanisms in Structural Walls (3). . . . . . . . . . . . . . . . .. 5 
2.2 Failure Modes in Caatile\'Crs Walls (3). ......................................... 6 
3.1 Prototype buildiDg floor plan. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9 
3.2 Type 2 coupled wall specimeas without lintcls (SpccimCDS 2a and 2b) ................. " 10 
3.3 Coupled wall clemcnt designatioas. ........................................... 10 
3.4 Actual specimen location in prototype buiIdiDg. .................................. 11 
3.5 Cona-ctc masonry units: full and half 1IIIits. ................ . . . . . . . . . . . . . . . . . . .. 11 
3.6 Specimcn 2a block layout. .................................................. 12 
3.7 Specimcn 2b block layout. .................................................. 13 
3.8 SpecimCDS 2a and 2b, wall rcir.'orcemcnt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14 
3.9 Specimen 2a Door slab reinforcemcnt detail. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 15 
3.10 Specimcn 2b floor slab reinforcemcnt detail. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 15 
3.11 Typical stress-strain curle for Specimcns 2a aocI 2b dowel rcinforcement. ............... 20 
3.12 Typical stress-stram curle for Specimcn 2a vertical reinforcement. . . . . . . . . . . . . . . . . . . . .. 21 
3.13 Typical stress-strain curle for Specimcn 2a Ioagitudinal reinforcemcn .................. 22 
3.14 Typical stress-stram curle for Specimcn 2b rcinforcemcnt except star .................. 22 
4.1 Concrete base beams. ..................................................... 25 
4.2 Coastructioa of m.aoary wall. ••.....•....................................... 25 
4.3 Complr..led COIIIlrUdioIl of m.aoary wall. ....................................... 26 
4.4 Placing grout ia m8lOlll')' walls. .............................................. 27 
4.5 Vibratiag grout in mIlOIll)' walls after placement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 28 
4.6 Fonnwork setup for roof slab. ............................................... '}!} 

4.7 Specimen 2a: Slab reinforcemcnt. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 30 
4.8 Specimcn 2b: Slab reinforcement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 30 
4.9 Typical slab castiDg. . . . . . . . • • . . . . . . . . . . . . . . . . . . . . . . . • . . . • . . . . . . . . . . . . . . . . .. 31 
5.1 Vertical loading framc (Specimen 2a oo1y). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 33 
5.2 Latcral loading frame. ..................................................... 34 
53 Sway braciag. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 35 
5.4 Specimcn 2a: Displacement trUllducer. ...................................... 36 
5.5 Specimen 2a: Str .. puges OD vertical reinforcement. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 38 
5.6 Specimcn 2a: Str .. Gaups OD borizoataI reinforcemcnt. .. . . . . . . . . . . . . . . . . . . . . . .. 39 
5.7a SpecimCll 2a: Str .. pups for sec:ODd story slab. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 40 
5.7b Spec:imCll 2a: Str .. puges for roof slab. .................... . . . . . . . . . . . . . . . .. 40 
5.8 Spccimca 2b: Displacemcat transducen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 41 
5.9 Spccimca 2b: StrIia "IIF' OD vertical reinforcemcnt. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 42 
5.10 Specimea 2b: Str .. pups OD borizoata) reinforcemeat. ......................... 43 
5.l18 Specimen 2b: Str .. pups for sec:ODd story slab. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .u 
5.11b Specimcn 2b: Str .. pup for roof slab. ........ . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .u 
5.12 Sequential phased displacement10acl historY'7J. .................................. 45 
6.1 AS5umed coIlapae mechaniun . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 48 
6.2 Geometric: model for DOD1iDear step-by-step analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 51 
6.3 Specimen 2a: Predicted base sbcar ven .. displaceaacat envelopc. ......... . . . . . . . . .. 55 
6.4 Specimea 2b: Predicted hue sbcar venus displacemcat eavelope. ......... . . . . . . . . .. 55 



7.1 Sp. 2a: F'ust story of north wa1I al end of lest. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 58 
7.2 Sp. 2a: rust story of south wa1I at end of test ................................. " 58 
7.3 Sp. 2a: Base or south cad of first story of south wall at end oftest. .................. 60 
7.4 Sp. 2a: Top displacement history. .................................. . . . . . . . .. 61 
7.5 Sp. 2a: Base shear ycnus lop displacemenl history. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 61 
7.6 Sp.2a: Bue shear ycnus lop displacemenl enYelope. ............................ 62 
7.7 Sp. 2a: Slip at bue of first story of north wall. ................................. 62 
7.8 Sp. 2a: Slip at bue of first story of south wall. ................................. 63 
7.9a Sp. 2a: Strain in loapludiDal reinforcemcnt at base of first story north wall- north 

loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 64 
7.9b Sp. 2a: Strain in longitudinal reinforcement at base of first story north wall - south 

loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 64 
7.1Oa Sp. 2a: Strain in longitudinal reinforcemcnt at base of mst story south wall - north 

loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 65 
7.lOb Sp. 2a: Strain in loapludinal reinforcemcnt at base of rarst story south wall - south 

loading ....•.......•.................................................... 65 
7.11a Sp. 2a: Strain in transverse steel for rust story north wall - north loading. ............. 66 
1.Ub Sp. 2a: Strain in transverse stcel for first story north wall - south loading. ............. 66 
1.l2a Sp. 2a: Strain in transverse stcel for second story north wall - north loading. ........... 67 
1.l2b Sp. 2a: Strain in traa.DSYerse steel for second story north wall - north loading. .......... 61 
1.l3a Sp. 2a: Strain in trllDSYerse steel for first story south wall - north loading. ............. 68 
1.l3b Sp. 2a: Strain in transverse steel for first story south wall - south loading. ............. 68 
1.141 Sp. 2a: Strain in transverse steel for second story south wall - north loading. ........... (f} 

1.14b Sp. 2a: Strain in transverse steel for SCCODd story south wall - south loading. ........... 69 
1.1.5 Sp. 2a: Strain in 10DgitudiDaI reinforcement for 5CCODd Ooor slab - north loading. . . . . . . .. 10 
1.16 Sp. 2a: Strain ill 10DgitudiDal reinforcement for roof slab - north loaeting. . . . . . . . . . . . . .. 10 
1.17. Sp. 2a: Progression of wall cracking at Load Point 361. . . . . . . . . . . . . . . . . . . . . . . . . . .. 71 
1.17b Sp.2a: Progrcaaion of wall aacking at end of test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 71 
1.17c Sp. 2a: Progreuion of wall cracking at end of lest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 72 
1.17d Sp. 2a: Progrcaaion of wall aacking at cnd of test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 72 
1.181 Sp.2a: Progrcaaion of cracking of bottom face of second floor slab at Load Point 135. . . .. 73 
7.18b Sp. 2a: Progression 0( cracking of bottom face of second Door slab at Load Point 284. . . .. 73 
7.1Sc Sp.2a: Progression 01. cracking of bottom face of second Door slab at cnd of lest. ....... 73 
7.19a Sp.2a: Progreaaioa of aacking of top face of scc:ood Roor slab at Load Point 135. . . . . . .. 74 
7.19b Sp. 2a: Progression of cracking of top face of second Door slab at Load Point 284. . . . . . .. 74 
7.19c Sp. 2a: Progreaaioa of cracking of top race of sc:cood Door slab at Load Point 261 ....... 74 
7.19d Sp.2a: Progreuion of cracking of top face of second 0001 slab at cnd of leSl. .......... 14 
7.20a Sp.2a: Progression of cracking of bottom face of roof slab at Load Point 135. . . . . . . . . .. 75 
7.lOb Sp. 2a: Progrcaaion of cracking of bottom face of roof slab at Load Point 284. . . . . . . . . .. 75 
7.2Oc Sp.2a: Progrcuioa of cracking of bottom face of roof slab at Load Point 361. . . . . . . . . .. 75 
7.2Od Sp. 2a: PropcuioD of cracking of bottom face of roof slab at cad of test. ............. 75 
7.21a Sp.2a: Prop-euioD of crackiag of top face 01. roof slab al Load Poinl 135. . . . . . . . . . . . .. 76 
7.21b Sp.2a: Progrcuioa of crackiDg of top face of roof slab at Load Point 284. . . . . . . . . . . . .. 76 
7.21e Sp. 2a: PropcuioD of cracking of top face of roof slab at Load Point 361. . . . . . . . . . . . .. 16 
7.lld Sp. 2a: Progrcuioa of crackiDg of top face of roof slab at cad or test. ................ 76 
7.1.2 Sp.2b: Cracking due to pretest loading. .................•.................... 78 
7.23 Sp. 2b: F'ust story 01. north waD at cnd of test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... , 19 
7.24 Sp. 2b: rarst story of south wall at cnd of test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 80 
7.25 Sp. 2b: Base of south cad of first story of south wall at cad of lest. ............ . . . . .. 81 
7.'1iJ Sp.2b: Top displacement history. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 82 
7.7:1 Sp.2b: Base shear YenUitop displacement history. .. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 82 
7.28 Sp.2b: Base shear Yen .. top displacement cnYeIopc. ............................ 83 

viii 



7.29 Sp. 2b: Slip at base of first story of north wall. ................................. 83 
7.30 Sp. 2b: Slip at base of flJ'st story of south wall. ................................. 84 
7.31a Sp. 2b: Strain in loogitudinal reinforcement at base of rust story north wall • north 

loading. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 85 
7.31b Sp. 2b: Strain in loogitudinal reinforcement at base of rust story north wall . soutb 

loading. ... 0 ••••••••••••••••••••••••••• 0 ••••••• 0 •••••• 0 •• • • • • • • • • • • • • • •• 85 
7.32a Sp. 2b: Strain in longitudinal reinforcement at base of rust story south wall . north 

loading .... 0 •••••••••••••••• 0 •••••••••• 0 •• 0 ••• 0 ••••••• 0' •••••••••• 0 0 • 0 • 0 86 
7.32b Sp. 2b: Strain in longitudinal reinforcement at base of rust story south wall . soutb 

loading. .. 0 0 •••••••••••••••• 0 • 0 •••••• 0.0 •••••••• 0 •• 0 •••••••••••••• 0 • • • •• 86 
7.33a Sp. 2b: Strain in longitudinal reinforcement at top of first story north wall • north 

loading. ... 0 ••••••••••••••••••••••••• 0 0 • o. 0 ••••••••••• 0 •••••••••••• 0 • • •• 87 
7.33b Sp. 2b: Strain in longitudinal reinforcement at top of fust story north wall . south 

loading .... 0 ••••••••••••••••• 0 •••••••••••••••••••••••• 0 ••••••••••••• 00.. 87 
7.34a Sp. 2b: Strain in longitudinal reinforcement at top of fust story south wall • north 

loading ... 0 •• 0 •••••••••••••••• 0 •••••• 0 0 0 •• 0 ••••••••••• 0 •••••• 0 ••••• 0 ••• 0 88 
7.34b Sp. 2b: Strain in loogitudinal reinforcement at top of rust story south wall . south 

loading ... 0 ••••••••••••••••••• 0 •••••••• 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 88 
7.35a Sp. 2b: Strain in longitudinal reinforcement at base of second story north wall . north 

loading ... 0 • •• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • •• 89 
7.35b Sp. 2b: Strain in longitudinal reinforcement at base of second story north wall - south 

loading ................................. o. . . . . . . . . . . . . . . .. . . . . . .. ... . . .. 89 
7.36a Sp. 2b: Strain in longitudinal reinforcement at base of second story south wall - north 

loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 90 
7.36b Sp. 2b: Strain in longitudinal reinforcement at base of second story south wall - soutb 

loading. . . . . .. . . . . . . . . . . .. . . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 90 
7.37a Sp. 2b: Strain in longitudinal reinforcement at top of second story nortb wall - north 

loading ........................ 0 ••••••• 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •• 91 
7.37b Sp. 2b: Strain in longiludinal reinforcement al top of second story north wall • south 

loading. ....................... 0 ••••••••••••••••••••• 0 ••••••••••••••• 0 •• 91 
7.38a Sp. 2b: Strain in longitudinal reinforcement at top of second story south wall • north 

loading ....................................... 0 • • • • • • • • •• • • • • • • • • • • • • • •• 92 
7.38b Spo 2b: Strain in longitudinal reinforcement at top of second story south wall - south 

loading .. 0 •••••• 0 •••••••••••••••••••• 0. • •• • • • • • • • • • • • • • •• • • • • • • • • • • • • • •• 92 
7.39a Sp. 2b: Strain in transverse steel for rust story north wall - north loading. ............. 93 
7.39b Sp. 2b: Strain in traosverse steel for rust story north wall • south loading. .. 0 • • • • • • • • •• 93 
7.40a Spo 2b: Strain in transverse steel for second story north wall - north loading. ........... 94 
7.4Ob Sp. 2b: Strain in transverse steel for second story north wall • south loading. ........... 94 
7.41a Spo 2b: Strain in transverse steel for fU'Sl story south wall • north loadiDg. ............. 95 
7.41b Spo 2b: Strain in transw:rse steel for first story south wall • south loading. ............. 95 
1.42a Spo 2b: Strain in trUII\lerse steel for second story south wall • aorth loading. 0.......... 96 
1.42b Sp. 2b: Strain in transverse steel for second story south wall - south loading. ........... 96 
7.43a Sp. 2b: Strain in 10ngitudinal reinforcement for second Ooor sub - north loading. . . . . . . .. 97 
7.43b Sp. 2b: Strain in longitudinal reinforcement for second floor slab - south loading. . . . . . . .. 97 
1.441 Sp. 2b: Strain in longitudinal reinforcement for roof slab· north loading. . . . . . . . . . . . . .. 98 
7.44b Sp. 2b: Strain in loagiludinal renforcement for roof slab . south loading. 0" 0 • • • • • • • • •• 98 
7.45a Sp. 2b: Progression of wall cracking at Load Point 67. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 99 
7.45b Sp.2b: Progression of wall aacking at Load Poinl141. ....... o ......... 0 • • • • • • • •• 99 
1.4Sc Sp. 2a: Progression of wall aacking at Load Point 213. ...... . . . . . . . . . . . . . . . . . . .. 100 
7.45d Sp. 2b: Progression of wall cracking at end of test. ............................. 100 
1.461 Sp.2b: Progression of crackins of bottom face of second floor slab at Load Poinl 67. . . .. 101 
1.46b Sp. 2b: Progression of crackins of bottom face of second floor slab at Load Point 141. 101 

ix 



7.47a Sp. 2b: Prosreuion of aackins of top face of second Door slab at Load Point 67. . . . . . .. 102 
7.47b Sp. 2b: Prosrcsaion of aackins or top face of second Ooor slab at Load Point 141. . . . . .. 102 
7.481 Sp.2b: Prosression of aaeking or bottom face of roof slab at Load Point 177. . . . . . . . .. 102 
7.48b Sp. 2b: Prosreuion of aackiq of bottom face of roof slab at end of test. ............ 102 
7.49a Sp. 2b: Prosression of aaeking of top face of roof slab at Load Point 67. . . . . . . . . . . . .. 103 
7.49b Sp. 2b: Prosreuion of aaeking of top face of roof slab at Load Point 141. . . . . . . . . . . .. 103 
8.1 Definition of cycles on SPD loading diagram ................................... 106 
8.2 Sp. 28: rlfSt peak cycle history of top displacement versus base shear. .. . . . . . . . . . . . .. 107 
8.3 Sp. 2b: f'"Irst peak cycle history of top displacement versus base shear. ...... ........ 108 
8.4 Sp. 2a: Top displacement versus base shear for load series at 800% of first major evenl. . 109 
8.5 Sp. 2b: Top displacement versus base shear for load series at 800% of first major evenl. . 110 
8.6 Sp. 28: rlrSt, last aDd next peak .:nvelopes of base shear versus top disp1acement. ...... 113 
8.7 Sp. 2b: rll'St, last aDd next peak enveloped of base shear versus top displacement. ...... 114 
8.S Sp. 28: Comparison between predicted aDd observed base shear versWi top displacement 

envelopes. ..................................................... 115 
8.9 Sp.2b: Comparison between predicted aDd observed b..se shear versWi top displacement 

envelopes. ................................................. ... 116 
8.10 Sp. 2a: Tangent stifInea& aDd backbone stiffness envelopes. ....................... 11S 
8.11 Sp. 2b: Tangent stiffness aad backbone stiffness cnvelopes. ....................... 119 
8.12 Sp. 28: rlrst, 1ast, aDd next peak envelopes of backbone stiffness versWi top 

displacement. ....... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 120 
8.13 Sp. 2b: rlrst, last aad next pcU envelopes of backbone stiffness versWi top 

displacement ................................................... U1 
8.141 Sp. 2a: Displacement enve10pes al flfSt story north wall - north 1oadiDg. . . . . . . . . . . . . .. 124 
S.l4h Sp. 28: Displacement envelopes at first story north waD - south loading . . . . . . . . . . . . .. 124 
8.15a Sp. 28: Displacement envelopes at second story north waD - north loading .. . . . . . . . . .. 125 
USb Sp. 2a: Displacement CDWlIopes at second story north waD - south 10ading . . . . . . . . . . .. 125 
8.16& Sp. 2a: Displacemcnt envelopes at first story south waD - aorth loading . . • . . . . . . . . . .. 126 
8.16b Sp. 2a: Disp1acement envelopes at first story south waD - south loadiDg . . . . . . . . . . . . .. 126 
8.17a Sp. 2&: Displacement envelopes at second story south waD - north 10ading . . . . . . . . . . .. 127 
8.17b Sp.2a: Displacement envelopes at second story south waD - south 10ading .. . . . . . . . . .. 127 
8.181 Sp.2b: Displacement envelopes at first story north waD - north loadiDg . . . . . . . . . . . . .. 128 
8.1Sb Sp. 2b: Displacement CDWlIopes al first story north wall - south loading . . . . . . . . . . . . .. 128 
8.19a Sp. 2b: Displacement envelopes at second story north waD • north loading .. . . . . . . . . . . 129 
8.19b Sp. 2b: Displacement envelopes at second story north waD - south loading .. . . . . . . . . .. 129 
8.2Ob Sp. 2b: Displacement CDWlIopes at first story south waD - south loadiDg . . • • . . . . . . . . .. 130 
8.2Ob Sp.2b: Displaccmcnt envelopes at flCst story south wall- south loading . . . . . . . . . . . . .. 130 
8.21a Sp. 2b: Displacement ClMlIopes at second story south waD • north loadiDg .• . . . . . . • . .. 131 
8.21b Sp. 2b: Displacement envelopes at second story south waD - south loading .. . . . . . . . . .. 131 

II 



LIST OF TABLES 

TABLE PAGE 

3.1 RESULTS OF CONCRETE BLOCK UNIT WEIGHT MEASUREMENTS . . . . . . . . . .. 16 
3.2 RESULTS OF CONCRETE HUlCK UNIT COMPRESSIVE STRENGTH TESTS ...... 16 
3.3 LABORATORY MORTAR TEST RESULTS .................................. 17 
3.4 flEW MORTAR TEST RESULTS ......................................... 17 
3.5 GROtrf TEST RESULTS ................................................. 18 
3.6 PRISM TEST RESULTS .............................. ................... 19 
3.7 SLAB CONCRETE TEST RESULTS .................. . . . . . . . . . . . . . . . . . . . . . .. 20 
3.8 REINFORCING BAR TEST RESULTS............................ ........... 21 
6.1 NOMINAL FLEXURAL CAPACITIES OF WALLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 50 
6.2 PREDICTED BASE SHEAR·DlSPlACEMENT HISTORY FOR SPECIMEN 2A ....... 53 
6.3 PREDICTED BASE SHEAR· DISPlACEMENT HISTORY FOR SPECIMEN 2b........ 54 
7.1 OBSERVED BEHAVIOR OF SPECIMEN 2A (September 10-14,1988) Northward 

Loading .............•................................................. 59 
7.2 OBSERVED BEHAVIOR OF SPECIMEN 2A (September 10-14, 1988) 

Southward Loading ....................................................... 59 
7.3 OBSERVED BEHAVIOR OF SPECIMEN 2B (March 30 . April 3, 1989) Northward 

Loading ............................................................... 77 
7.4 OBSERVED BEHAVIOR OF SPECIMEN 2B (March 30 - April 3, 1989) Southward 

Loading ............................................................... 77 
8.1 ENERGY DISSIPATION AT lAST COMPLETE LOAD SERIES, SPECIMEN 2A. ..... III 
8.2 ENERGY DISSIPATION AT lAST COMPLETE LOAD SERIES, SPECIMEN 2B. ..... III 
8.3 DEFORMATION CONTRIBUTIONS TO MAXIMUM lATERAL ROOF DISPlACEMENT· 

SPEOMEN 2A ........................................................ 123 
8.4 DEFORMATION CONTRIBUTIONS TO MAXIMUM lATERAL ROOF DISPlACEMENT-

SPEOMEN 2B ................................................... ~'. . .. 123 



1. INTRODUCTION 

1.1 GeDerai 

This research is concerned with the in-plane seismic resistance of two- story concrete masonry coupled walls. 
It is part of the U.S. Coordinated Program for Masonry Building Research directed by the Technical 
Coordinating Committee for Masonry Research (TCCMAR). 

The U.S. Coordinated Program for Masonry Builcling Research, funded by the National Science Foundation, 
consistl> ",r a set of separate but coordinated tasks, intended to address the basic issues of masonry material and 
structural resVlDse to gravity and seismically induced loads. The program is divided into 10 tasks: 1) materials; 
2) mathematical models; 3) walls; 4) intersections; 5) floors; 6) construction; 7) small-~e models; 8) design 
methods; 9) full-scale building; and 10) design recommendations and criteria development (I). 

Task 3 (Walls) is divided into sub-tasks dealing witb in-plane and out- of-plane loading. The in-plane load 
section, Task 3.1, consists of tests 00: a) single-story panels y,;thout floor join~ or openings; b) three-story walls 
without floor joints or openings; and c) two-story walls with openings and floor joiots. This research is part of 
Task 3.1(c). 

Task 3.1(c) of the TCCMAR Program involves 6 full-scale reinforced masonry walls, each two stories high, 
constructed in the laboratory. All specimens are of fully grouted hoUow concrete masonry. Two specimens are 
single walls with door and window openings, and four specimens are pairs of walls, coupled by different floor 
systems, witb and without lintels. 

The single walls witb door and window openings, termed Type 1 specimens are shown in rJgUl'e 1.1. These 
are nol discussed further here. 

The pairs of coupled walls, termed Type 2 specimens, are shown in Figure 1.2. The Type 2 specimens 
represent a pair of coupled shear walls in a two-story building. As sbown in tbat fJgW'e, Specimens 2a and 2b 
bave no lintels; Specimens 'X and 2d have lintels. The research descrbed here concerns the first two or" the 
Type 2 specimens, Specimens 2a and 2b. The two floor systems investigated were Ooors spanning perpendicular 
to the shear walls (cast-in-place slab system) and floors spanning paraDel to the shear walls (precast plank slab 
system). 

1.2 Scope aDd ObjedJftI 

The overall objectives of Task 3.1(c) were to examine how the in-plane seismic resistance of multistory 
concrete masonry walls is affected by floor-",alI joints, wall opcDings. and floor elements. Those objectives 
required completion of the foUowing tasks: 

a) design the two-story cona-ete masonry coupled shear wall specimens; 

b) desip aod coostruct the loading apparatus aDd test setup; and 

c) design the instrumentation of the first specimen. 

Those tasks were largely carried out by Antrobus, aDd are described in Reference 2. So tbat this report 
would be complete. material from that reference has been included in Chapters 2, 4, aDd 5 of this report. The 
additional tasks also reported here are: 

d) verify the behavior of the lateral loading system test setup; 
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e) examine the cyclic shear reustaace of the coupled wall systems; 

I) examine the behavior of the floor-wall joint CODDeCtioa for a cat-in-place slab system and for a 
precast plank slab system; 

g) examine the coupIiDg effectMDeIS (under ~ c:ydic loads) of the floor systems without lintels; 

h) compare aperimeDtal results with predicted behavior of coupled shear walk; and 

i) make the test results available to the other researchen in the TCCMAR program, aDd to the 
eap.eeriDg community at large. 
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2. BACKGROUND 

2.1 Geaeral 

In this chapter, coupled wall behavior is briefly discussed (Section 2.2). The behavior of reinforced concrete 
coupled walls is first reviewed. The behavior of reinforced masonry coupled walls is then discussed. In Section 
2.3, the materials composing the masonry coupled walls are briefly described. 

2.2 Coupled Walls 

2.2.1 General. Structural walls often require openings to accommodate windows and doors. When the 
openings are arranged in a pattern that allows interaction of two or more walls through a coupling slab and/or 
beams, the system is termed a "coupled wall." The performance of coupled walls is governed by the 
characteristics and behavior of the individual, of the coupling system, and of the interaction between them. 

2.2.2 Coupled Wall Behllvior. A single cantilever wall must resist gravity loads and lateral forces. Coupled 
walls must resist gravity loads, lateral forces, and also the additional actions due to the coupling system. Under 
lateral load, the coupling system develops shears and moments. and transmits these to the walls. With reference 
to Figure 2.1, the equilibrium equation of the coupled wall SJSlem is: 

where Me is the total base overturning moment, M, 
and Mz are the moments at the base of each wall 
about the plastic centroids of the walls, L is the 
length between the plastic centroids of the coupled 
walls, and T is the total shear force transferred by the 
coupling system between the walls. 

Figure 2.1 compares the flexural re5lStull 
mechanisms of: (a> a solid cantilever waD; (b) 
coupled walls with strong coupliDg beams; and (c) 
coupled walls with weak coupling beams. The wa1Is 
and the coupliDg system CODtribule some of the total 
overturning moment. At ultimate, the shear 
transferred between the waDs varies with the streasth 
of the coupq system. If the coupling system is ~ 2.1 
weak, the amOUDt of Ihear transfer will be smaD (f"1g. 
2.I(c». The L-T ...... eter is 5IIlall compared to ~ 
and Mz, and the walk behave almost as indcpeadeDt 

A C .. ,....uo. of f1auraI Resisting 
MedauJa .. ia Structural Walls (J I. 

cantilever walls with _ slight iDcremeDl in uiaI load induced by the couplins system. With stroag coupling 
beams, the shear tr....rerred by the coupling system is Iuae in relatioD to M, and ~ (Fig. 2.1(b». The 
contribution of the of the L -T term to the total overturning moment is sipificant, and the coupled walls behave 
more lilte _ WIgle cantilever wall (3). 
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The failure modes of the coupled wall iDdudc: failure of the coupling system; flexural failure of the wa&; 
shear failure of the walls; and sliding shear of the walls. FIgure 2.2 illustrates the failure modes which could 
occur in the individual walls of a coupled wall system. 

The coupling system can fail due to 
flexure or shear in the coupling beam. 
and also by failure of the connection 
between the coupling beam and the waD. 
For a slab coupling system, punchiD& 
shear failure of the slab is another 
possibility. 

Flexural failure of an individual wall 
involves crushing of its compressioD toe 
and/or the yielding or buckling of ita 
venical reinforcement. 

Shear failure of an individual wail 
can involve diagonal tensile cracking aDd 

,., -" ,.",..". Ie) c..,.,... """*'1 1.1 H,,,,, K'_ '-...., .... ,., 
FIpre 1.1 Faillift Modes ill Cutlleven Walb [3]. 

yield of traru;verse reinforcement, shear compreuion failure at tbe wall toe, or shear sliding of tbe wall. Shear 
sliding can occur at the base, or along Ocmral cracks that extend acr06S the wall lengt}!. 

Individual walls should be designed apiMI shear failure. The coupled wall 5yst~· 1 should be designed to 
have a ductile Oexural failure of the walls. DcsigD characteristics for the coupled Wail system should include: 
a ductile coupling system to dissipate energy which would protect the walls from early damage; a stable hysteretic 
response; and plastic hinging of the walls' bases and of the coupling beams (4). 

The flexural behavior of a reinforced masonry wall is similar to that of a reinforced concrete wall. 
Therefore, the theory developed for reinforced concrete members is also used for reinforced masonry walls 
(5,6.7). However, shear behavior of reinforced masonry walls differs from that of reinforced concrete walls. 
Extensive research is addressing the shear resisting mechanisms of reinforced masonry walls [8,91. At present, 
shear strength design equations for reinforced concrete waUs are generally used for shear design of grouted 
reinforced masonry walls (5,6,10]. 

2.3 TypIcal MaHar7 MalB'Wa 

23.1 TypiaII MGSOtIIY Mortilr. The primary purpose of mortar is to boDd units mto an iDtegral assemblage 
[11]. The mortar separates the units and also holds tbem together. Material properties and proportions fur 
mortar are defined m ASTM specification C270-87a (Mortar for Unit Masonry). 

Masonry mortar generally is composed of Portland cement. lime, sand, and water. Portland cement 
contributes to the compressive strength and high early strength of mortar. Lime gives workability and water 
retentivity, and COIItributcs to teDSile bond streugth. The sand acts u an inert filler. The water is used as a 
mixing vehicle, and also creates pIutic workability and initiates cementitious action. Both the plastic and 
hardened properties of the mortar are signifICant. 

The properties of plastic mortar are related primarily to its CODStruction suitability. The most inlportant of 
these are workability ar.d water retentivity. As specified in ASTM C270-87a, workability is meuured using a now 
test, and water retentr.;ty of mortar is expressed u the ratio of Dow after suction to initial Dow. 
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While compressM: strength is not the only important property of hardened mortar, it is the OIJy one 
currently specified in ASTM C270-87a. 

2.12 Typical COIICm~ MasONy Units. Concrete masonry units are typically made with uro-slump Portland 
cement concrete and normal or lightweight aggregate. The concrete is vibrated under pressure in multiple·block 
molds and then steam·cured. 

Concrete masonry units can be produced for load bearing and non·load bearing applications and can be 
made IS solid or hoUow units. Load· bearing concrete masonry units are covered in specification ASTM C90-86 
(HoUow and Solid Load·Bearing Concrete Masonry Units), which prescribes the classification, materials. 
dimensional variations, and sampling and testing of the units. 

A concrete masonry UIlIt's rele .... dDt mechanical prt.perties are its compressive strength, tensile strength. 
absorption, modulus of elasticity, 5hrinkage and coefficient of thermal expansion. Testing for compressive 
strength and absorption is covered in ASTM Cl40-75 (Sampling and Testing Concrete Masonry Units). Testing 
for modulus of elasticity is not covered in ASTM specifications. Testing of the drying 5hrinkage of concrete block 
is explained in ASTM C426-70 (Drying Shrinkage of Concrete Block). 

2.3.3 Typical Ccxme Masonry Grout. Coarse masonry grout is used to fill some or all of the ceUs in hl)lIow· 
core units, and berween the wythes of a multi-wythe wall. As specified in ASTM C476-83 (Grout for MasoniY), 
coarse masonry grout is composed of Portland cement, sand. pelt gravel. and water; it can also contain hyurated 
lime and additives. 

Grout workability is achieved by tbe use of sufficient water to achieve a 10- to 12-incb slump. In spite of 
this high initial water content, subsequent compressive strengtb is satisfadory because the grout loses water to 
the units after placement. The problem of high shrinkage due to this water content can be resolved by 
consolidation after placing using mechanical vibration, and by use of additives containing expan.~ve and water· 
reducing agents. 

The primary specified mechanical property of hardened grout is its compressive strength, tested as defined 
in ASTM CIOI9-84 (Sampling and Testing Grout). 

2.3.4 Typical MasONY Assemblages. Masonry units are bonded together with mortar to form a masonry 
assemblage, which tben can be fdled with grout if desired. The primary properties of tbe assemblage are its 
flexuraltehSile bond strelJllh, co-upressive strength, shear strengtb and durability. 

Before grouting. flexural teasilc bond strength is dependent on the bond berween the mortar and the units. 
It is influenced by the elapsed time betwen spreading the mortar and laying the masomy unit, the suction of 
the unit, tbe water retentivity of the mortar, the pressure applied to the masonry joint during placement, tbe 
tooliDg of the joint, the tCllUre of the masonry units' beddcc! surfaces, and the curing conditions. After grouting, 
tensile bond ~ is also influenced by the tensile strength of grout. Tensile bond strength can be mea.~ured 
using ASTM Cion (Masonry flexural Boad Strengtb), ASTM £518 (flexural Bond Strength of Masonry) or 
ASTM E72 (CoDdaaiag Strength Tests on Panels for Building Construction). 

Compressm strength of a masonry assemblage is usually measured using stack-bonded prisms foUowing 
ASTM E447-SJ (Test Method for Comj)l'cssive Strength of Muonry Prisms). The prisms generally fail due to 
transverse splitting. Mortar, usually more flexible than the units, expands laterally under compression and places 
the units in transverse biaxial tension. 

Diagonal tensile splitting strengtb of a masonry assemblage can be measured following ASTM 819 
(Diagonal TeDSion in Masonry AS6cmblages). The test is coodUded using a 4-foot·square panel. loaded in 
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compression along one of its diagonals. The tesl places the specimen in a slress slate of diagonal compression 
and is intended to simulate shear in a real slructure. 

The durability of masonry is primarily related to the freeze 'lhaw resistance of the units. the efflorescence 
characteristics of the units, the water permeance of the masonry assemblll8e, the corrosion potential of embedded 
sleel elements and the quality of workmanship (12). 

The only durability test in ASTM for concrete masonry units is tbat for water permeance of tbe masonry 
assemblage. Water permeance tesling is an attempt to simulate tbe effects of wind-driven rain. Water 
permeance is measured in terms of tbe amount of water passing through a wall under a slandard pressure 
gradient. and is covered in ASTM E514 (Water Permeance of Masonry). 

2.3.5 Typ;caJ ReinforctMtnt. The masonry described bere was reinforced witb deformed reinforcing bars 
meeting ASTM 615, Grade 60. 
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3. SPECIMEN DESCRIPI'lON AND DESIGN 

3.1 DHc:riptiOil 01 Type 2 SpedlllClll 

1.1. J G~~raJ. As shown in F"lg\Ue 1.2, the Type 2 specimens are coupled walls resting on a reinforced 
concrete base beam. The specimens ha~ one ccntral opening 3.33 ft (1015 IBID) wide aDd 8.0 ft (2440 mm) high 
without a lintel O~I the opening. There are two-story conacte block walls 8.0 ft (2440 mm) high. 6 inches (150 
mm) thick, aDd 16.67 ft (5080 mm) 1ODS. with floors 8 inches (200 mm) thick, and extendiq 3.0 ft (914 mm) 
from the lateral faeca of the wall. 

WAlL 

OPENING 

SPECIMENS' 
LOCATION 

The Type 2 specimens were 
intended to represent a coupled 
shear wall subassemblage 
system in a two-story building 
with a Oat roof. Eacll pair or 
coupled shear walls is 16.67 ft 
(5080 mm) loag, and is 
assumed to be 20 ft (6096 mm) 
apart. A possible location of 
the specimen within a prototype 
building is shown in r.gure 3.1. 
The walls of the prototype 
buildiug are as5lJDlcd to be 
ri&idJy connected to an 
immovable foundation. 

f'Ipre 3.1 ~ ...... ftoor pIaa. 3.1.2 Description of TYJH 2 
Specimens Temd for This 

Study. As noted earlier, this report describes the behavior of Specimens 2a and 2b, coupled walls without lintels. 
Those specimens are shown in more detail in r.g. 3.2. 

The coupled waD element designatioas are shown in FlgUle 3.3. The walls are denoted as first-story and 
second· story walls; aDd with the base of the coupled waD considered the fllst floor, the Roors slabs are designated 
as the second story and the roof. 

The second floor and roof are reprcscnted in the specimens by a floor slab extending 3D ft (914 mm) from 
each facc of the wall. The effective floor width contributing to tbe stiffncss and strcDgth of the wall was assumed 
to lie within this width (4). 

Under gravity loads, the Ooor system can act in either of two different ways: 

1) If the fIoon spall perpendicular to the plane of the coupled walls, the tnbutary floor load is carried by 
the coupled waDs ill the prototype buildiq like that in F"18. 3.1. 

2) If tbe floors span parallel to the plane of the coupled walls, tbe Roor load is not carried by the coupled 
walls in the prototype building. 

In either case, the floor loads on the prototype coupled walls must be accurately represented in the test 
specimens. 
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Sped ... la. The floors were 
assumed to span perpendicular to the 
coupled walls (FI8. 3.4). In such a 
situation. it would be unrealistic in 
practice to construct a floor of 
preca5t planks. as the planks would 
have no bearing surface at the wall 
openings. Therefore. the specir1ens 
were built with cast·in·place 
reinforced concrete. 8 inches (200 
mm) thick. 

Specimen lb. The floors were 
assumed to span parallel to the shear 
walls (Fig. 3.4). As is typical of such 
construction. the Ooors were built of 
precast. prestressed concrete planks, 
6 inches (152 mm) thick, with a 2-
inch (50 mm) thick reinforced topping 
of ca5t-in-place concrete. 
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3.2 Specimea Deslp and Details 

3.2.1 Generul. The coupled wall system 
was considered as part of a representative 
two-story prototype building (Fig. 3.2). The 
elements of the coupled wall system were 
designed using the general provisions of the 
1985l!pifonn BuiJdiU Code (13) for gravity 
and seismic loads. Although the 1988 
Uniform BuiJdiy Code (10) is the most 
current code. the 1985 UBC was used 
because the preliminary design was 
performed in September 1987. The desired 
behavior for the specimens was a ductile 
flexural response. The wall shear 
reinforcement and slab transverse 
reinforcement were designed based on the 
flexural capllCity of the specimens. 

FIpre 3.3 C_pIed wall ete.eat dnlpalloos. 3.22 SII'IICtIITaJ Design and Details of 
WlIILr. Vertical reinforcement was designed 
based on the seismic provisions of the 1985 

Uniform Buildiu Code [13] for Zone 4. The shear reinforcement was designed based on the flexural capacity 
of the specimens. A detailed explanation of the design is given in Appendix A of this report, and is taken from 
Reference 14. 
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Block La,.,.t for ~ Sped .... 

The walls were constructed of 
bollow ligbtwcight units measuring 6 
inches thick by 8 inches high by 16 
inches loog (152 x 203 x 406 mm) for 
full units, and 8 in. long (203 mm) for 
balf units WIS. 3.5). All full units were 
open at one end. All courses with 
borizontal reinforcement were laid IISing 
bond·beam units with one open end. 
U nits were laid in running bond, as 
shown in F'J8Ufes 3.6 and 3.7 for 
Specimen 2a and 2b respectively. 

Wall ReiDfortelDCDt for All SpedlDeDS 

Wall reinforcement was arranged as 
sbown in F'ag. 3.8 for Specimens 2a aDd 
2b. Vertical reinforcement consisIeci of 
5 #4 bars (13 mm) placed at 16 in. 
centers (406 mm) in each wall (Pv -
0.(0248). Vertical rcinforcemcat was 

AcuI ---., WiftI 

1:0-.w~1 
I 

I 

n 
W"ECIU£N 7a: : I 
FIaor SpannIng ~ Wall' 

=:":::10 I \ 

I I 

A 
I SPEC .. EN 211: 

Floor s.-wng 
I ParaU.1II 
I sn-WII'-

I 

"I 
""I""'"--r-

It 
lot 

-~ 

-~ 

b 
lot .\ ~ : I 

~--------~I--------~I--------~_~ 

lap spliced to dowels in the base, using a 40d lap (20 in. or 510 mm). Horizontal reinforcement in the first story 
consisted of #4 bars (13 mm) at ew:ry course (p z 0.00(44). Horimata1 reinforcement in the scwnd story 
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consisted of #4 bars in every other course (p~ - 0.00(22). All horizontal bars were anchored around the end 
verticaJ bars with ISO-degree hooks. Bars were cold·bent in tbe laboratory. Because the units were only 6" 
thick.. the inside bend diameter was only 1·3/4 inches, slightly less than the 2-inch diameter specified by ACI 318· 
83 [15] for #4 bars. 

3.2.3 StTucturG/ Dettlils of Floors. 

Sped .... :. floor Slab 

floors were made of east-in-place concrete, 8 in. (203 mm) thick. 

As shown in rlgUre 3.9, transverse reinforcement in the top of the slab consisted of #5 bars (16 mm) spaced 
at 10 in.(254mm) with a {" = 0.00388, and in the bottom of the slab, of #4 bars (13 mm) spaced at 10 in. (254 
mm) with a p = 0.00250. Transverse reinforcement requirements were governed by the required Oexural 
capacity, in the prototype building, of a continuous slab spanning 20 ft. (6096 mm) between the shear walls (2). 
Longitudinal reinforcement requirements are governed by shrinkage and temperature steel requirements for the 
prototype building. Longitudinal reinforcement consisted of #3 bars (10 mm) spaced at 12 in. (305 mm). As 
shown in Fig. 3.9, additional longitudinal reinforcement, consisting of four #4 bars (13 mm), was placed in the 
slab directly over the shear walls to provide extra Oexural strength in the portion of the slab which was envisioned 
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to act as a coupling beam between the two walls (p = p' = 0.00206). These #4 bars were enclosed by #3 ties 
(10 mm) placed al 3-in. centers (76 mm) between the walls, and at 8-in. centers (203 mm) on the walls. 

Spedmea lb Floor Slab 

As shown in FIgure 3.10, 000. ~ consisted of two precast planks measuring 6 in. thick (152 mm), 16.67 ft. long 
(5080 mm) and 3 ft. wide (914 mm). An 8-in. thiclc beam (200 mm) was cast between the planks, and a 2·in. 
thick topping slab was cast over them. 

Longitudinal reinforcemenl for the precast planks consisted of four GR 270 3/8 in. strands (lOmm) running 
the length of the cadi plank (p. = O.OOlJ2). Longitudinal reinforcement requirements of the precast slab were 
based on the 1985 Uniform Buildjng ~ (13) gravity load requirements 00 the slab in the prototype building. 
As shown in rig. 3.10, additionalloagitudinal reinforcement, consisting of four #4 bars (13 mm), was placed 
between the precast planks directly OYer the shear walls to provide extra Oexural strength and ductility in tbe 
portion of the slab which coupled the two walls. These #4 bars were enclosed by #3 ties (10 mm) placed at 
3-in. centers (76 mm) between the walls, and at 8-in. centers within the walls. Topping reinforcement provided 
for shrinkage and temperature steel requirements for the prototype buildin& consisted of WWF 6 x 6 x 6/6 
(152mm x 152mm x S.2mm/S.2mm), placed approximately at the mid-depth of the 2-in. topping slab. 
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3.1.1 GmmJ!. In this section, results of standard tests conducted on the mateoali Uicd to construct the 
masonry walls ue daaibed. Masonry components. cona-ete, and reinforcement were tested according to 
specifications mentioned in the subsequent sections. In order to obtain representative material properties, most 
tests were performed immediately after completion of the wall tests. 

3.1.1 Coru:~ MQSOfIf}' Unit Tests. To emure basic material uniformity, all concrete units for this and 
other TCCMAR experimental specimens were manufactured by Blocklite (Selma, California). The units were 
specified to be Type I units (moisture-cootroUed), and to conform to the requirements of ASTM C90 (HoUow 
Load-Bearing CoDa-etc Masonry Uails). Specimens 2a and 2b were CODStrUdcd from a siIIP production nan 
of blocks. 
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U nit weight of two full
sized hollow units was 
determined by measuring the 
weight of sand required to flll 
the unit holes. Knowing the 
bulk specific weight of the sand, 
the net volume of the unit was 
calculated as the difference 
between its gross volume and 
the sand volume. The units 
were 15-9/16 in. long, 5-5/8 in. 
wide, and 7-1/2 in. high. Their 
average unit weight was 99.0 
Ib/rr, and their average area 
ratio (net volume/gross 

I-U· 

Flpre 3.9 SpedlDftl 2a ftoor slab reialOI'ftIDeDt detail. 

... I 
I I 
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I 
I I 
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volume) was 0.6. Complete results are givcn in Table 3.1. No saturation or absorption tests were ruo. 
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TABLE 3.1 RESULTS OF CONCRETE BLOCK UNIT WEIGHT MEASUREMENTS 

Unit W~igbt Gross Vol. N~t Vol. Unit W .~ 
(lb.) (peO 

1 22.72 0.380 0.228 99.6 

2 22.64 0.380 0.230 98.3 

Av. 99.09 

To determine compressive strength, 3 units were tested in accordance with ASTM CI40 (Sampling and 
Testing Concrete Masonry Units). Compressive strength was calculated using both the gross and the net area. 
Results are given in Table 3.2. 

TABLE 3.2 RESULTS OF CONCRETE BLOCK UNIT COMPRESSIVE STRENGTH TESTS 

Unit Load ComPftSslv~ Stnngtb 
(kip) (psi) 

Gross Area Net Area 

1 74.25 848 1414 
2 64.58 731 1230 
3 79.88 912 1521 

AVERAGE 830 1390 
COV 11% 11% 

3.3.3 Mortur TeslS. The mortar conformed to the proportion specification for Type S mortar of ASTM 
C270 (Mortar for Unit Masonry). It was proportioned (by volume) to have 1 part of Portland cement, 1/2 part 
hydrated lime, and 4-1/2 parts of masonry sand. 

a) Portland cement conformed to Type I (general purpose) of ASTM C150 (Portland Cement). 

b) Lime conformed to Type S of ASTM C11J1 (Hydrated Lime for Masonry Purposes). 

c) Sand was natural, and was specified to conform to ASTM Cl44 (Aggregate for Masonry Mortar). II w,,~ 
:lot tested for conformance with the gradation requirements of that specification. 

Tests were conducted on the mortar UM:d in the specimen (referred to here as "field" mortar), and on 
separate mortar batches mixed for that purpose (refered to bere as "laboratory" mortar). Before building the 
specimens, now tests were conducted on laboratory mortars, to establish a water content giving a flow of j usl 

over 110. Two-in. mortar cube specimens were taken from this mix and tested to provide a value of rcla\l\c 
mortar strength and quality to enable a comparisoll to be made with similarly tested mortars used by olhn 
researchers. Results are summarized in Table 33. 
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TABLE 3.3 LABORATORY MORTAR TEST RESULTS 

Specimens Age Average Compressive Coeff. of 
Strength Variation 

No. Size (davs) (psi) 

3 2-in. cubes 14 3260 4% 

3 2-in. cubes 31 3380 3% 

During construction of each stor; of the specimens, now tests were conducled on field mortars taken from 
the mason's board. Two-in. (51-mm) cube specimens were taken and tested in accordance with ASTM C780 
(PrecoDStruction and Construction Evaluation of Mortars for Plain and Reinforced Concrete Masonry). In some 
cases, additional 3- x 6-in. (76- x 152-mm) cylinders and 2· x 4-in. (51- x 102 mm) cylinders were taken and 
tested. Results are summarized in Table 3.4. In that table the designation "test" refers to the age ('If the 
specimen at the time of the test. Differences becween compressive strengths of "field" and "Iaborawry" monar 
are due to the fact that the former had a flow of about 135, while the lab mortar bad a flow of 110. 

TABLE 3.4 FIELD MORTAR TEST RESULTS 

Sample Specimens Age Average Compressive Coeff. of Variation 
Strength 

No. Size (days) (psi) 

Sp-2a 3 2-in. cubes 16 800 3% 
Story 1 2 3-in. cyI. 19 600 --

3 2-in. cubes 28 690 10% 
5 3-in. cyI. 113 1150 5% 

(test) 

Sp-2a 3 2-in. cubes 76 1230 2% 
Story 2 (test) 

Sp-2b 9 2-in. cubes 100 1640 13% 
Story 1 (test) 

4 2-in. cyl 156 1330 4% 
(test) 

Sp-2b 9 2·in. cubes 100 1770 9% 
Story 2 (test) 

7 2·in. cyI. 100 1650 10% 
(test) 

3.3.4 Grout Te:rts. The grout conformed to the coarse grout specification of ASTM C476 (Grout for 
Masonry). Proportions (by volume) were 1 part portland cement to 3 parts masonry sand to 2 parts pea gravel. 
To control water loss and shrinkage of the grout, Type 2 Grout-Aid, manufactured by Sib, was used at a dosage 
of one pound of Grout-Aid to one bag of cement. Sand and pea gravel conformed to ASTM C404 (Aggregates 
for Masonry Grout). 
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During the grouting of each story, 3oin. (76-mm) grout prisms were formed in absorptive molds in 
accordance with ASTM CI0l9. They were subsequently tested in accordance with ASTM C39 (Standard Method 
of Test for Compressive Strength of Cylindrical Concrete Specimens). Additional 2-in. and 3-in cylinders were 
taken from grout poured in hollow units using a core driU and were then tested. Results are summarized in 
Table 3.5. The change in drill sizes was due to availability of core drills in the testing laboratory. 

TABLE 3.5 GROUT TEST RESULTS 

Sample SpecimellS Age Average Codf. of 
Compressive Variation 

I Strength No. ., Size 
(age) (psi) 

Sp-2a 3 3-in. prism 28 5320 5% 
Story 1 1 3oin. prism 104 5410 _.-

(test) 
5 3oin. cores 104 4040 19% 

(test) 

Sp-2a 3 3oin. prism 69 4690 8% 
Story 2 (test) 

4 3-in. cores 69 4420 10% 
(test) 

Sp-2b 4 3oin. prism 154 5480 6% 
Story 1 (test) 

3 2-in. cores 154 3250 9% 
(test) 

Sp-2b 4 3oin. prism 88 4930 10% 
Story 2 (test) 

3 2-in. cores 88 2470 27% 
(test) 

3.3.5 Prism Tests. During the COlllilruclioD of each story the masoD CODStrucled several full unit prisms, 
each 3 units high. The prisms were laid again.u a vertical surface. No other jigs were used to aid colllilructioD. 
All prisms were 1aid uaiDg stretcher units; the vertical centroid of each prism specimen could be aligned visually 
with the axis of the tcstiag machine. Loads were applied using a I-in. thick steel plate. with l-by-3oioch welded 
stiffeners. The prisms were grouted simultaneously with the walls, consolidated using the same mechanical 
vibrators, and cured under the same conditions as the walls. Compression tests were performed in accordance 
with ASTM E447 (Compressive Strength of Masonry Prisms). Results are summarized in Table 3.6. 
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TABLE 3.6 PRISM TEST RESULTS 

Sample Specimens Age Average Coeff. of 
Compressive Variation 

Strength 
(days) (psi) 

Sp-2a 3 prisms 104 2020 19% 
Story 1 (test) 

Sp-2a 4 prisms 69 2340 8% 
Story 2 (test) 

Sp-2b 4 prisms 154 3090 10% 
Story 1 (test) 

Sp-2b 4 prisms 88 2510 14% 
Story 2 (test) 

3.3.6 Concrete Tests. All concrete used was generally in accordance with the requirements of ACI31B-B3 (15). 
Concrete for the base beams had a specified compressive strength of 6,000 psi (41.4 MPa). Concrete for tbc 
floor slabs had a specified compressive strength of 4,000 psi (27.6 MPa). 

During the pouring of each Door slab, 6-in. (152-mm) diameter cylinder specimens were taken in accordance 
with ASTM C31 (Making and Curing Concrete Test Specimens in the Field), and were subsequently tested in 
accordance with ASTM 09. Results are summarized in Table 3.7. 

3.3.7 Reinforcement Tests. Reinforcement conformed to Grade 60 of ASTM A615 (Deformed and Plain 
Billet Steel Bars for Concrete Reinforcement). 

Within each bar size, all reinforcement for each specimen was intended to be taken from the same heat. 
However, due to an oversight in ordering materials, the reinforcement in Specimen 2a came from multiple heats. 

Specimens from each beat of reinforcement were tested in tension, and stress-strain curves were obtained. 
Deformations were measured using a Tinius-Olsen extensometer over a 8oin. gauge length. Only cases in whicb 
the specimen fractured within tbe gauge length were conside.ed. Typical stress- strain curves are given in Fig. 
3.11 - 3.14. Data are summarized in Table 3.B 
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Sample 

Sp-2a 
floor 2 

Sp-2a 
Roof 

Sp-2b 
floor 2 

Sp-2b 
Roof 
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TABLE 3.7 

Specimens 

6-in. Cyl. (3) 
6-in. Cyl. (3) 

6-in. Cyl. (5) 

6-in. Cyl. (6) 

6-in. Cy\. (5) 

/ 
,,--

7 

.02 

SLAB CONCRETE TEST RESULTS 

Age Average CoeO". of 
Compressive Variation 
Strength (psi) 

(days) 

7 4250 12% 
90 5280 1% 

(test) 

57 3660 9% 
(test) 

117 5220 2% 
(test) 

65 3670 6% 
(test) 

-

.04 .0' .oe . I .12 .14 

Strain lin/In) 

P'Ipr't 3.11 1)pk:aI Itnu .. trabI canoe for Spedmau 111 aad lb dowel rdDrOlUlDeDL 
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TABLE 3.8 REINFORCING BAR TEST RESULTS 

REINFORCEMENT ~ ~i E. k.\i f ~~ ~ ~ ksi (u REFER TO: 

Sp 2a·2b Starter Bars 62.6 29,<XXl ... ... 106.4 0.125 Fig. 3.11 

, 2a Vert. Reinf. 64.9 32,CXXl o.oon 1040 104.3 0.13 Fig. 3.12 
First Story 

Sp 2a #3 Slab Reine. 68.2 29,001 0.0051 M4 106.4 0.12 Fig. 3.1.3 

Sp 2b Vert. Reinf.. 70_6 30,700 0.0075 1570 113.1 0.127 Fig. 3.14 
Fir5t Story 

'~Or-----~------~------~----~------~------~----~ 

! 
I'--___ ~-_-I-_- f-----t==,.-----1'-=-=------t----

---~------
/~...--

,00 

10 r--------+7'----- ----- f----- ----+--------+---- - - ------

-'ii 
/ 

~ 10 I--- - f-- --- r------- -- -- ------f-------r-- - -.. .. 
~ 

40 r--------- --- -----f----- --- ---- -------t------ - --

20 otf----

o~----~------~------~----~------~------~----~ o .02 .04 .". .N .1 .12 .,4 

Strain [In/lnJ 

~ 3.11 1)pIcaI Itra ... traID curve for Sped .... Za vertkaI mDfOl"CellHDt. 
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4. CONSTRUcnON OF SPECIMENS 

4.1 (;eDera. 

The specimens were con.<;tructed in the Phil M. Ferguson Structural Engineering Laboratory, located at the 
Balcones Research Center of the University of Texas at A\J5tin. The general construction sequence is given in 
Section 4.2. Each step of the construction sequence is then discussed further in subsequent sections (2). 

Many of the items in the construction sequence were not related to the specimens, but rather to the test 
setup: base beams. vertical and lateral loading frames, and sway braces. These items were designed to be used 
wilh both the Type 1 and the Type 2 specimens, and were designed in accordance with the predicted lateral load 
capacity of the Type 1 specimens, which was predicted to exceed Ihal of the Type 2 !'.pecimens (2). 

4.1 CODStructiOD SequeDCf 

1) Two precast concrete base beams were constructed. 

2) The fust-story wall was built on one of the precast concrete base beams. 

3) The formwork for the secoDd-floor was erected. 

4) The fust-story walls were grouted. 

5) For Specimen 2a, tbe steel for the second-floor slab was placed, and the second-floor slab was cast. For 
Specimen 2b, the precast planks for the second-floor slab were placed. The reinforcement was then 
placed and the second-floor slab was cast. 

6) After checking the concrete compressive strength, the formwork was removed and the floor was re
shored. 

7) The second-story wall was built. 

8) The formwork was re-erected on the second-floor. The fust-floor sway braces were attached, and 
temporary bracing was attached from the top of the second-story wall to the reaction wall. 

9) The second-51ory wall was grouted. 

10) For Specimen 2a, the reinforcement for the roof was placed, and tbe roof slab was cast. For Specimen 
2b, tbe precast planks for the roof were placed. The reinforcement was then placed and the roof slab 
was cast. 

11) After checking the concrete compressive strength, the form work and re-shores were removed, and 
permanent sway bracing was attached to the roof slab. 

12) The loading hardware was attached to the reaction wall. 

13) The hydraulic actuators were attached to the loading hardware. and the necessary hydraulic connections 
were made. 
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14) After exercisiDg the actuators to flush tbe lines, tbe servocontroUers were connected and calibrated. 

15) The loading beams were connected to tbe specimen, and the actuators were connected to tbe loading 
beams. 

16) The vertical loading frame was erected, and the necessary hydraulic connections were made. 

11) The data acquisition system was connected and checked out. 

4.3 Coastnlctioa 01 Coacme Sue ...... 

The reinforced cona-ete base beam was constructed in two balves outside tbe laboratory. Both halves were 
poured at the same time using ready-mixed conaete. Three 6-in. (152 mm) diameter cyliDders were taken 
during the pouring of tbe beams. The cona-ete was vibrated into place using electric vibrators. Each part had 
live #4 (13 mm) vertical dowels (starter bars) for tbe wall reinforcement. Horizontal reinforcement was left 
protruding. and a shear key was provided at one end. 

After the two halves of the base beam had cured for 14 days, they were transported into tbe laboratory and 
placed in position with the 25-ton O\'Crhead travelling aane. The protruding longitudinal bars from each half 
were lapped and surrounded with ties. The two halves were then joined by casting a small make·up piece in tbe 
center. 

To permit two specimens to stand at once in the laboratory, two concrete base beams were constructed and 
placed on the laboratory Door. The c:ooerete base beams are shown in FJI1II'e 4.1. The foundation dowels for 
the first-story of the first two specimens were cast in place with the beams, and later cut to the predetermined 
length. The base beams were re-used for subsequent tests. After the fll'St two specimens were tested and 
removed, the old foundation dowels were cut off flush with the base. For subsequent tests, holes were drilled 
14 inches deep in the base beam, and new foundation dowels were inserted and secured with an epoxy-based 
structural adhesive (Ramsel "Epcoo"). 

All masoary walls were laid by an experienced mason in running bond, as shown in Figures 4.2 - 4.3. The 
first-story walls were constructed using hood beam um15 for every course. After the walls were built tbeir fun 
height of 8.0 ft (2440 mm) and the first-story formwork was erected, all cores were grouted using a single lift. 
Grout was coasoIidated using 3/4-iD. electric vibrators. The vibralors were placcd in the cores and turned on. 
Grout was placed in the corea, and lhe vibrators were slowly withdrawn during the grouting operation. Grouting 
of the walls is sbowD in Fpcs 4.4 and 4.5. The second-story walls were similarly constructed, the only 
exception bems tUt the horizontal reinforcement was only placed in every other course in bond beam units, and 
the alternate c:.ouna wac built with full UDits. 

For Specimen 2a in order to check for grout Daws and voids in the wa1Is, nondestructive testing was 
performed on the walk prior to testing by a participaring TCCMAR group (16). The two test methods used were 
the Japanese "Beat-wa1I" mechanical pulse flaw detection system, and the through-wa1I ultrasonic pulse velocity 
method. Suspicious areas were marked to be checked after testing. When testing was completed, grout was 
exposed in the marked areas by chipping away the concrete masonry unit. No evideDce of grout flaws or voids 
was found. 
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I'igun 4.3 t:ompleted con~lruction or masonry wall. 

4.5 ConstructioD 0( Slabs 

01.5.1 Fomlwori< for Slabs. Formwork consi~ted of 3/~-inch plywood on 2·x 4-inch joists spaced at III 
inchc~. The formwork was made in four sections (two for each side of the specimen), erected on 4- x .t-in(h 
timhcr shores and bolted together. Each shore was topped by a steel screw jack. used for leveling the form, 
hdore pouring, for remm,ing the forms after curing, and for pre loading the re-shores againM the under~id<.: of 
the finished slah. Pairs of shores, :\ ft. apart, were spaced at 4-foot centers. The formwork is shown in Figure 
-t.t.. 

01.5.2 RClllforrcment for Slabs. For both specimens, a remforcement cage was constructed to run the 
length of the wall at the slab-wall connection. 

For Specimen :!a. the slab reinforcement was placed in two layers. each supported on steel slab nobteT';. 
'umerous plastic pipe~ were auachcd to the formwork and the reinforcement to pro\;de bolt holes for the 
allachmcnt~ to the lateral loading frame and the sway bracing. Figure 4.7 shows the reinforcement for Specimen 
~3. 

For Specimen 2b, the slab reinforcement consisted \If wdded wire fahric placed on top of the prl:ca~t plan"'-. 
The bolt hnles for the auachments to the lateral loading frame wne drilled after casting the slah topping. Figure 
.t.1I shows the reinforcement for Specimen 2h. 

01 .. ~.3 Concrete Placement for Slabs. Cnncrett: ..... a~ placed using a bottom-opening bucket lifted intn plact: 
hy a travelling overhead crane. The Cllncrete wa~ \;orated into place ",;th electric vibrahlrs. FIgures -l.') ,hoy., 
a t ~'Pical slao casting. 

4 .... 01 Rt'-shores for Slahs. When the concrete had reached an adequate strength, the !;Crew jack, v.:ere 
re!t:ascd. and the fmmwork wa, unbolted and ,lid out ~idt:"'a~~. After ~Iiding 2-x 4-inch hoards ontn the jack 
heads. other 2-x 4-inch boards, .,-fl. long, were placed perpendicular to the first boards on the jacks. The Jads 
were then tightened, lightly loading the boards against tht: underside of the sian, 



FIpn U PIaciat arout .. IUIOIlI'J walls. 
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FIpre 4.6 F.awort Ida, for roof.lab. 
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5. TEST SETUP, INSTRUMENTATION AND TESTIN PROCEDURE 

5.1 Test Setup 

5.1. J General. As showD in F.gures 5.1 to 5.3, the overall test setup consisted of the following elements: 

1) reaction system 

2) precast base beams 

3) vertical loading frames 

4) lateral loading frame 

5) sway bracing 

Fully re'Yersed cyclic lateral 
loads, representing seismic 
loads, were applied to the outer 
edges of the floor and roof at 
the midpoints of each coupled 
waD by hydraulic adualors 
attached to steel frames mount
ed on the reaction wall. Simple 
steel link sway bracing was 
attached to the outer edges of 
the second-f1()1)r and the roof 
and anchored to the reaction 
waD running paraDeI to tbe 
specimen's in-plane ccnterline. 

For Specimen 2a, 'YerticaJ 
load was applied to represent 
floor and roof gravity load!; 
transferred from the sIabI to 
the coupled walls ia the proto
type building but 80t ia tM 

4· .. 111" 4"" 111" 

• 
~ 

1114- ROO 

It -

specimen. The .... ao.d FIpre 5.1 Vertical ...... ,..... (S ...... la 0IlIy). 
was applied to _ ... ol tM 
second-story of each coupled 
wall by bydraulic lCIUalon attached to a steel frame mounted on the reaction floor. 
the test setup are described in more detail in the foUowing sectiODS (2). 
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Figure 5.2 Latenl loading rnuae. 
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5.1.2 Reaction S,...".. 
This consisted of a ...we 
reinforced concrete Boor 
and two walls, 19 ft. (5790 
mm) high. and joined at 
right angles. The floor and 
walls have anchor bolt 
locations. each with four 
anchor bolts, on a 4-ft. 
(1219 mm) square grid. 
Each floor anchor bolt 
location bas an allowable 
vertical loading of plus or 
minus 200 kips (890 kN), 
and each wall anchor bolt 
location has an allowable 
horizontal loading of plus 
or minus 100 kips (445 kN) 
(17). 

----~~~= - = 3 

FIpft 5.3 Sway bndaa. 

5. ].3 Concrete Base 
Bellm. The concrete base beam was collDected to the testing floor using 12 prestressing rods. each consisting 
of a 1-1/4 in. (32 mm) diameter ASTM 193 87 rod prestressed to 25 kips (111 kN). Prestressing provided 
adequate lateral frictional resistance between the base and the reaction floor without allowing any slippage or 
the imposition of shear forees on the threads of the tie-down rods. 

5.1.4 Vmical Looding Frome. For Specimen 2a, which represents a design in which the floors span 
perpendicular to the shear walls, the walls of the prototype building carry a tributary floor loading which exceeds 
the self-weight of the specimen plus the loading hardware. The floor loads considered are: 

a) the floor dead load of 80 psf (391 kg/m2) 

b) a partition load of 20 psf (98 kgfm2) 

c) a floor finish of 5 psf (24 kg/m2) 

d) an HVAC load of 8 psf (39 kg/m2) 

e) a live load of 50 psf (244 kg/m2), reduced for tributary area 2306 of the 1985 Uniform Buj\din~ Code 
[l3). 

The summllina of all these loads results in a total vertical load of 37.15 kips/wall (92.2 psi). The 
calculations are IIIowD in Appendix A: Design Criteria. Each wall weighs 16.15 kips, and the loading system 
weighs approxim.cdy 1.6 kips. To produce a mean axial compressive stress of 92.2 psi at the base of the coupled 
walls, an additional Yertic.alload of 19.4 kips must be applied to each wall. 

This vertical load was applied by a steel frame located at the out-of- plane centerline of each of the two 
coupled walls (Fig. 5.1). A spreader beam was used to distribute the load into the top slab along the in-plane 
centerline of each of the coupled walls. The spreader beam was attached with a pinned coupling to a yoke going 
across the specimen. Using a long 1-inch diameter rod, one end of the yoke was collDected to an anchor plate 
attached to the reaction floor. Using another long 1-inch diameter rod, the other end of the yoke was connected 
to a hydraulic actuator mounted on an anchor plate attached to the Ooor. The hydraulic actuators for each 
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vertical loading frame were operated in parallel under control of an Edison load maintainer, so that as the 
specimen rocked UDder the lateral loading. the vertical load was held constant. All connections between the 
spreader beam and the yoke, the yoke and the rods, and tbe rods and tbe anchor plates were designed as pinned 
to allow for up to plus or minus 6 in. (152 mm) of horizontal movement, and 1 in. (25 mm) of vertical movement 
of the wall during the test. 

5.1.5 Uu~r'dI Loading Fram~. Layout of the lateral loading frame is shown in Figure 5.2. Using the 1986 
AlSC Load and Resistance Factor oesian Specifications [18), the frame was designed to withstand a live load 
equal to the maximum actuator capacity, multiplied by a load factor of 1.6. 

Lateral loads were applied to the specimens using 4 two· way hydraulic actuators, each with a capacity of 
112 kips (498 kN). The stationary ends of the actuators were attached to a steel frame bolted to the reaction 
wall. and oriented perpendicular to the plane of the specimens. The other end of each actuator was attached 
to tbe center of a steel beam with a pinned connection at eacb end. Tbe pinned connections were bolted to tbe 
outer edge of each floor slab at tbe out-of-plane centerline of eacb coupled wall. The purpose of the pinned 
connections was to allow for independent vertical, hori7Dntai and rotational movements of each of the coupled 
walls during tbe test. 

5. /.6 Sway Bracing. The sway bracing, shown in Figure 5.3, was designed to control out-of-plane movement 
of tbe specimens during lesting. Four simple braces connected one outer corner of each floor slab with the 
reaction wall running parallel to the in-plane centerline of the specimen. The steel double angle braces were 
each designed to resist a load of 10% of one actuator's maximum load, again using a load factor of 1.6. 

5.2 InstnlmeDtation 

5.2.1 Gener'dl. The Ferguson Laboratory's data acquisition system has 140 channels of instrumentation. 
The system was confagured to read up to 60 quarter-bridge and 80 full-bridge devices. Selected channels were 
monitored during each test. Data from all channels were read at discrete load points throughout each test, and 
were stored in digital form. They were then reduced and plotted using standard microcomputer spreadsheet 
programs. The instrumentation is shown in Figures 5.4 to 5.7 for Specimen 2a, and in Figures 5.8 to 5.11 for 
Specimen 2b. Numbers in those ftgW'cs refer to channel numbering used for each gauge. The functions of the 
instrumentation arc described in the fonowing sections. 

5.2.2 Measurement of A.pplied Loads. Lateral loads were measured using load cells placed on the actuators 
at each floor levc~ and were monitored continually during testing. 

For Specimen 2a, vertical loads were controUed using the Load Maintainer, were continually monitored 
using a load ceU placed on one rod (F"lg. 5.1), and were checked with the pressure gauge on the Load Maintainer. 

5.2.3 MetlSlU'mlml of OverWI UMer'dl Displtlcements. Wall lateral displacements were measured using linear 
potentiometers at each cod of each floor level. At the south end of the roof slab, three linear potentiometers 
were connected to the specimens. The fust linear potentiometer was used to read displacement for the data 
acquisition system. The second was CODDected to a plotter to continuously monitor tbe top Hoor displacement 
during the test. The third was used for operating the test under load control. 

For Specimen 2a (Fig. 5.4) and Specimen 2b (Fig. 5.8), Channels 30, 31,61 and 62 were used to read the 
overall lateral displacement. 

5.2.4 MeGSUTtment of FlaJUGllHfonnations in Walls. Aexural deformations were measured using 4 sets of 
linear potentiometers on both extreme fibers of each wall. Channels 1-16 and 3247 were used as shown in 
ragure 5.4 for Specimen 2a, and in rlgUle 5.8 for Specimen 2b. 
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5.2.5 M~ oj ShuNtg DejomIIItWtIs in WIIlLr. SheariDs deformatioas were measured using one set 
of crossed linear poteaUometen OD each story of each wall. C1wme1s 17-20 ad 48-S1 were used to monitor 
these poteatiometers, as shawD ill FJI1Ue 5.4 for Specimea 2a. ad ill FIgUre.5.8 for Specimen 2b. 

5.2.6 M~ oj Slip. RelatM: borizoalal mOYemeat between the base beam aud the laboratory Door 
was measured by • linear poteatiometer. CJwmeI63 was used to monitor this mOYement as &howa in FlgW'e 
5.4 for Specimea 2a ... Ftpr'C 5.8 for Specimca 2b. 

RelatM boriIJoIUl mOYemeDl between the walls ad the base beam was measured by linear potentiometers 
just aIxwe the bMC beam. Thia mOYemeDl was monitored with Clwmels 21 and 52, as shown in FlgW'e 5.4 for 
Specimen 2a, aDd iD F'tpre 5.8 for Specimen 2b. 

RelatiYe horizoatal mOYement between the walls and the s1abs was measured by IiDear potentiometers aIxwe 
and below the secoad-Ooor slab, aDd by linear potentiometers below the roof slab. ChanDels 22-23 aDd .53-.54, 
F'lgW'e 5.4 for Specimen 2a and F'JI1Ue 5.8 for Specimen 2b, were used for the relative mOYemenl .boYe and 
below the secood-1loor slab. Clwme15 24 and S5 were used for the liDear potentiometers below the roof slab, 
as shown ill F'lgUfe S.4 for Specimen 2a, and in F'lgW'e S.8 for Specimen lb. 
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5.27 M~ of EruJ RotIItioru of C0t4pMg B«Im.s. RotatiODS Mre measured by a set of linear 
potentiometers placed at each ead of each coupling beam. Cluumels 25-28 aad S6-S9 Mre used for tbe 
moaitoriDg of tbeIe poteDtiometers, u .oowo in FtgW'e 5.4 for SpecimeD Za, aad in FtgW'e 5.8 for Specimcn 2b. 

5.2.8 MetISUmMIII of SInIins in Reinforcement tmd Conoek. Strains Mre measured usiag elearical 
resislaacc strain II .. placed OR the vertical reinforcemeDI ud borizoDlai wall reiaforcemeDl. Thc concrete 
slab bad strain 811 .. OR Ioagitudiaa1 reinforcement. Specimen 2a also bad strain puges placed OIl the concrete 
surface. 

Vcrtical rciaforc:emeDl strain puselocations aad c:haanel numberiap arc shown ia FtgW'e S.5 for Specimen 
2a, aad in Fagure 5.9 for Specimen lb. Horizoatal strain gauge locations and chuacl Dumberiags are shown in 
FlgUl'c 5.6 for SpecimeD 2a, and ia FtgW'C S.10 for Specimen lb. Specimcn 2a bad strain gauges placed OIl the 
longitudiaal steel across tbe slab width aad OIl the surface of the coacrete, as showa ia F'J8Ufe S.7. Specimen 
2b oaIy bad strain gaU8c~ placed OR the loagitudinal steel wbicb formed the beam between the precut planks, 
u showD in F'tgW'C S.I1. 
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5.3.1 GeMItIl. The IoIdia& biatory followed wu bucd OIl the Sequeatial Phased DiaplacemcDl (SPD) 
loadiaa history (19) ilion ill F'!pI'C 5.12 The SPD Ioadiai biatory tqiJII u a scrica of reverscci cyclic loads 
to mOllOtoaicallJ iDc:reuiD& muimum displacemcnts up to a displacemCDt deDOtcd u the rust Major Event 
(FME). The F'nt Major Ew:at COI'1'CIpOIId5 to IOmC sipificaat predicted specimen behavior such u fllst 

flexural aac:kias 01 the walls.. After rcachiDg the FME, the SPD loadiq history can be visualized as a series 
of clisplacemCDts to 1.0. 1.2S, 1.50 aDd 2.0 times the FME cIisplaccmCDt. 

5.3.2 LotuJing ~e. Due to the ItiffDeu 01 the wall, tcatiDa bepn UDder load cootrol. Base shears 
were keyed to the hue abear c:orreapmdi. to the rust Major Evast (FME). <>ate the IMerat displacement 
at the top of the wall wu large eaoup to be coatroUcd, the ~ system wu awitcbed to displacemcnt control. 
The subleqUCDl loadia& history wu thea bucd OIl the rust Major Evast displacemcDt. 



During the testing of Specimen 
2a, tbe Sequential Phased Displace· 
ment loading history was modified 
slightly. As shown in Fig. 5.12, each 
series of displacements involved 
about 37 different load points, each 
requiring several minutes of data 
acquisition and ecbo-printing. Be· 
cause the First Major Event corre· 
sponded to a very small displace· 
ment, many series of displacements 
were required to reacb significant 
lateral drift levels. Testing took 4 
days. To shorten the time some· 
what, the di!>placement sequence for 
some part!> of tbe testing was 
changed from (1.0, 1.25, 1.5,2.0) to 
(1.0, 1.5 .. 2.0). 

For Specimen 2h, tbe Sequen· 
tial Pbased Displacement loading 
bi!>tory was again modified. Based 
on the knowledge obtained from 
testing Specimen 2a, the First Major 
Event was keyed to a larger dis· 
placement than for Specimen 28. 
Also, the displacement sequence 
was modified to increase in incre· 
ments of 100, 200, 4(K), 800, and 
1600 percent of the First Major 
Event. Since tbe loading incre· 
ments were increased, a reading was 
added at the midpoint between tbe 
last load series maximum point and 
the next load series maximum point. 
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rlpre 5.'711 SpeciJMa la: Strala PIIICS ror roof slab. 

5.3.3 Ta.sIcs COilducttd III Each LOfJd Point. At each load point, readings from all channels were scanned, 
stored and printed. Owing the flfst and last cycles at each displacement level. all cracks were marked and 
photographs were taken. Videotape recordings were made during the first cycle at each of tbe higher 
displacement levels. Also, for Specimen 2h, cracks were marked and photographs were taken at midpoint 
between the last load series maximum point and tbe next load series maximum point. 
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6. PREDICTION OF WALL BEHAVIOR 

6.1 General 

In this chapter, analyses to predict the behavior of the coupled shear wall ~~ens are described, and the 
results obtained are discussed. Two approaches werc considcred in analyaug the walls: a simple plastic analysis 
for thc collapse mechanism; and a step-by-step nonlinear analysis of the walls under monotonically increasing 
lateral loads. 

In all analyses, wall capacity was assumed 10 be controlled by flexural behavior. According 10 a capacily 
design philosophy. elements were pro'lided with shear capacities larger than the shear forces associated with the 
dcvclopmcnt of the flcxural strength of the system. The clements were also assumed to have enough 
dr-formation capacity to develop a collapse mechanism with no deterioration of strength. Deformations by sliding 
shear wcre not considered. 

Since the flexural behavior of lightly reinforced concrete masonry clements is well described by the theory 
developed for reinforced concrctc mcmbers [5,6.7]. the wall specimcns of this study were analyzed using thc 
general methodology developed for reinforced concrete sections under eccentric axial load. 

Because the analyses were intcnded to be predictions rather than post-test verifications, actual material 
properties at times of test were not known in advance. As explained below, realistic representative material 
properties were estimated. 

6.z Material Propertia 

6.21 Propertiu oj ReinJOfting Steel. Results of tests on reinforcemeDt are shown in Subsection 3.3.7 
(Reinforcement Tests). 

6.22 Propmiu oj Prul1essing StHI. Behavior curves given in the PCI Design Handbook (20) were used. 

6.23 Propertiu oj MQSOfIty. Since the masonry component tests had not been performed at the time 
Specimen 2a was analyzed, an estimated value of 3000 psi for the maximum masonry compressive strength f';l1 
was used. Based OD the results of Specimen la material tests, a value of r~, • 2200 psi was used for Specimen 
2b. The behavior of the masonry was modeled using the curve given by Kent and Park [211. 

6.24 Properties oj Concm~. Based on 7-day compressive strength of 42S0 psi, an estimated value of r; • 
5700 psi was used for the concrete slabs of Specimen la. Since DO test data were available at that time, the 
specified value of r; • 4000 psi was considered for Specimcn 2b. For the prcc:asl planks, the specif'Jed r; of 5000 
psi was usecL The behavior of the concrete was modeled using the curve given by Kenl and Park (21). 

6.3 SllDpie Plastic AaaI,. .. 

6.3.1 CoIllIpse Meclulnism. A simple plastic analysis of a flexural collapse mechanism was performed. This 
mechanism, shown in rig. 6.1, assumes the development of plastic hinges at the ends of coupling elements and 
at the wall bases. The walls are assumed to rotate about their compression toes, and all deformalions ~re 
assumed to be coDCCntrated at the p1aatic: hinges. The ultimate lateral load obtained frOID such a mechanism 
is an upper bound to the actual lateral capacity of the system (22). 
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Applyiug the principle of virtual work to the collapse mechanism, the foUowing equation is derived: 

Where 

Moaa • (Nl + MJ66 + (IN. - Nl - Nz)('J2)t.6 
+ 2(Ma. + MN-z)68 

Ow:rturaiag moment capacity of the system 
Eltterully applied axial load on each wall 
Total axial load at the wall bases 
Flexural capacity at the wall bases associated to axial forces NI and N2 
Flexural capacity of coupIiDg clements 
Length of wall sectioIl 
Vartual rotation of wall bases 
Vutual rotation of coupling element end sections 
Distance bctweeD walls 
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For small rotations, 

6a ;: (1 + IJf)68 

Equilibrium of vertical forces gives: 

2N - N -N - 0 • I 2 
(3) 

The coupliDg system transmits aD uiaI force N between the walls. This force, equal to the total shear 
associated with the flexural capacities of the coupling clements, is given by: 

(4) 

Substituting Equations (2) to (4) into Equation (1), the expression of the overturning moment capacity of 
the system is obtained: 

The total lateral load capacity V u is given by: 

Where 
~ : Ratio betwtlcn load actiDs on 2nd floor and load acting on roof 
h: Story height 

As determined from equilibrium, the shear force taken by each wall is then: 

V I ,. [(1 + P}/(2 + P)][M1 N(t + t.,)l2J1h 

V2 • [(1 + P)I(2 + P}][~ +NCt + 1,,)I2l/h 

6.3.2 Element FIemrrU CiIptIcitiu. 

Coupll .. S,.... 

(5) 

(6) 

(7) 

(I) 

The following assumptions were coasidcrcd in computing the flcmral capacity of the coupling systems: 

a) Given the cbaracteriatic:s of the 10ading system, no uialload coupling elemeDts. 

b) The effective width wu taken equal to the total width of the sIabI. 

c) The flexural capacity of elementl wu computed at a maximum CODCI"Cle straiD of 0.003. 
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d) The end sections of thc coupling systems were assumed able to maintain their flexural capacity unlillhc 
wall collapse mechanism was developed. 

In the case of Specimen 2a (cast-in-place slab), the slab flexural capacity was calculated using the RCCOLA 
computer program (23). The nominal flexural capacities were computed as MSI '" Ms2 '" 760.1 kip-in. 

In the case of Specimen 2b (precast plank) the compo&ite section was analyzed assuming plane sections. 
The nominal flexural capacities were Mil '" 1343 kip-in and Msl = 478 kip-in. 

w .... 

The following assumptions were made in computing the flexural capacity of the walls: 

a) Each wall was assumed to act under an axial load equal to the gravity loads plus the total shear force 
transmitted through the coupling system when the coupling elements had reached their flexural 
capacities. 

b) Each wall's flexural capacity was assumed to correspond to a maximum masonry strain of 0.003. 

c) The base sections of the wa1Is were assumed to maintain their flexural capacities until the overall 
collapse mechanism had developed. 

For the givcn values of the axialloacis, the flexural capacities of the wall base sections were calculated using 
a microcomputer version of the RCCOLA computer program (23). Nominal flexural capacities are given in 
Table 6.1. 

TABLE 6.1 NOMINAL FLEXURAL CAPACmES OF WALLS 

Specimen Grav. Load Coupl. Total Axial Load flexural Capacity 
Shear 

Nl N2 Ml M2 
(kip) (kip) (K-in) (K-in) 

2a 37.2 54.2 ·17.0 91.4 3319 5510 

2b 12.7 65.2 ·52.5 n.9 2209 4764 

6.3.3 LlltemJ Load Copacity. The lateral load capacity of each specimen, computed using Equation (7) for 
fJ .. 1 (equal forces at each level), was as follows: 

a) Specimen 2a: 101 kips 
b) Specimen 2b: 102 kips 
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6.4 Nonlinear Step-by-Step Analysis 

6.4. J Geometric Modelling. The coupled walls were modeled and analyzed as planar frames (Fig. 0.2). 
Walls were represented by columns placed at the plastic centroids of the wall sectiollli. Coupling elements were 
represented by beams rigidly connected to the columns. As shown in Figure 6.2, the beams were modeled with 
rigid "'nci~ ('qual i" len~h 10 half of Ihe wall length. Column~ were assumed to be filled at their h~~c~ 

I 
[ 

,-

I 
I 

... ". 

Fllllft 6.2 Geometric model for aoolloear step-by-step .n.lysls 

Since axial deformatiollli of the walls were expected to be negligible, the position of the column elements 
with respect to the wail cross section was not expected to influence the inelastic response [3). 

6.4.2 Element Properties. Material properties and behavior were as described in Chapter 2. The moduli 
of elasticity of the masonff-and concrete wercassumed to remain constant during the loading process, and were 
taken equal to 57,000 yf~ and 57,000 yt. respectively (psi units). 

For each level of axial load, the stiffnesses of the reinforced concrete and reinforced masonry member 
sections were calculated using the RCCOLA computer program [23). This program analyzes reinforced concrete 
member sections under combined moment and axiaI load, for given concrete and steel stress-strain curves. A 
similar analysis was performed for the prestressed concrete elements. 
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In addition to the a55umptions already mentioned in Section 6.3.2, it was assumed the inelastic action was 
concentrated in l'cro-length hinging regions at the bases of the walls and at the ends of the Cl'upling beam:;. 

6.4.3 Description of Nonlinear Analysis. The planar frame model of the coupled walls was subjected to an 
incremental coUapse analysis under monotonically increasing lateral loads. Each increment in load was defined 
by the occurrence of a major event in one or more elements. A major event could be first flexural cracking of 
an element, yielding of the extreme flexural reinforcement of an element, or attainment of flerural capacity in 
an element. Each load increment was determined by performing an elastic analysis using the member properties 
calculated for tbat increment. 

The steps followed during tbe analysis process are described in the following paragraphs: 

a) The analysis was Slaned with the coupled wall system under the actions of gravity loads. Elements were 
assumed to have the elastic properties corresponding to the gross Xmasonry/eoncreteross section. The 
increment in lateral load necessary to produce first flexural cracking (usually in the tension wall) was 
then calculated. In the case of Specimen 2a. a value of 40 psi was assumed for ~t' the modulus of 
rupt.1lf5- of the masonry. Based on the results of the Specimen 2a tests, a mucb higher value ~t 
~ "'If'. • 188 psi was used for Specimen 2h. 

b) The elastic properties of each cracked element were modified using that element's moment-curvature 
curve, for the axial load level corresponding to first cracking. 

c) The load increment necessary to produce a new major event was calculated. The tOlal lateral load. 
lateral displacements, and internal forces at the end of the new increment were given by the 
superposition of the initial values and those calculated at that increment. 

d) The elastic properties of each element were modified using the moment-curvature curve for the axial 
load level corresponding to the end of the last increment. 

e) Steps (c) and (d) were repeated until the collapse mechanism described in Section 3 was developed. 

Results of these analyses, presented in the form of base shear versus lateral displacements, are 5hown in 
Tables 6.2 and 6.3, and Figures 6.3 and 6.4 for Specimens 2a and 2b respectively. 
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TABLE 6.2 
PREDICTED BASE SHEAR-

DISPLACEMENT HISTORY FOR 
SPECIMEN 2J\ 

BASE TOP EVENT 
SHEAR SIPL. 

(kip) (in.) 

13.0 0.012 Flex crack at base 
of tcasion wall 

15.0 0.014 Flex crack at base 
of camp waD 

50.9 0.010 Steel yicldiDg at 
base of tcns wall 

53.3 0.074 Steel yicIdiDg at 
2Dd floor slab 

63.3 0.11 Steel yicIdiDg at 
roo( slab 

72.7 0.19 Steel yicIdiDg at 
base of comp wall 

87.2 0.59 Flexural capcity of 
compressed wlI 

98.0 1.59 flexural capacity 
of tensioned wall 
coUaJIIC 
mcchaaism 
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TABLE 63 PREDICTED BASE SHEAR·DlSPLACEMENT HISTORY FOR 
SPEOMEN 2b 

BASE TOP DISPL EVENT 
SHEAR (in.) 

(kip) 

21.6 0.020 Flex aack at base of tens wall 

26.3 0.026 Flex aack at base of romp wall 

34.5 0.041 Steel yieldng at base of tens wall & flex crack at 2nd 
floor slab top face 

43.4 0.05S Flex aack at top of 1st story lens wall & flex aack al 
top of 2Ild story tens wall 

493 0.095 Steel yielding at lop of 1st tens wall & steel yielding at 
roof slab top race 

53.8 0.12 Steel yielding at lop of 2nd story lens wall 

57.6 0.14 Flex aack at base of 2nd story lens wall 

61.4 0.17 Flex aack at 2nd floor slab bot face 

65.2 0.21 Steel yielcIiDg at base of COIDp wall 

68.8 0.27 Steel yielding at base of 2nd st tens wall 

74.2 0.40 Flex crack at top of 1st story romp wall. Flex crack at 
top of 2nd story romp wall 

75.8 0.44 Flex aack of roof slab bottom face 

81.0 0.63 Flex capacity of 2nd floor slab (top face) 

85.9 0.99 Flex capacity of roof slab (top face) 

88.2 133 Flex capacity of comp wall base 

91.0 4.26 Flex capacity of ICDS wall base. Collapse mcchaai5m 
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7. EXPERIMENTAL RESULTS 

7.1 General 

Experimental results are described based on visual observations, on the plot of top displacement versus 
base shear obtained directly during the test, and on readings from tbe data acquisition system. Events during 
the tests are described in terms of base shear and top displacement at each load point. The load points identify 
the scan number at which computer readings were taken. 

The events described include cracking in the walls, cracking in the coupling elements, cracking in the 
joints between the wall and the coupling system, yielding of reinforcement, fracture of reinforcement, and sliding 
between the wall and the base. 

7.2 Experimental Raulll ror Spedmea la 

7.21 Tut Sumnuuy, Sp«imm 2a. The Sequential Phased Displacement Loading history (19) was 
followed, with the modifications discussed in Section 4.4. 

When testing Specimen 2a, vertical load was to be maintained at 19.4 kips per wall (92.2 psi at the wall 
base). Due to a problem with the calibration of the load cell, the vertical load was kept at only 12 kips per wall 
until Load Point 137. The calibration problem was then detected and corrected, and the load was increased to 
the proper level. This occurred at the same time the lateral loading system was switched from load to 
displacement control. 

The F'1ISt Major Event (FME), previously defined as firs( flexural cracking, occurred when the wall was 
being loaded in the north direction, at a base shear of 24.2 kips and a top dispLicement of 0.036 inches. 

The maximum base shear reached was 95.9 kips with a top displacement of 1.69 inches for the north 
loading direction, and 84.7 kips with a top displacement of 1.64 inches for the south loading direction. Testing 
was continued to larger top displacements. The maximum top displacement obtained was 2.23 inches to the 
north with a base shear of 80.5 kips, and 2.17 inches to the south with a base shear of 63.5 kips. 

After testing. the final wall state included crushing of the compression toes, tensile fracture of a 
longitudinal bar at the ftrsl-story of the north wall, and m~ment of t"~ walls' bases both in-plane and out-of
plane. rlgUfes 7.1 to 73 show the fInal state of the walls. 

7.22 LateTtll Displ«ement of the W~ Sp«imen 2Il. The displacement history of the top story is shown 
in rlgUfe 7.4. The maximum displacement was in the north direction at 2.23 inches, corresponding to an overall 
drift ration of 1.09%. The overall drift ratio is the top lateral displa«ment, divided by the height of the 
specimens. The maximum displaa:meul in the south direction was 2.17 inches (1.06% story drift ratio). 

7.2.3 LoGd-Top Displ«ement History, Sp«imert 24. The history of lOp displacemcDt versus base shear 
for the entire test is shown in rlgUfe 7.5. The envelopes of the histOf)' are shown in rlgUfe 7.6. 

7.24 SUp betMw1I WIlIl tIIIIl Bare, Sp«intett 24. Slip of the walls relative to the base is shown in F'agurcs 
7.7 to 7.8. The base slip data wu subjected to a series of correctioDs to obtain the fmal base slip history (24). 
The correetioaa werc needccl due to problems encountered with the potentiometers during the test. These 
corrections are explained in Appendix B. 
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7.2.5 Strain Ifl 

Lonf(ilUdinal RClllforccmcl/t 
Ilt Wall Bases. Specimen 2a. 
Figurc5 7.9 and 7.10 show 
the strain in wal! 
longItudinal reinforcement 
at the ha~l!. Readmg.~ arc 
peak value~ normali;rcd by 
YIeld strain. The ~Iram 

profile acros~ the ba~c 

remained linear up 10 yield. 
and then became nonlinear 
under increased loading. 

7.2.6 Strain in 
Tran.n·crse Reinforcement, 
SpeCtrlt'n 2a. The 
transver~c remforcement 
sl rain gauge readings 
normalized by the yield 
slram value are shown in 
Figure~ 7. J 1 to 7.14. The 
plots show that the 
transverse steel did not 

Fil1lrt 7.1 Sp.2a: Flrsl slory or north wall at end or test. 

yield. 

7.2.7 Strain in Slab Longrtudinal 
Reinforccmenc, Specimen 2a. Figures 7.15 and 
7.16 show the strain profile across both slabs 
when the wall was being loaded northward. The 
figures show that the strain decreases as Ihe 
distance away from the wall increases. 

7.2.8 Detailed Test Description, SpeCimen 
2a. Test ohservations are ~ummarized in Tables 
7.1 and 7.2. and arc described in detail in the 
following paragraphs. Figures 7.17 to 7.21 show 
the progression of cracking during the test. 

The First Major Event occurred at Load 
Point 39, as the wall was being loaded in the 
north direction, at a hase shear of 24.2 kips and 
a lOp displacement of 0.036 inches. The crack 
formed in the bed joint at the base on the 
tension side of the first· story south wall. The 
crack extended about ]2 inches along the wall. 
Loading southward at Load Point 43, the base 
shear was 24.3 kips. and the top displacement 
was (J.037 inches. At that point. flexural cracking 
occurred along the base of the tension side oCt be 
north wall. The crack extended along the wall Figurt 7.z Sp. 2a: First story or soulb waU at eod or te:st. 
about 4 inches. When the wall was further 
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TABLE 7.1 
DB'iERYED BEHAVlDR OF SPECIMEN 2A 

ISeptemOer 10-14. 19118) 
Northward LoadlnQ 

LOAD F"T. SPECIMEN BASE SHEAR TOP DISPLACEMENT 
BEHAVIOR 

kiPS kN Inche$ ,.,m 

39 Flexural cracking of tension wall 24.2 107.6 0.036 0.3 

56 Flexural cracking of compression wall 24.2 107.6 0.045 0.4 

95 Yield of lonQrtudinal steel In tensicn wall 48.3 226.4 0.11 1.8 

131 Crac~lnQ and Yield 01 both slabs: Yield of compression 56.5 260.2 016 41 
wall 

169 Crac~lng 01 bottom 01 both slabs 62.4 2n.6 0.24 6.1 

170 FleJOJral cracklntMl above '-P spllce$ 66.8 2971 0.26 7 , 

207 Diaoonal cracks to tension wall 73.2 325.6 0.41 10.4 

279 Diagonal crac~s In compression wall 86.7 385.6 0.66 21.8 

317 Tee. 01 bo1h -'Is sWl to crush: wide ft, ... al crac~ at 89.4 397.7 1.13 28.7 
wall bases and $IlIlce. 

3~7 Maximum load 95.9 426.6 1.69 42.9 

~ Face shells .pall at toe 01 compression wall n.9 346.5 167 42.4 I 414 Extreme compression bar buckles in compression wall; eo.5 3:>!l.1 2.23 56.6 
walls Slide on base 

TABLE 7.2 
OBSERVED BEHAI/IOfI OF SPECIMEN 2A 

(Septlmber 10-14. 19118) 
Sou1h_d LoadInQ 

LOAD SPECIMEN BASE SHEAR TOP 
F"T. BEHAVIOR DISPLACEMENT 

kips kN Inches mm 

43 FI .... a! creckin9 oIt_lon wall 24.3 106.1 0.037 0.9 

99 YlelCl 0I100QllUCllnal steel In tenSion wall 48.6 216.2 0.10 2.~ 

135 Cricking and yield 01 both Slabs; yield of compression 45.5 242.4 0.14 3.6 --
247 OLIgonal craCkS In tensIOn wall 71.2 316.7 0.57 14.5 

284 OLIgonal cracks In compression wall; toes olbo1h n.7 345.6 0.84 21.3 
waHs SI8rt to crush 

361 M"'mumload 84.7 375.8 1.64 41.7 

JII6 Faee shells $Ill" at toe 01 compression wall 72.5 322.9 1.li3 41.4 

397 F'lct\M'e 01 e><lreme tension bar 01 tension waH ~.9 204.2 1.li3 41.4 

418 LongItuCllnal and lateral sHCIInQ 01 waUs 6J~ 282.~ 2.17 55.1 
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cycled at 100% of the First Major Event, the flexural cracking cxtended along thc base. Slight hysteresis ocg.,m 
to show in tbe ploned load-displacement curves. 

Tbe next loading ~.::ries was at a base 
shear of about 200% of the First Major Event 
base shear. At Load Point 95, the base shear 
was 48.3 kips at a top displacement of 0.11 
inches, undcr load to the north. Yie!ding of the 
longitudinal steel in the fust-stnry south wall 
(tcnsion wall) occurred as shown in Figure 
7.1O(a). Tbe flexural crack at the base of the 
frrst-story south wall extended about two-thirds 
of Ihe wall length. Slighl flexural cracking began 
at the base of the second-slory north ",all. At 
Load Poinl 99, the wall was loaded southward 
witb a base sbear of 48.6 kips and a lOp 
displacement of 0.10 inches. The longitudinal 
steel in tbe fll'st-slory norlh wall yielded as shown 
in Figure 7.9(b). flexural cracking began in the 
second-story walls. The ploued hysteresis loops 
became .nore oval in shape. At the last 200% 
FME load point cycle, flexural cracks widened at 
the base of the walls, and formed above the 
longitudinal reinforcement splice in both first
story walls. On the north side of the se(;ond
slory ~uth wall, eontraflexure cracking was 
beginning below tbe roof slab. 

During the ne" load series at a base 
shear of about 400% ot the First Major Event 
base sbear, each lower-smry wall, when placed in 
com pression due to overturning, experienced Figure 73 
yield of the longitudinal steel on its tension side. 
At Load Point 131, this occurred at a base sbear 

Sp. la: Base or south end olDrst story or 
IOUth wall at end 01 test. 

of 58.5 kips and a top displacement of 0.16 inches, as the wall was being loaded in tbe nortbward 
direction (FigUTe 7.9(a). Vertical cracks became visible at the north wall compression toe. The crack widened 
at tbe base of the first-story south wall at the south side. Fll'sl cracking and yielding occurred on the top face 
of both slabs. flexural cracks formed completely across the top face of both slabs on the north opening edge, 
and began on the bottom face of tbe slabs at the south edge of the wall opening. The crack width in the slabs 
was about one-sixteenth to one-eighth of an inch. 

As shown in Figure 7.15, yielding of the second-floor slab did not occur until Load Point 279, and as 
shown in Figure 7.16 yielding of the roof slab does not occur until Load Point 242. This yielding corresponds 
to a crack running across the slabs at the location of the strain gauges. Considering botb the crack wiJth and 
the fact that the strain gauges showed steel yielding at the gauge location, it is believed tbat the longitudinal slab 
steel yielded as soon as the slabs cracked. The slab cracking accounts for some of the loss in stiffness that 
appeared on the plotter at that point. 

At Load Point 135, the base shear was 54.5 kips and the deflection was 0.14 inches, under load towards 
the south at about 400% of the First Major Event base shear. Both slabs cracked and yielded on the top face 
on tbe south side at this load level in tbe south loading direction. flexural cracking began on the bottom face 
of both slabs on the north edge of the wan openings. 
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At this point. thc test setup was switched to displacemcnt control. 

The next loading series was at a displacement of about 800% of the rtrSt Major Event displacemenl of 
0.036 inches. At Load Point 169, crackiDg continued on the bottom face of both slabs, while loading to the north 

at a base shear of 62.4 kips and a top displacement of 0.24 inches. At Load Point 170, thc top displacement was 
0.28 inches (about 800% of thc rll'St Major Event), and the base shcar was 66.8 kips. At this Icvcl, flexural 
crackiDg occurrCtl above thc base longitudinal splices in the rust-story walls. When loading southward at 800% 
of the f"Irst Majo r Event, similar cracking occuned. At Load PoiDr 175, thc base shcar 1I\:O~ 58.2 kips, and the 
top displacemcnl ",as 0.28 inches. 

At Load Point '2JJ7, approximatcly 1200% of the rust Major Event displacement. diagonal shcar cracking 
began in thc rll'St-story south wall. As shown in FlgUrc 7.13(a), this was DOl accompanied by yielding of the 
transverse steel. The base shear was 73.2 kips, and the top displacement was 0.41 inchcs to the north. Flexural 
cracking began along the second-story base of thc south wall. 

When loading southward at a top displacemcnt approximatcly 1600% of the rlfst Major Event 
displacement. diagonal shear cracking began in the rust-story north wall at Load Point :47. Fagure 7.U(b) shows 
that the transverse ~eel did not yield The base shcar was 71.2 kips and the top displacement was 057 inches. 
Both slabs had developed additjonal crackins 00 their top and bottom faces. 

The next event occurred at Load Point m. wheo the base shear was 86.7 kips and the top displacement 
was 0.86 inches, approximately 2400% of the rust Major Event displacement. Diagonal cracking began in the 
first-story north wall when Ioadiog to the north. At Load Point 284, when 10ading to the south at a base shear 
of TI.7 kips aad a top displacemeot of 0.84 inches, diagonal eracb formed in the fll'st-story south wall. The toes 
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Sp. Za: Pnlp'nsloa or cracking 
of bottom faa or setond Roor 
slab at Load Point 135. 

t' hOlh bollom walls ~Iarled 10 crush when Ihe wall~ wen.: 
,laced in compre!>sion. Crack~ developed acro~~ the lOp 

and bOllom faces of both slab!>. away from the wall 
opening edges and propagated tuwards the middle of each 
wall. While cycling al this level, a 1/4-inch crad would 
open at the base bed joint of the firsi-story north wall on 
the north edge . 

During the next load series. at a displacemenl 
approximalely 4800% of the Firsl Major Event 
displacement. the maximum load was reached in both 
directions. In the north direction, the maximum base 
shear was 95.9 kips at a top displacement of 1.69 inche, 
(Load Poinl 357). In the south direction, the maximum 
base shear was ~.7 kips at a lop displacemenl of 1.64 

inches (Load Point 3(1). New diagonal cracks formed on the soulh first-story wall. During this loading series, 
the face shells spalled al Ihe loe of bolh walls when these were in compression due to overturning. 
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Sp. 2a: Propulloa 01 cracking 
or bottom race or second Roor 
slab at Load Point 284. 

At Load Point 397, when loading up to 64110% of 
the First Major Event towards the south, the base shear 
was 45.9 kips and the lOP displacement was 1.63 inches . 
The extreme tension bar (norlh) in Ihe firsl-!;tory norlh 
wall fractured, generating a loud noise. Fracture of this 
bar is shown in the top displacement-ba~e shear history 
(Figure 7.5). At Load Point 4]4, the maximum lOp 
displacement 10 the north of 2.23 inches was reached and 
the base shear wa!; BO.5 kip!;. The extreme compression 
bar (north) buckled at the base of the first· story north 
wall. At that time, both walls were sliding longitudinally 
on the base up to 0.5 inches as shown in Figures 7.7 and 
7.8. They were also displacing laterally. 

At Load Point 418, the walls were sliding bOlh 
longitudinally and laterally. The maximum lOp 

displacement to the south of 2.17 inches was reached, and the base shear was 63.5 kips. Due to safety concerns 
regarding the lateral movement, the te!;t Will; stopped. 

The north wall had a final in.plane displacement at the base of 0.25 inches to the north. The south wall 
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Sp. 2&: Prup-calloa 01 cnc:kiRJ 
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in-plane displacement at the base was 0.5 inches. The 
out-of· plane displacement for the north wall varied from 
1/2 to 9/]6 inches. The south wall displacement varied 
from zero to 3/4 inches . 

7.J Elperimental Results ror Specimen 2b 

7.1.1 T~jt Summary. Specimen lb. The 
Sequential Phased Displacement Loading history 1191 was 
followed using the modificati('ns discussed in Section 
5.3.2. The history is shown in Figure 5.12. 

Before the testing began. the specimen was 
accidentally loaded when the first-story ram on the cast 
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side began to extend after being connected to the load transfer beam. As shown in Figure 7.22, hairline diagonal 
cracks formed in each wall. The bed joint on the concrete base beam was cracked at the south end of the south 
wall. Local cracking also occurred in tbe roof slab near the south sway brace plate. This problem was due to 
a malfl.nction of the Pegasus Closed Loop ServocoolroUer System's servo system module. The module was 
replaced, and the problem did not re-occur. 
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Testing began under load control. The loading program began by cycling at progressively increasing lead 
until the r1fSt Major Event was reacb~d. 

The First Major Event was to be defmed as yielding of tbe first-story walls. Due to problems 
encountered while testing, however (discussed in Subsection 7.3.8) the rarst Major Event was actually defined 
as a base shear of 44 kips, and a top displacement of 0.20 inches. 

The maximum base shear was 88.1 kips, at a maximum top displacement of 3.46 inches for the north 
loading direction, and 78.3 kips at a maximum top displacement of 3.10 inches for the south loading direction. 

The fmal wall state incl\Kk;d loss of the compression toes for both walls when loading to the north, and 
crushing of the south wall compression toe when loading to the south. Botb walls had residual in-plane and oul· 
of-plane displacement. r.gures 7.23 to 7.25 show the fmal state oC the walls. 
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7.3.2 uuerrll Displacmamt ~ the Wall, Specimen 211. The top displacement history is sh~n in Figure 
7.]h. The maximum displacement was in the north direction at 3.46 inches, r.orrcsponding to a story drift of 
1.70%. The maximum displacement in the south direction was 3.10 inches (1.52% story drift). 

7.3.3 /...oQd-Top Displacement History. Specimen 211. The history of top displacement versus base shear 
for the entire test is shown in rJgUl'e 7.1:1. The envelope of the history is shown in f'JgUI'c 7.']i,. 

7.3.4 Slip INtween Wall Q/ld Base, Specimen 211. The wall base slip relative to the base is shown in f'JgUre 
7.19 and 7.30. 

7.3.5 SI1rIin in LongiludiMI &inforcement, Specimen 211. All pertinent fpes show longitudinal strains 
normalized by yield strain for various load points. rJgUrC5 7.31 to 732 show the strain profile for the longitudinal 
bars at the bases of the north and south walls. f'Jgul'CS 733 to 7.34 show the strain profile for the longitudinal 
bars at the intersection of the to(, of the farst-story waDs and the second-Door slab. f'JgUI'e 7.35 to 7.36 show 
the strain profile for the longitudinal bars at the bases of the ICtOnd-story walls. f'JgUlCS 737 to 7.38 show the 
strain profile for the longitudinal bars at the intersection of the top of the second-story walls and the roof slab. 

7.3.6 SI1rIin in TrrJllSlle13e Reinftxcement, Specimen 211. The transverse strain gauge readill85 normalized 
by the yield strain are shown in f'JgUrcs 7.39 to 7.42. 

7.3.7 SITtI.'n in ~t&uJintM Beam Reinforr:emml, Specimen 211. The beam, lying between the precast 
planks of the floor .Uabs, had strain gauges placed as sbown in F'JgUI'C S.I1. F'qpucs 7.43 to 7.44 show the strain 
gauge readings non •. alized by the yield strain vaI.ae for the st~l 
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7.3.8 DeuIiled Test Description, Specimen 2b. Test observations are summarized in Tables 7:3 and 7.4, 
and are described in detail in the following paragraphs. The progression of cracking is shown in F'JgUrcs 7.45 
through 7.49. 

The first IoadiDg cycles were at about 10 kip5 base shear. At Load PoiDt 16, the base shear was 103 
kips. and the top disp1acement was 0.017 inches loading to the south. A flexural crack formed at the south wall 
base. 

During the 2O-kip Ioadiag cycles, fler~:.! crackiug occurred in both fll'St-story walls. At Load Point 25, 
the base: shear was 21.2 kip5 aDd the lop displacement was 0.1)55 inchc:s to the south. The DOrth waIl formed a 
diagonal crack from the top north side to the third coone up on the south side. This crack was an eft'ecr of the 
system malfuDctioa before testins began. A flexural crack formed at the top of the first-story Dorth wall at the 
opening. The fll'St-story south waIl formed flexural cracks a10ag the north side. The cracks occurred along the 
bottom three counes, and extended halfway across the wall. At Laad Point TI, the base shear was 20.3 kips at 
a top disp1acement of 0,(161 inches to the Dorth. Flexural crackiDg occurred OD the lower half of the fll'St-story 
south wall's 50uthcrD edge. 

The next load series was at about 30 kip5 buc shear. At Laad Point 33, the load was northward at a 
buc shear of 30.6 kips and a lop displacement of 0.11 iDc:hes. The north wall de\oeloped flexural cracks on the 
Dorth edge at the top of the first-story. The tlexuraI crackins is due to the double curvature of the walls. The 
south wall suffcrcd flexural c:rackins aear the opening at the top of the first-story. F1exuraI cnckiag cootinued 
along the teuioa side of the south wall. At Load PoiDt 36, the wall was loaded soulbward at a base shear of 
30.5 kips mel a lop displacemelll of 0.098 inches. Flexural cracking continued in the first-story of both walls. 
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TABLE 1.3 
oeSERVED BEHAVIOR OF SPECIMEN 2B 

(MN~~~or~P~i.i,;,~J 

lfl"r- SPECIMEN BEHAVIOR BASE ;HEAR T()f' DISPL 'CEMENT 
p,-

.,'" oN 'neh~, mm 

52 FI.-yr,1 crlt~klnll 01 2nd ~Iory len"on WIlli Yield QI 1'1 'lory len"on ~ )4.9 15~ ~112 "8 

63 Flexural crae~~lIoI 2nd story ~~:!~~':'Iab-I; fa"''' 012.1 Slory 
I' craeklna '01 ,ioD re 

43.9 19~.) 0202 51 

65 Yield or 2nd .tory north _" lolnt oDen4na 67.9 302.0 059 1~.0 

100 Craeklna of raol .lab 100 lace 59.1 262.9 0.40 10.2 

135 ~ ~e;:~~~ci'gl~~~\~~~ s=~;o~~~ f.lc~"" SlOfy oaum 
65.5 291 ) 0.56 1'.2 

111 Yield or 2nd .tory lenSlon _" bue 80.8 359.4 1.25 31.8 

172 ~~~c;:~ or ro.!!~ ~, ~~z~mc::~:,;,J'~:dr~!l~l~ ~~h _IIIOInt 
88.0 3914 169 42.9 

207 ~~a~~~~~~~~o~rero"~~.:g.e~I :~':' c~~~a~e2~~~0·~=':~ 't':)~ ~~ce 116.6 385.2 255 S.8 

208 ~:~o"in"~~':~ ~~~Ia~~cement: IonQlludlnal - crackinO 01 88.1 3919 3.46 87.9 

217 Fraclure 01 .Jrtreme len.'on bar 01 I wall 46.0 204.6 251 638 

219 Loss 0' compression toe [;~7it~1 ·246.4 ·2.34 -594 
f50ulh 

~ ~Jrtr.me COm1)fe.,'on bar 01 com",eo.'on wall buckles 6.9 30.7 O.CO 0.0 

TABLE 7.4 
OBSERIIH) BEHAVIOR OF SPECIMEN 2B 

(~~~'tL"oidt~J 

LOAD SPECIMEN BEHAVIOR BASE HEAR TOP DI"Pt ,rHAFNT 
PT 

kiDS kN Inches mm 

16 Flexural cracklna 011_10 _. and comm •• SIon ..... 10.) 4M 0.017 0.4 

J6 ~::<'~.~~!.l'elCI oIl~udInaI .teel 01 101 .Iory tenSIon and ~3.e 239.3 0.40 10.2 

56 ::::= c~~:'~r~~~ ~~~Zn;:~'w."w'acklOQ 01 bolh .Ieb.· lop races: 42.3 1882 0.27 6.9 

85 I\.lIe, laedlUmD: yield or 2nd story north wal loin! DOenina 67.9 302.0 0.59 15.0 

105 """"' ....... , .hea' cracklna of 2nd ftoo; slab bottom '.ce 46.1 205.1 0.41 10.4 

140 Cracklna 01 2m ~I"", slab bottom laco 60.3 268.2 0.62 15.7 

176 """"'_ ~he., cracklna 01 rool slab bottom lac. 69.1 307.4 1.18 30.0 

In Y,.,CI 01 1 sl slorY north _" IOlnt 00.""'" 14.8 332.7 1.57 39.9 

212 'fIeld 01 2m ~10fV I.."slon wall: cracklna 01 roo! slab bottom lace 12.4 322.0 2.)2 !>!I.9 

213 M"lXlmum kM.d and top dI.p.cemem; wrrtical uacklnQ 01 compr •• aaon wall 18.3 3411.3 3.10 16.4 
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At this point during the testia& the applied load increased suddealy towards the south. From the plotter 
readiags, the total app6cd load was 53.8 kip6, with II top displacement of 0.40 inches. This problem was due to 
a faulty coanec:tioa in the wiriD& betweeD the load cel aDd the servocootroUer. The pump was immediately shut 
off. It is beliewd that because of iaertiaI forces, the base shear was less thaD the applied load. 

At tbi& load poiat. the IoagitudiDa.I ban had yielded oa the teDlioa side of both walls. Strain gauge 
readings for the IoagitudiDal reiDforccmeat, at the last muimum strain before the load spike. were used to make 
a linear estim* or the base shear5 at which yidcIiDs bad ocaured, based OR the yield strain of the loagitudiaal 
reinforcement. The first-story north wall yielded at the bue at a base shear of about 30.7 kips aad a top 
displaccmcnt of 0.21 iac:hcs. The first-story south wall yielded at the base at a base shear of 44.1 kips and a top 
displacement of 0.278 iDcbcs. 

After the system was corrected, the specimCD was loaded to the south at approximately the same load 
cycle level to examiDe for aacb. The base shear was 30.7 kips aDd the top ctisplaccment was 0.21 iaches at Load 
Point 39. The first-story north waD exhibited more f1exura1 aackiog aIoa& the tcDIioa side. A Oexural crack 
extended aIoa& half the wallleugth at the IoapudiaaI reiDforCClDeDt splice. Flexural crackiag occurred along 
the waD aDd slab joint at the opcDiag at the top of the aorth waD. The first-story south waD had more Oexural 
cracking towards the mid-height of the waD. Due to double c:urvature, tlexural cracks formed at the top of the 
south edge of the first-story. 

The DellI load series was at about 40 kips base shear. At Load Point 52, the base shear was 39.3 kips 
at a top displacement of 0.16 iDchea toward the aortb. Due to double cunahIre, the first-story of the north waD 
bad more flexural crac:kiag aIoag the DOrth ed&e. The lCCODd-story of the aorth wall cracked one course below 
the 1'':lOf slab at the waD opeaiag. The first-story south wall JoasitudiDal steel yielded at the base at the south 
edge /1$ shown in F'tgUR 7.32(.). Tbia was DOl kDOWIlllJllil after tesaia& w!IcD c:orrectioaI were made to strain 
P. Chaaael81 for the Ioadiac problems iDc:urred at Load Point 36 (Appeadix C). The first-story south waD 
coatiDued to cndt Dear the waD ~ by the 1CCODd-000r slab aDd waD coallCdioa fa the ICCODd-story south 
waD, • tlexural aid .bout 10 iDchea Ioai formed aIoas the base. LoIcIiD& to the IOUtb, the base shear was 42.3 
kips .De1 the top displacement was 0.27 iDcbca at Load PoiIIl 56. The first dUIgonaI &hear crack formed OD the 
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fir~t-5tory north wall at the 5econd cour5e. The 
second-story hase ofhoth walls cracked along Ihe 
norlh edge. The slabs in hoth stories cracked on 
the lOp side. The second-story slab cracked at 
the south edge of the opening across the entire 
~Iah width. The crack was ~everal inches away 
from the w;.,11 edge. The roof slab cracked along 
the south side of the opening. The crack pattern 
is shown in Figure 7.49. 

The Firsl Major Evenl was 10 be defined as yield 
of the longitudinal steel at the base of the 
tension wall. Due to the problem encountered 
after Load Point 36 while loading to the south, 
the longitudinal steel had already yielded for this 
loading direction as shown in Figure 7.31(b). 
Therefore, the First Major Event was defined as 
coinciding with a hase shear of 44 kips. The 
event occurred at Load Point 63, whose base 
shear was 43.9 kips, and whose top displacement 
was 0.20 inches. The longitudinal reinforcement 
yielded at the base of the south side of the first
story north wall. A flexural crack formed at the 
base of the second-story north wall. Due to 
double curvature, extensive flexural cracking 
continued above mid-height along the north side 
of the first-story south wall. A flexural crack 
extended along about two-thirds of the base of 
the second-story south wall. The top face of the 
second-floor slab cracked across the entire width Figure 7.13 
on the northern edge of the wall opening. 

Sp. lb: Flnt story or north _II at ~nd or 
tnt. 

Loading to the south at a base shear of about 100% of the First Major E~'ent base shear, the hase shear 
was 47.~ kips and the top displacement was 0.30 inches (Load Point 67). Flexural cracking occurred at mid
height of the first-story north wall. The first diagonal shear crack formed on the first-story south wall. 

Since the walls had yielded in flexure. the loading system was switched from load control to displacement 
control. Testing under di.~placement control began at Load Point 81, using the top displacement of 0.20 inche, 
as the First Major Event di~placement. 

While loading southward for the first time under displacement control at the First Major Event 
displacement, a sudden increase in load occurred at Load Point 85. The system was immediately shut down. 
The system was thoroughly examined and no problem could be detected. After rechecking the system under low 
pressure, the testing was continued with no further system malfunctions occurring. 

At Load Point 85, the total applied load and the top displacement were calculated from the ploller as 
67.9 kips and 0.59 inches, respectively. As shown in Figure 737(b), yielding occurred at the wall and slab joint 
at the wall opening of the second-story north wall. This applied load was large enough to have cracked the slabs, 
but the slabs exhibited no new cracking. Again, inertial effects arc believed to have made the base shear 
considerably less than the applied load. At the next load point towards the south, the walls exhibited no further 
cracking. 
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Flpre 7.z.. 

While cycling further at displacements 
corresponding to the First Major Event, flexural 
crach formed near the mid-height of the first
story north wall. A crad formed in a head joint 
of Ihe flr~t-slory soulh wall. More flexural 
cracking occurred in the second-story south wall, 
and more flexural cracking occurred due to 
double curvature of the walls. 

The next load series was at a top 
displacement of about 200% of the First Major 
Event displacement. At Load Point 100, the base 
shear was 59.1 kips and the top displacement was 
0.40 inches towards the north. As shown in 
Figure 7.38( a ),longit udinal reinforcement yielded 
at the roof slab and Ihe soulh wall opening. The 
crack at the opening extended halfway along the 
wall length. The flexural crack, along the 
longitudinal reinforcement splice of the first-story 
north wall, extended across more than half the 
wall length. Loading to the south, the base shear 
was 46.1 kips and Ihe lOp displacement was 0.40 
inches at Load Point 105. A ~cond diagonal 
shear crack formed on the firsi-story north wall. 
Flexural cracking continued on both lirsi-story 
walls. After cycling at the 200% FME load 
series, flexural cracking began along Ihe second
story walls along their southern edges when the 
walls were loaded to the north. 

Sp. lb: Flnt story 01 south waU at ad 01 
tat. The next load series was at a top 

displacement of about 400% of the First Major 
Event displacement. When loading up to 400% FME, a reading was taken at 300% FME and the walls were 
examined for cracking. 

At about 300% of the First Major Event displacement, the: base shear was 65.5 kips al a top 
displacement of 0 . .56 inches at Load Poml 135. The load was to the north. The first diagonal shear crack 
appeared in the firsi-story of both walls for tbe north load direction. Figures 7.39(a) and 7.42(b) show that the 
transverse reinforcement remained elastic throughout Ihe test. The second-floor slab's bottom face cracked at 
the south wall opening edge. The crack extended almost completely across the slab width. The top face 0' the 
roof slab cracked along the width of the slab at the north wall opening edge. 

At Load Point 136, the top displacement was increased to approximately 400% of the First Major Event 
displacement. The base shear was 75.1 kips and tbe top displacement was 0.82 inches to the north. More 
diagonal shear cracking occurred across the Ii. ,t-story Donh wall. The first-story soulh wall cracked completely 
across, at one course below the second-floor slab. A diagonal crack formed at the top of the first-story south 
wall near the soutb edge running to the north edge about four courses from the top. More flexural cracking 
occwred along Ihe south edge of the second stories of bulh walls. The top face of the second-story slab cracked 
across the slab width lbout 8 inches into the wall from the norlh wall opening edge. The top face of tbe roof 
slab cracked all tbe way across the 5lab widtb towards tbe center of the wall opening from the northern edge. 
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At Load Point 1~). the specimer. wa~ 
loaded to thl~ wuth at a top di~pJacement of 
about .'<)()l'1, of the First Major Event 
displacement. The base shear was bO.3 kips, and 
the top displacement was O.b2 inches. The 
holtom face of the second· floor slab cracked on 
the north ~ide of the wall opening. The crack 
was across half the western side of the slab. 
More flexural cracking occurred on the top face 
of the second-story slab. 

At a top displacement of about 400% of 
the first Major Event displacement, the base 
shear was 70.4 kips. and the top displacement 
was 0.80 inches at Load Point 141. The load was 
to the south. More diagonal shear cracking 
formed along the first· story north wall. Flexural 
cracking continued on both slabs. 

The next load series was up to a top 
displacement of about 8()()% of the first Major 
Event displacement. Readings were taken and 
cracks were marked at an intermediate point of 
about 600% FME displacement. 

At Load i'oint 171, the base shear was .. 80.8 kips, and the top displacement was 1.25 
inches. The loading was to the north at a top 
displacement of about 600% of the first Major 
Event displacement. Longitudinal reinforcement Figure 7025 
yielded at the base of the south side of the 
second-story south wall (shown in Figure 

Sp. 2b: Base or south end or first story or 
south wall at end or tesL 

7.36(a». Cracking on the bollom face of the roof slab formed at the south end floor plates. The localized 
cracking was due to transfer of load from the floor plates to the slab. The second-floor slab exhibited more 
cracking on the top and bouom face. The cracks tended to project at an angle from the edge of the wall opening 
at the center of the slab towalds the middle of the wall opening at the slab edge. 

At a top displacement of about 800% of the First Major Event displacement, the base shear was 88 kips. 
and the top displacement was 1.69 inches to the north at Load Point 172. As shown in Figure 7.34(a). 
longitudinal reinforcement yielded near the intersection between the first-story of the south wall and first floor 
slab at the wall opening. The second-story south wall and roof slab joint separated about 1/4 inch at the wall 
opening. More cracking occurred on the top and bottom faces of both floor slabs. The slabs formed a definite 
S-shape, and remained elastic. On the top face of the roof slab, a longitudinal shear crack formed along the 
intersection of the east edge of the south wall and the slab. The crack ran from the south end to the center of 
the wall. Diagonal shear cracking continued in the first-story of the north wall. The cracks ran from about five 
courses up on the south wall edge towards the compression toe at the north edge. The flexural crack was 
opening at the longitudinal reinforcement splice of the first·story south wall. Crushing began at the compression 
toe of the first-story south wall. The base of both walls were uplifting about 1/4 inch. 

At Load Point 176, the loading was to the south at a top displacement of about 600% of the First Major 
Event displacement. The base shear was 69.1 kips, and the top displacement was 1.18 inches. On the roof slab's 
bollom face, a longitudinal shear crack formed along the opening at the inter!>Cction of the wall's west edge and 
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the slab. The crade ran about 5 iDcllea from the DOrth cod of the waD opcaiDs towards the c:cater. I..oc:alized 
crackiDg formed from the floor plate to the wall edse aIoag the lop faces of both slab floors. Another flexural 
crade formed OD the roof slab's top fac:c. The waD bale wu aIidiDg up to about 3/4 iDdI as showa in f'JgW'cs 
7:19 and 7.30. 

The top displaccmeDt was iDcreucd to about 8lO% of the FU'Sl Major E~Dt displac:cmcat It Load PoiDt 
177. The base shear was 74.8 kip&, and the top diaplac:cmeat was 1.57 iDcbes to the south. LoagitudiaaI 
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I ' 

eo '00 ,eo 
Load Point 

F1pre 7.30 Sp_ lb: Slip at buc 01 Dnt story 01 south wall_ 

The top displacement was increased to about 800% of the rust Major EveDl displacement at Load Point 
liT. The base shear was 74.8 kips, and the top displacement was 1.57 inches to the south. Longitudinal 
reinforcement yielded at the fust-story north wall and slab '>pening joint. Diagonal shear cracking continued in 
the first-story south wall at an angle towards the compression toe. Both slabs exhibited a definite S-shape for 
the south loading direction. On the bottom face of the second-Door slab, a longitudinal shear crack formed along 
the openiDg at the intersection of the west edge of the wall and the slab. The crack ran from the north end to 
across two-thirds of the center of the waD openiug. The longitudinal shear crack, which formed on the bottom 
face of the roof slab at Load Point 176, extended to the center of the wall opening. 

After cycling at about 800% of the rlrst Major Event displacement, no new cracking or yielding 
occurred. The nell load series was up to a top displacement of about 1600% of the rust Major Event 
displacement. Readings were taken at about 1200% FME displacement, and the walls were examined for new 
cracking. 

At Load Point '1IJ7, the top displacement was approxillDately 12OC% of the First Major Event 
displacement. The buc: shear was at 86.6 kips, and the top displacement was 2.55 inches to the north. Cracking 
began at the compression toe of both rust-story walls. Abo, the face sheD spalled off at the compression toe 
of the fust-story north wall. Diagooal cracking became more eXleosive at the fust-story north waD. More 
diagonal crKking occurred in the fust-story south wall. Another longitudinal shear crack formed across the 
openiDg on the bottom face of the SCCODd-Ooor slab. On both slabs., cracks eXleaded and new flexural craw 
formed. The second-story south walllUld slab coaneclioa at the opening had a 3/8 iDch crack. 

At a top displacement of about 1600% of the rlrSt Major Event displacement, the base shear was 88.1 
kips, and the top displacement was 3.46 inches. This was the maximum 10acI and displacement for the north load 
direction. The firsI-story BOrth waII-s compression toe coatinued to ICparate from the wall. The base of the 
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north wall at the south edge lifted 3/4 inches off the base. The base of the south wall at the south edge was 
lifting 1 inch from the base. More diagonal shear cracks occurred in the fust-story north 
wall. Cracking continued in both slabs. 
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AI Load Point 212, the loading was to the south at a top displacement of about 1200% of the First 
Major Event displacement. Longitudiaal reinforcement yielded, due to Oexure, at the base of the north side of 
the second-story north wall, as shown in FJgure 7.35(b). The first flexural aack formed for the south load 
direction CiO the bottom face of the roof slab. Also, localized aaeking occurred around the northwest loading 
plate. 

At a top displacement of approximately 1600% of the rU'St Major Evcnt displacemeDt, the base shear 
was 78.3 kips, r.nd the top displacement was 3.10 inc:hes to the south at Load Point 213. This was the maximum 
load and displacemeDt for the south loading direction. Vertical aacking and crushing occurred at the 
compression toe of the fU'st-story south wall. 

While cycling down from the 1600% FME displacement, the compression toes were lost from both first
story walls for the north load direction. The north wall c:omprcssioa toe completely $Cparated and feU away from 
the wall at Load Point 219, while loading to the soutb at a top displacement of about 1200% FME displacement. 
At Load Point 217 whiI~ loading to the north at a top displacement of about 1200% FME displacement, the 
extreme tension Ioagitildinal bar fractured in the fll'5l-story north wall. After IosiD& the compression toe of the 
north wall, the first-story longihldinal bar buckled at Load Point 220, at zero displac:emr.Dl. Lateral displacement 
of the walls' bases became notable while cycling. At Load Point 215, the maximum lateral displacement of the 
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north wall was 1/2 inch, and of the south wall, 3/4 inch. By Load Point 217, the lateral displacement of the 
nonb wall was 3/4 inch and of the south wall was 1-1/8 inches. 
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When the test ended, the final out-of-plane displacement was 7/8 inches for the oorth wall and 1-3/8 
inches Cor the south wall. The fiDal in-plane displacemeot is shown in f"tgUles 7.29 and 7.30. The oonh wall had 
a fmal in-plane displacement of 0.13 inches to the south, and the south wall had a fmal in-plane displacemeot 
of 0.19 inches to the north. 
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8. DISCUSSION OF TEST RESULTS 

8.1 General 

In this chapter, test results are examined in terms of tbe 10ad-deDection response of the specimens. and 
in terms of the load-deformation response of their Mrudural elements (walls and coupling slabs). Structural 
response is described in terms of the foUowing: 

1) the load-displacement histories of Specimens 2a and 2b; 
2) the deformations, Mrains, and construction details of the walls; 
3) the coupling behavior and construction details of the slabs; and 
4) the failure modes of each specimen. 

8.Z Discussloa 01 Load·DlsplacelDeat History 

8.2.1 Genertll. The load-displacement history of Specimens 2a and 2b will be examined in terms of 
hysteresis loops, load-displacement envelopes, and the comparison between those load-displacement envelopes 
<did the analytically predided envelopes. 

Some fIgUres used in this and subsequent sections compare different loading cycles within the same load 
series. Within each load series, the peaks are defmed as shown in Fig. 8.1: "firM peak," which is the farst time 
tbe peak load is reached in a particular load series; "second peak," which is the second time the peak value is 
attained; "last peak," which refers to the last cycle in the load series at the peak value; and "next peak," which 
is the peak value of the last load seriC$, loading up to a higher value in the next load series. 

8.2.2 Discussion of Hystemis Loops. The hysteresis loops for the entire teMs are shown in FIgUres 7.5 
and 7.'1fj for Specimens 2a and 2brespectively. In FIgUres 8.2 to 8.3, the farst peak cycles of each load series are 
displayed for Specimen 2a and 2b respectively. 

As shown in Fagures 8.2 and 8.3, the hysteresis loops remain very Mable throughout both tests. For 
Specimen 2a, fradure of the longitudinal reinforcement at tbe north end of the farst story of the north wall and 
the subsequent 1065 of strength, arc shown in FIgUre 8.2 by the decrease of base shear in the largest loop while 
loading to the south. Both specimens' hysteretic behavior was basically nexural, which concurs with the observed 
failure modes, discussed in Subsections 7.21 and 7.3.1 for Specimens 2a and 2b respectively. 

The plots for the last complete load series in each teM are reproduced in F"tgures 8.4 and 8.5 for 
Specimens 2a and 2b respectively. The plots give details of tbe hysteresis loops which are not apparent from the 
discrete readings of the data acquisition system. Pioc:hiog can be seen in the hysteresis loops for both specimens. 
This pinching is due to sliding of the coupled wall at the base of the farSl story. Plots of earlier load series, 
before substantial base s1idiog, exhibit little pinching. For Specimen 2a, the last complete load series was at a 
peak roof displacement of about 1.70 inches (4800% of the F"arSl Major Event). During this load series, the 
maximum slip at the base of the farst story wa& was 0.10 inches to the north and 0.28 inches to the south, for 
the north and south load directions respectively. For Specimen lb, the last complete load series was at a peak 
roof displacement of about 1.6 inches. The maximum slip at the base of the fant story walls during this load 
series was 0.28 inches to the north and 0.40 inches to the south, for the north and south loading directions 
respectively. As shown in FJgUfe 8.4 and 8.5 for Specimens 2a and 2h, slip at the base of the fant MOry walls 
correlates weD with the point at which the stiffncss begins to inaease after pinching of the loops. Pinching can 
also be due to shear. However u discussed in Subsection 8.4.4, shear was not • critical fador for either 
specimen. 
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TABLE 8.1 ENERGY DISSIPATION AT LAST COMPLETE lOAD SERIES, SPECIMEN 2A. 

Loading Peak Energy Peak Disp. Energy/Peak Disp. 
Direction (k-in) (in) (k-in/in) 

First Peak 6.04 1.70 3.56 
Nortb (lP 357) 

Last Peak 4.19 1.71 2.45 
(lP 388) -
First Peak 5.76 1.61 3.58 

South (LP 3(1) 

Last Peak 3.87 1.61 2.41 
(lP 390) 

TABLE 8.2 ENERGY DISSIPATION AT LAST COMPLETE lOAD SERIES, SPECIMEN 2B. 

Loading Peak Energy Peak Disp. Energy/Peak Disp. 
Direction (k-in) (in) (k-in/in) 

First Peak 6.46 1.69 3.82 
North (lP In) 

Last Peak 3.34 1.69 1.98 
(lP 202) 

First Peak 5.68 1.57 3.62 
Soutb (lP 177) 

Last Peak 2.93 1.56 1.88 
(lP 2(4) 

Energy dissipation seems satisfactory at the first peak cycle throughout testing of both specimens 
(Figures 8.2 and 8.3). Tables 8.1 and 8.2 show the energy dissipation (or the last comrlete load series of 
Specimens 2a and 2b as calculated from Figures 8.4 and 8.5 using a planimeter. This was expressed in terms 
of energy dissipation normalized by peak lateral displaeement. An elasto-plastic specimen would have a nearly 
constant value of this ratio. Decreases in this ratio indicate departures from elasto-plastic behavior due either 
to pinchins or streD8lb deterioration. For Specimen 2a, tbe reduction in (Energy/Peak Displacement) between 
first and last peak was 31% for the north direction, and 33% for the south direction. For Specimen 2b, the 
reduction in (Energy/Peak Displacement) between first and last peak was 48% for both load directions. The 
first peak energy dissipation for Specimens 2a and 2b were similar as shown in Tables 8.1 and 8.2. However, 
the energy dissipation ability of Specimen 2a was better than for Specimen 2b after cycling to the last peak in 
tbe load series. 
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8.2.3 Discussion of Load-Displacement Envelopes. Figures 7.6 and 7.28 show envelopes of base shear 
at first peak versus tbe roof displacement for Specimens 2a and 2b. As sbown in those figures, both specimens' 
envelope5 exhibit linear and nonlinear regioD5. 

Specimen 2a started to become nonlinear at about 250% of tbe First Major Event for botb north and 
south load directioll5, corresponding with yielding of compression walls, and crading and yielding of both slabs. 
For the north direction, base shear was 58.5 kips at a roof displacement of 0.16 inches, and for the south 
direction, base shear was 54.5 kips at a roof displacement of 0.14 inches. 

Specimen 2b's north and south envelopes started to become nonlinear at different load series due to 
loading problems encountered during testing. For the north envelope at load point 63, base shear was 43.9 kips 
at a roof displacement of 0.202 inches, corresponding to yielding of the compression wall and cracking of the top 
race of the second-story slab. For the south envelope at Load Point 36 (after the load spike), the base shear was 
53.8 kip5 at a roof displacement of 0.40 inches, which corresponds to flexural yield of compression and teD5ion 
walls. 

For both Specimens 2a and 2b, the curves shown in ragures 7.6 and 7.28 changed from linear to 
noDlinear at about the same time that the compression wall yielded .. 

ragures 8.6 and 8.7 show strength degradation for SpecimeD5 2a and 2b respectively. The figures show 
envelopes of the first peak, last peak, and next peak for the entire tests. As shown in Figures 8.6 and 8.7, 
strength reductions coincided with the appearance of nonlinearity in the envelopes. For Specimen 2a, strength 
reduction between fust peak and next peak for tbe maximum base shear was 12% for the nortb load direction 
and 23% for the soutb load direction. For Specimen 2b, strength reduction between first and next peak for the 
last complete load series (800% FME) was 24% for both load directions. Both specimens maintained satisfactory 
strength while cycling at each load series. 

8.24 ComparisOfl 0/ LOIUJ-DisplGcmamt Envelopes with Predicted Envelopes. rtgUf:s 8.8 and 8.9 compare 
the predicted envelopes (F'JgW'CS 6.3 and 6.4) with base shear at farst peak value versus roof displacement 
envelopes for the north and south load direction, for Specimens 2a and 2b respectively. 

The predicted envelopes arc based on monotonic loading. while both specimeD5 were tested cyclically. 
As shown in both rtgUfes 8.8 and 8.9, the north and south envelopes model the predicted envelope fairly well. 
The difference between the predicted envelope and the north envelope can be accounted for by the fad that 
predicted analysis did not include slip at the base oC the farst-story walls (which actually occurred during the 
tests). 

As observed for both specimens, base shear for the south envelope is always less than for the north 
envelope al the same roof displacement. This difference in base shear is due to the loading sequence. For each 
load cyele, specimens are first loaded towards the north, and the resulting loss in stiffness of the walls when 
loading to the north taUSC5 a reduced strength for the same displacement towards the south. ThereCore. 
comparisons between the predided and observed envelopes will be based on the observed envelope for 
northward loading. 

For Specimen 2a's north envelope. the maximum base shear was 98% of tbe predicted value, and the 
maximum displacement was 140%. For Specimen lb's north envelope, the maximum base shear was 97% of 
the predided value and the maximum displacement was 81 %. Therefore, both specimens' cyclic response 
envelopes corresponded reasonably weD with predicted monotonic 10ading behavior. 

8.25 ComptllisOfl 0/ MIIZimum lAtmU LOIUJ ClIpGCiJy 0/ CoCIpied Willis with Uncoupled Walls. The 
maximum lateral load capacity of the shear walls without coupling slabs is ca1culated using simple plastic analysis 
(Equation 5 of Sublcction 6.3.1). The Oexural capacitic:6 of the wall base sections arc obtained from the 
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RCCOlA computer program (22) used in Subsection 6.3.2. Sine:.: there is no axial force due to the coupling 
sys:em, the moments at the walls' bases are equal. This results in an overturning moment capacity of 7.052.4 
kip-in for the shear walls without a coupling system. The resulting lateral load capacity is 46.4 kips. 

For Specimen 2a, the milXimum lateral load reached was 88 ... kips, which is a 90% increase over the 
capacity of the uncoupled shear walls. For Specimen 2b, the maximum lateral load reached was 95.9 kips which 
is a 107% increase over the capacity of the uncoupled shear walls. Since lateral load capacity for the coupled 
walls (Specimens 2a and 2b) is greater than for the uncoupled shear walls, the specimens' coupling slabs 
transferred shear and moments between the walls resulting in the greater lateral load and flexural capacity (Eqn. 
5, Subsection 6.3.1). 

8.3 DISt'ussloD of Specimen StllTnHs 

Figures 8.10 and 8.11 show tangent stiffness and first peak value backbone stiffness envelopes for 
Specimens 2a and 2b. The backbone stiffness is defined as the ratio between the peak values of load and 
displacement in a particular cycle. The tangent stiffness is calculated point to point, while the backbone stiffness 
is calculated from the origin to the point at which the stiffness is required. Figures 8.12 and 8.13 illustrate 
stiffness degradation for backbone stiffness envelopes from beginning to end of the load series for Specimens 
2a and 2b respectively. 

As shown in Figures 8.10 and 8.11, the difference between backbone stiffness envelopes for the north 
and south direction is greatest at the beginning of the test, when the specimens are stiffes!. Both north and south 
backbone stiffness envelopes follow about the same path after the point corresponding to when base shear at 
the first peak value versus roof displacement envelopes became nonlinear (Fig. 7.6 and 7.28). 

For Specimens 2a and 2b, stiffness degradation within each load series was nOl critical, as shown in 
FlgUfes 8.12 and 8.13. Degradation of stiffness was always greater for the south load direction than for the north 
load direction. As previously explained in Subsection 8.2.4, this difference is due to the loading sequencr.. 

For Specimen 2a, the largest degradation of stiffness between flfSt and last peak was 39% for the south 
load direction, and 14% (or the north load direction. This occurred at 400% of the First Major Event load series 
(0.14 inches roof displacement), when both slabs had cracked and yielded and both compression walls had yielded 
in each load direction. 

For Specimen 2b, degradation of stiffness between fust and last peak was greatest during the 100% FME 
load series (0.20 inches) when a loa;ling problem (Subsection 7.3.8) occurred at Load Point 85. Degradation of 
stiffness was 38% for the south locld direction, and 15% for the north load direction. 

8.4 DilKUssloa 01 Wall Behavior 

8.4.1 GefU!raJ. Response of wall elements for the specimens will be examined in ternls of wall 
deformations, longitudinal reinforcement strain, transverse reinforcement strain, and construction details. 

8.4.2 Di!cwsiOfl of Wall DeformtJJions. Deformations considered to contribute to the tOlal lateral 
displacement of the walls include: Oexural deformation, shear deformation, and slip at the base of the fIrst story 
walls. Calculations of flexural and shear deformations are discussed in Appendix D. Slip at the bases of the 
walls was obtained directly from test results (Fags. 7.7·7.8 for Specimen 2a, and Fags. 7.29 • 7.30 for Specimen 
2b). FJgW'es 8.14 to 8.17 and 8.18 to 8.21, for Specimens 2a and 2b respectively, show the contribution of each 
type of deformation to each specimen's total lateral displacement. Because contributing deformations are 
calculated independently of each other, an error term is introduced to account for any C1ifference between total 
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measured lateral displacement and the summation of the other displacements corresponding 10 each contrihulmg 
deformation. 

As shown in those figures, the flexural deformation contribution dominates the total lateral wall 
displacement for Specimens 2a and 2b. Sbear and base slip contribute relatively little displacement. Fllr 
Specimen 2b, wben loading to tbe south, slip at the base of the first story walls contributes more to the total 
displacement. This larger contribution of deformation is due to the load jumps to the south. which increased 
the base sliding in that direction. 

For each specimen, the percentage contributions of each type of deformation to the total lateral 
displacement are calculated at the maximum roof lateral displacement. and are shown in Table 83 ~nd 8.4 for 
Specimens 2a and 2b respectIvely. For both walls of Specimen 2a, the flexural deformation contribution (103<,) 
is greater than the total displacement for the nonh load direction. This is accounled for by the wall base slip 
contribution in the opposite direction. For Specimen 2b, the base slip contribution is 23.2% for the north wall 
and 19.2% for the south wall for the south load direction. 

8.4.3 Discussion of Behavior oJ Wall Longitudinal ReinJorcemelll Strain. Longitudinal strains at the hasc 
of the first story walls for Specimens 2a and 2b are shown in Figures 7.9 to 7.10, and 7.31 107.32 respectively. 

Spedmea la 

Becausc the base of the rust story north wall only had Ihe oUlside two strain gauge!'., the slrain profiles 
cannot be: obtained. Figure 7.10 shows the strain profiles for the base of the first story south wall. The strain 
proflles remain approximately linear until yielding. 

The strain profiles for the north and south walls when these act in tension are shown in Figures 7.9b 
and 7. lOa. When they act in compression, the co"esponding proflles are shown in FIgUres 7.9a and 7.1Ob. Strain 
proflles for the tension wall are similar for both north and south walls. The neulral axis is located near the 
opening edge of each wall unlil yielding, after which time the wall does not have a definite neutral axis depth. 
From visual observations al tbe end of each test, the lension walls uplifted across their entire length. Sirain 
profiles of the compression wall do not behave quite the same for the north and south walls. The north wall has 
a definite neutral axis location near the outside wall edge (Fig. 7.9a). The compressive strain in the I.:ompression 
toe gradually increases almost untillhe end of lesting. For the soulh wall, Ihe compression toe appears 10 he 
very close to the outside edge of the wall, approximately al the strain gauge location, almosl until the end of Ihe 
test. 

SpedmeDlb 

The loading s.:quencc uscd for Specimen 2b (Subsection 53.2), and Ihe loading problems incu"ed during 
tesling (Subsection 73.1) did not allow many data readings before yielding of the walls; therefore, conclusions 
on neutral axis location cannot be made. 

Fagures 731 and 7.32 shows the strain profiles for Ihe base of Ihe first story walls. Strain profiles remain 
approximately linear before yielding. 

8.4.4 Discwsion of Behavior of Wall TIIIIISVer:re Reinforcement Strajn. As shown in Figures 7.11 10 7.14 
and 7.39 to 7.42 for Specimens 2a and 2b respectively, transverse steel did not come close 10 yielding during 
testing, and visual observations during the tests also showed that diagonal shear cracks formed but did not 
increase in width. Therefore, shear was not a critical factor, either for Specimen 2a or 2b. 
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TABLE 83 DEFORMATION CONTRIBUTIONS TO MAXIMUM LATERAL 
ROOF DISPLACEMENT - SPECIMEN 2A. 

Loading Wall Total Displacement Contributions 
Direction Lateral (% of Total Disp.) 

Disp. 
Rex. Shear Wall Error (in) 
Der. Def. Base Slip 

North 2.26 103.0 S.8 -S.O -3.8 
North 

South 2.26 103.0 4.9 -lS.2 7.3 

Nortb 2.14 74.1 4.2 10.4 11.3 
South 

South 2.14 13.6 7.4 23.3 -4.3 

TABLE 8.4 DEFORMATION CONTRIBUTIONS TO MAXIMUM LATERAL 
ROOF DISPLACEMENT - SPECIMEN 2B. 

Loading Wall Total Displacement Contributions 
Direction Lateral (% of Total Disp.) 

Disp. 
flex. Shear Wall Error (in) 
Der. Def. Base Slip 

North 358 88.7 6.0 8.5 -3.2 
North 

South 3.34 86.8 6.0 9.7 -2.S 

North 3.04 71.8 12.4 23.2 -7.4 
South 

South 3.16 64.5 7.0 19.2 9.3 

8.4.5 DiscussiCHI 0/ Bt!lUlvior 0/ WiMl CCHlSllUction DeIQils. The construction details of primary concern 
for Specimen 2a and 2b were the quality of grouting of the walls, the behavior of the longitudinal reinforcement 
splices, and the behavior of the transverse reinforcement hooks. 

The primary concern with the grouting was that no voicb be prC5Cnt in the walls. The walla of Specimen 
2a were tested for voids as described in Section 4.4, and questionable areas were checked after testing (16). 
When concrete IIlUOIHY uaits were chipped away to expose the grout, DO voids were found. For Specimen 2b, 
the grout was not tested (or voids, but visual observations of the cutouts at the base of the waDs showed tbat 
grout had completely rilled the base ails. For Specimens 2a and 2b, the grouting procedures foUowcd in 
Subsection 4.4.2 provided satisfactory resulls. 
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Behavior of longitudinal reinforcement splices was another area of concern. A 2U-inch (4Od) splice was 
u5ed at the base of the flfst and second-story walls for both Specimen 2a and 20 (Figure 3.6). Although hase 
sliding of up to about 0.5 inches occurred for Specimen 2a. and up to about 0.75 inches for Specimen 2b, splices 
did nOl appear to deteriorate during the tests. When the specimens were demolished after testing, no vi,ual 
evidence of bond deterioration was observed. 

Regarding the transverse reinforcement hook, the two primary concerns are that the hook remain 
bonded with the grout and that it be able to constrain the longitudinal reinforcement. The transverse 
reinforcement 180 degree hook detail (Subsection 3.2.2) performed ~tisfactorily for both function!>. Vi,ual 
observations were made after the compression toe failures occurred, exposing the hook. For both Specimens 
2a and 2b. the grout around the transverse and longitudinal reinforcement connection remained intact at the IO;ld 
levels attained in the tests. Abo, transverse reinforcement effectively constrained longitudinal reinforcement. 
When the longitudinal reinforcement buckled at the compression toes, buckling wa!\ restricted between the hase 
and first transverse reinforcement hook above the base. 

8.6 Discussloa or Slab Behavior 

8.6.1 Discussion of Slab Coupling Behavior. 

Sp«lmea Za 

Specimen 2a had a cast-in-place concrete slab. Throughout the test, the slab and wall remained 
monolithic, and the slab-wall joint showed no signs of deterioration. As shown in Figures 7.18 to 7.21, slah 
cracks formed in a regular. flexural pattern across the full width of both slabs near the slab-wall intersection al 
the openings. As shown in Figures 7.18 and 7.19, the full widths of both slabs were effective in transferring shear 
and moment between the walls. As evident from the observed yielding of the longitudinal reinforcement across 
the full width of both slabs (Figs. 7.15 and 7.16), plastic hinges formed in each slab at both sides of the opening. 
The slabs performed satisfactorily and as intended. 

For Specimen la, it can be shown that the roupling system was effective in transferring ~hear and 
moments and did not allow the walls to act as independent cantilever walls by comparing the maximum lateral 
load capacity of the coupled wall with the maximum lateral load capacity of uncoupled walls (discussed in 
Subsection 8.2.5). The maximum lateral load capacity for the coupled wall is 90% greater than the maximum 
lateral load capacity for the walls if they were uncoupled. Therefore, transfer of shears and moments was 
occurring which resulted in the greater lateral load capacity of the coupled wall system over the uncoupled walls. 

Using the behavioral model of eccentric shear transfer in ACI 318-83 [lSI, eccentric shear stresses at 
the slab-wall interface were checked for Specimen 2a. and calculations are shown in Appendix F. It was 
conservatively assumed that all shears and moments would be transferred from the coupling slabs by eccentric 
shear stresses to the walls. Based on an effective slab depth of 6.5 inches, the resulting eccentric shear stress 
is 136 ps~ less than the ACI code's concrete shear strength of 140 psi. Therefore, as was observed during testing, 
the coupling slab transferred shears and moments to the walls without deterioration at the slab-wall interfacc. 

Sp«Imea lb 

The slabs of Specimen 2b were composed of precasl concrete planks running parallel to the walls, 
covered by a concrete topping. As shown in ragures 7.46 to 7.49, cracking did not follow any regular pattern, 
for various reasons: 1) flexural cracking, while present, was limited to a couple of cracks across the full width 
of the slab at the wall openings; 2) local cracking was produced by load transfer from the testing apparatus to 
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the second-floor and roof slabs; 3) shear cracks formed at portions of the intersection of the planks with the 
walls; 4) punching shear cracks developed at thc slab-wall intersection near the openings; and 5) deterioration 
of the horizontal joint between slab and walls occurred at the top of wall openings in both stories. 

The ability of the slab to transfer shear and moment between walls was reduced, due to two principal 
factors: shear cracking at portions of the slab-wall intersections; and deterioration of the horizontal joint at the 
coupled wall openings between second-floor and roof slabs and walls. These factors caused reduced continuity 
between the walls and the slabs, allowing the slabs to rotate less than the walls at each story level. Smaller 
rotations of the slabs result in lower slab moments, which in tum reduce the amount of shear transferred by the 
slabs between the walls. The total base overturning moment (as discussed in Subsection 2.2_2) is depend.:nt on 
the moments at the base of each wall (Ml and M2), and on the product of the shear transfer between the walls, 
multiplied by the distance between the plastic centroids of the walls (L ·T). As discussed in Subsection 2.2.2, the 
reduced effectiveness of the coupling system in transferring shear reduces the L -T term, and the walls act more 
like independent cantilevers. Evidence of this effect was observed during teSling of Specimen 2b, double 
curvature flexural cracking was observed in the early stages of the test, but as the load cycles increased during 
the test single curvature flexural cracking governed. 

Although tbe effectiveness of the coupling system deteriorated, the coupling slab did not allow the walls 
to act as independent cantilever walls. This is verilied by comparing the maximum lateral load capacity of the 
coupled wall with the maximum lateral load capacity of uncoupled walls (discussed in Subsection 8.2.5). The 
maximum lateral load capacity for the coupled wall is 107% greater than the maximum lateral load capacity for 
tbe walls if they were uncoupled. Therefore, transfer of shears and momen's was still occurring which resulted 
in the greater lateral load capacity of the coupled wall system over the u •• coupled wall system. 

Deterioration of the coupling system due to the aforementioned factors did not allow the flexural 
capacity of the slab to be reached due to the smaller rotations of the slabs. In addition, the flexural cracks that 
developed in tbe planks were totally closed at the end of testing, which indicates that the planks remained 
essentially elastic throughout the test. Also, the reduction of shear transfer between the walls reduced the 
stiffness of the coupled wall, causing tbe coupling system to be more flexible. 

To evaluate the reduction of shear transfer from slabs to walls, the eccentric shear stress transfer for 
Specimen 2b was calculated (Appendix E). To account for the possible worst and best ease, a minimum effective 
deptb of 2 inches and a maximum effective depth of 8 inches were used, since the actual effective depth is 
between these two values. As before it was conservatively assumed that the total nominal moment capacity of 
the coupling slabs would be transferred to the walls by eccentric shear stresses. Assuming an effective deplh of 
2 inches, the eccentric shear stress is 564 psi, which is much greater than the concrete shear strength resistance 
(140 psi). Assuming a total effective depth of 8 inches, the eccentric shear stress is equal to the concrete shear 
strength resistance. Since a cold joint is present between the precast planks and the embedded beam, the actual 
effective depth is less than 8 inches and presumably closer to 2 inches. Therefore, eccentric shear stress 
calculations indicate possible problems in shear transfer from the slabs to tbe walls, which was tbe observed case 
for Specimen 2b. 

The eccentric shear stress transfer for Specimen 2b is a limiting ease. In the prototype building, restraint 
against the longitudinal shear cracking and subsequent movcment of the planks is provided by the adjoining Door 
system; while for Specimen 2b, restraint is not provided to inhibit plank movement away from the coupled walls. 

Using simple plastic analysis as discussed in Chapter 6, an "effective coupling length" can be derived 
for Specimen 2b. The "effective coupling length" is that coupling beam length which, when substituted into 
Equation (4) in Subsection 63.1, using the nominal coupling beam capacity, gives the observed base shear 
capacity. At the maximum base shear, tbe "effective coupling length" (88.1 kips to the north) was calculated to 
be approximately 86.5 inches which is 1.54 times grealer than tbe assumed coupling length of 56 inches. 
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8.6.2 Discwsion of Behllvior of Sillb Construction DetllilJ. Since Specimens 2a and 2b have different floor 
systems, their slab construction details differ. 

Sped ... 2a 

Specimen 2a's floors are reinforced cut-in-p1aa: slabs (Subsection 3.2.3). Transverse and longitudinal 
reinforcement performed properly for Specimen 2a (Subsection 3.23) allowing the second-floor and roof slabs 
to behave monolithically. 

The casI-in-place concrete slabs used a reinforcing detail which in effect created an embedded beam 
centered over the walls and spaaaias the full length of Specimen 2a (Subsection 3.2.3). This reinforcing beam 
detail was used to ensure sufficient slab coupling. Visual OOserwtions showed that both the second-floor and 
roof slabs craclted and yielded aaoss tlJcir entire widths. This suggc:515 that the beam reinforcement detail of 
Specimen 2a was unnecessary. 

SpedlDeD lb 

Specimen 2b's floor system was composed of two precasl, prestressed planks with an embedded beam 
reinforcement detail between planks, and a reinforced 2-inc:h topping slab (Subsection 3.2.3). 

As discussed in Sub&ection 8.6.1, the welded wire reinforcement in the 2-inch topping was nOl sufficient 
for transverse continuity of the plank floor system. Complete transver~ restraint of the floor to achieve 
monolithic behavior is not possible. Therefore. the beam detail is needed. 

8.1 DlscuulOil 01 Failure Modes 

The lateral strength of Specimens 2a and 2b was limited by flexural failure of the coupled walls. The 
observed failure modes, of CI'U5hing of the compression toes and fracturing of the longitudinal reinforcement, 
are consistent with a flexural failure. F'agurCi 8.12 to 8.19 confirm that flexure was critical, since flexural 
deformation was the chief coatributor to the total lateral displacement of both specimens throughout the tests. 

Inelastic deformation capacity of both specimens Wlb limited by the in-plane and out-of-plane 
displacements of the bases of the first Mary walls. 
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9. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

9.1Su........, 

As part of Task 3.1(c) of the TCCMAR program, 2 full-scale reinforced masonry specimens. each two 
stories high, were constructed and tested. The specimens were fully grouted hoDow concrete masonry. The two 
specimens involved coupled shear walls without lintels, and with different floor systems. Specimen 2a bad cast-in
place slabs, while Specimen 2b had precast plank Doors. In the protOlypC building on which Specimen 2a was 
based. the floor slabs spanned perpendicular to the coupled shear walls; in the prOlotype building of Specimen 
2b, the floor slabs spanned parallel to the coupled shear walls. 

Both specimens were tested under quasi-static, reversed cyclic lateral loads applied in the plane of the 
walls at the second-floor and roof level. Specimen 2a was also loaded verticaUy by constant loads representing 
gravity loads on the coupling slabs' trihutary areas. 

The lateral load capacities of Specimens 2a and 2b were governed by formation of a flexural mechanism. 
Shearing cracks formed near the bases of both walls of the specimens, but they did not widen. In both 
specimellli, pinching was present due (0 sliding a(the base of the waDs, but did not lead to a sliding shear failure. 
The maximum base shear reached for Specimen 2a was 95.9 kips (north direction) and for Specimen 2b was 88.1 
kips (north direction). Inelastic deformation capacity of both specimens was limited by buckling of the 
longitudinal bars at the wall bases and by the subsequent lateral (out-of-plane) slip of the bases of both wall 
bases with respect to the base beam. Specimen 2a had a maximum drift of 1.09% to the north and 1.06% to 
the south, and Specimen 2b had a maximum drift of 1.70% to the north and 1.52% to the south. 

For Specimen 2a, the coupling slab remained monolithic with the walls during the entire test. For 
Specimen 2b, the horizontal joint betwecD the walls and the slab planb deteriorated at the top of the openings, 
and longitudinal shear cracking occurred at portions of the intersection of the planks and the walls. These effects 
reduced the effectiveness of the coupling system. Specimen 2b also exhibited local slab cracking at points of load 
transfer from the lateral loading test set-up to the floor slabs; however, this did nOl cause local slab failure. 

Specimens 2a and 2b both showed satisfactory strength, stiffness, and energy dissipation up to story drifts 
in excess of 1% for Specimen 2a, and in excess of 1.5% for Specimen 2b. Pinching due to base sliding and shear 
caused some decrease in energy dissipation capacity as indicated by the decrease in swept area within the 
hystcresis 100p!i. However, as shown in Fig. 8.20, sliding deformations contributed less than 10% of the tOlal 
lateral displacement until the very eod of the tests. 

9.1 Cooduaioaa 

1) The test setup showed sati&factory strength, stiffness, and clearance for movement. 

2) Both Specimens 2a and 2b maintained their cyclic shear resistance up to overall drift ratios of 
about 1%. 

3) Both Specimen 2a and 2b exhibited Oexural failures, as designed. 

4) Specimens 2a and 2b bOlb performed similarly to analytical predictions. For Specimcn 2b, the 
analytical collapse model did not correctly model the observed deterioration in the connection 
between the precast pIaak Ooor aDd the coupled walla. 
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5) Specimen 2a showed satisfactory floor-wall joint behavior. Specimen 2b's floor-wall hori70ntal 
joint deteriorated during the lest, but did not fail. In Specimen 2b, the continuity between the 
slabs and walls was reduced due to longitudinal shear cracking at portions of the intcrsection 
of the planks and the walls. 

6) The coupling s)'5tem of Specimcn 2a performed effectively. The coupling system of Specimen 
2b did not behave as intended (plastic hinge formation at wall openings), due III Ihe 
deterioration of the horizontal slab-wall joint at the top of the wall openings, and 10 longitudinal 
shear cracking at portions of the intersection of the planks and the walls. These factors reduced 
the effectiveness of the coupling system, decreasing moments in Ihe planks, thus not allowing 
tbem to yield. Altbough Specimen 2b'!i coupling !iyslem did not provide as much coupling as 
intended, it performed satisfactorily. 

7) The eccentric shear transfer model of ACI 318-83 can be used to predici possible deterioralion 
of the slab-wall connections. 

9.3 Rec:omllKDclatlons 

1) For future tests, the loading poinls at which the test set-up connects to the floor slabs should 
have additional reinforcement. 

2) For future tests, additional data readings should be taken during peak cycles of each load series 
of the modified sequential phased loading diagram. 

3) A method should be developed 10 limit in-plane and out-of-plane sliding al the base of coupled 
walls (shear keys, roughening of the bed joint al the base of the walls, or some type of rigid 
connection at the base of the coupled walls). 

4) When eccentric shear stress calculations indicate possible problems, additional local 
reinforcement should be placed at wall-floor joints to improve the continuity of future 
specimens, particularly those with precast plank floor systems. 

5) To take into account the flexibility of the precast plank floor system (as in Specimen 2b). 
capacity prediction models need to consider a larger effective length of the coupling beams, 
thereby reducing the maximum shears and moments developed in the coupling system. 

9.4 Rec:OIDIBeDclatiODI ror Futu,", Resan:b 

1) The sliding shear capacity of coupled masonry walls should be investigated further. 

2) Methods should be developed to limit in-plane and out-of-plane sliding at the base of coupled 
masonry walls. 

3) Methods should be developed for estimating the effective coupling length for precast, 
presrressed plank Door systems in cases in which deterioration of the wall·slab joint is 
anticipated. 
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APPENDIX A 
DESIGN OF 1YPE 2 SPECIMENS [14] 

Des"" Criterbl 

Materials: 

Assume: 

6" x 8" x 16" Concrete Masonry Units (Irollow-core); fully grouted cells 

Type S Marlar 

Grade 60 reinforcement 

f.:a = 2(0) psi 
wall density - 120 pst 

Wall pimensions: (obtained from Prototype Building) 

Tributary Width - 20 ft 

Wall Length = 16.67 ft 

Wall Height • 8 ft 8 in per story 

Total Wall Height (H) - 17 ft 4 in for two stories 

Gravity Load: 

Dead Load - 80 pst for floors 

20 pst for partitions (1985 UBC Section 2304(d) (13) 

5 pst for floor fmish 
8 psf for HVAC 

Ljye Load: 

LM Load - SO pst 
LM Load Reduction (1985 UBC Section 23(6) (13) 

LL Reduction • 0.08 I (L x W - 150) 

where: 

L • 16.67 ft 
W-20ft 

LL Redutioo • 14.67% and LM Load • 4267 pst 
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Calculate Axial Load (Using scM level vertical loads): 

PIOIaI ,. (DL + LL) x 20 ft x 16.67 ft x 2 stories 

p'OIaI K 103.8 kips 

(axial - PTocal / (waU Length x eMU width) 

(axial '"' 92.2 psi 

Calculate Lateral Load: CU. Zope 4 scUnic design prgyjsjOM pf the 198.5 (IBC 113)) 

V lIMe - ZlKCSW 

where: 

W • DL x (20 ft x 16.67 ft) x 
2 stories + wall weight; and 

wau weight • 12.0 psf 

Z - 1.0; I - 1.0; K - 1.33; 

CS - 0.14 

V buc • 16.26 kips 

Lateral Load Dalp 

Assume: compression wall takes 2/3 of shear 

V lIMe - 16.26 kips 

Calcullte MomeDt .t Bue of Comprwiog WaIl: 

~ - 2/3 x (VbMc/2 x H/2) + (VbMc/2 x H)] 

where: H - 17 fi 4 in 

M,. Aa x r, x (L) I 0.9; Aa - MbMc I (0.9 I L x fy) 

where: 

L - 6.67 fi x 12 in/ft (length of ODe wall of coupled walls) 

r,- 60 ksi 
Aa- 0.40 iri 

Try: #4 loqitudiaal reinforc:emCDt at 16 inches 

Reaulta in 1 rebar per CMU aad 5 rebar5 per waU 
A. - 1.0 in2

; p - 1 1 (L x 5.63 in) - 0.00223 
where: 5.63 iD. ia wall depth 
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Es!imale Flexural Capaci!v: (Develop interaction diagram) 

Calculate Pure Compression: 

P .. AI x (0.85 x r.;.) x 2 walls 

where: 

AI - 6.61 ft x U in/ft x 5.63 in; 
f';'- 2 kips 
P '"' 766 kips 

Calculate Balance Point: 

F"md c: c/d .. 0.003/(0.003 + (y) 

where: 

d - 0.8 x 6.67 ft (length of one wall) x 12 m/ft; d ,. 64 in 

( y'"' 0.00"d)8 

c '"' 37.88 in 

F"md Axial 1.0«1 (P) and Moment (M) at Balance Point: 

p .. C· T (ignoring steel: teasi1e ud compressive areas 

p,. O.85xt;xb x ll.::c 
where: t;- r';';Pl .. 0.85; c - 37.88 in; b .. 5.63 in 

p .. 308 kips 

M,. P x [L/2· (,81 x c/2)] 
where: L '"' 5.61 ft x 12 in/ft (Ieugth of one wall) 

M .. 7362 kip-in (This value will be slightly low) 

Calculate Pure Flexure: 

Assume 2.S !ensioD loagitudinal rebars yielded per waIl 

M .. w x b x ct2 x f';' II (1 • 0.59 x w) 

where: 

w .. p x f.,/r.;. 
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p '"' 2.5 II 0.2 in2 I (6.67 in x 12 in/ft II 5.63 in) 

w - 0.03 

b '" 5.63 in 
d-64in 

M - 1505 kip-in 

Calculate Fme Tension: 

T· ~~ 
T ·60 kips 

MomCDI • Axial Force IDtcraction Diagram: 

-
-
-
-

When A\'erage Axial load 00 each Wall • 0 (neglecting gravity) 

Ma'" l.5OO kip-in < Mbale - 1692 kip-in 

SIIear DesAp: 

VII - (VbMc x 2/3) / A,..u; VII· :M.06 kips 

wllere: 
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V bale '" 16.26 kips 

A..i. .. 6.67 ft x 12 in/ft x 5.63 in 

Use minimum horizontal steel: 

As / (I in .. 0.0007 x (5.63 in x 12) ,.. 0.05 

Use #3 transverse reiofOl'ccment e\'ery other course 
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Introdudloo: 

APPENDIX B 
CORRECI10NS FOR SLIP BElWEEN 

WALLS AND BASE BEAM [24] 

During the testing of Specimen 2a some problems were encountered involving the slip potentiometers 
and the brackets supporting them. Spccifacally, one of the potentiometers did not extend at one point during 
the test. Also, the reaction brackets were glued to the base beam using epoxy which did not cure properly, was 
too soft as a result, and therefore experienced some creep during the test. 

Because of those problems., the originaIlincar potentiometer readings for slip between the walls and the 
ba::e beam are not directly usable from Load Point (LP) 1 to LP 335. Beyond that point, aU problems were 
correcteu, and the results are directly usable. 

By the end of the test, base slip was an important part of the response of Specimen 21. Base slip in that 
part of the test was recorded correctly. Direct obicrvations and photographs taken during the test confll1ll that 
prior to LP 335, base slip was negligible (about 1/16 inch or less). Therefore, the problems with the linear 
potentiometers did DOl burt the slip data in the important part of the test. In that sense, it might have been 
sufficient to simply ignore the enoncous dip data recorded before LP 335. 

However, in an effort to recover all the slip data, two different approaches were adopted [0 correct the 
small dip measurements recorded prior to LP 335. Both approaches lead to very similar results, which are 
consistent with each other, consistent with visual obicrvatioas durias the test, and internally consistent within 
themselves. The corrected slip measurements do not change any conclusions regarding the test results. For 
documentation purposes, both correctioa procedures are prcscnted here. 

Nortil W .. I (CllaaMI 51) 

LP 1 - 17: Readings did not change. 

LP IS - 303: When the w.JI was Ioadcd in the North direction. readings did not change. When the wall 
was loaded in the South direction. readings were obtained (this direction corresponded to extension of the 
potentiometer). 

LP 303 - 330: The potentiometer reached its maximum extension, aud ro:adings remained constant. 

LP 330 - 334: The poteDtiometer inexplicably exteoded and retracted its total travel (it Wll5 probably 
bumped). The problem was detected, and the potentiometer was replaced. Inad"Jertently, it was DOl re-zeroed 
OD the data Kquisitioo system. 

LP 335 - 354: The new potentiometer worked correctly, but it hadn't been re-zeroed. The 
potentiometer was re-zeroed at LP 3.54. 
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LP 354 - 406: The potentiometer worked correctly, and was correctly zeroed. However, when edge bar 
fractured at the north edge of the North wall, th~ potentiom~t~r jumped from its reaction p1at~ and ~lIlended 
completely. Its readings therefore remaiDed constant from LP 396 to LP 406, when the problem was detected 
ar.rl fixed. 

LP 406 - End: The potentiometer was re-zeroed. It worked correctly until the end of the test. 

Solatia Wall (CIaaaDeIll) 

LP 1 - 190: Potentiometer readiDp showed only small mODOtonK: increases, at points corresponding 
to overnight periods. This shows that the potentiometer was not retracting at all, and was slowly elllending 
overnight due to aeep of the epoxy holding a support bracket. 

LP 191 - 212: Readinp changed only in the South direction wh~n the specimen was loaded in that 
direction. When the specimen was loaded in the North direction, potentiometer readings remained constant. 

LP 213 - 229: Readinp remained c:oaatant at the value correspondiag to LP 212. 

LP 330 - 333: The potentiometer elIleoded toIDpietcly. The problem was dc&cctcd. Th~ potentiometer 
was removed, the support system was fi.xecI and a different potentiometer was inserted. 
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LP 334 . 354: The potentiometer worked correctly, but it hadn't been re·zeroed. It was re·zeroed at 
LP 354. 

LP 354 . End: The potentiometer worked correctly. It showed a permanent South displacement of the 
wall at the end of the test. 

Dbcussloo of Uacorreckd Slip PoceatJOIIIder Racllap 

During the initial part of the test, the linear potentiometers measuring slip between the walb and the 
base beam appeared to chaoge in readiag oaly when the wall slip tended to extend them. When the wall slip 
would have tended to retract them, the potentiometers did not record such a change. This problem is believed 
due 10 the characteristics of the system. The tip of each &lip potentiometer was fIXed to the interior face of one 
of the webs of a piece of angle. The second web of the angle was fIXed to the wall base using a structural epoxy 
adhesive. As noticed later, however, the epoxy wasn't well mixed, and didn't harden sufficiently. The 
potentiometer springs, however, were stiff. 

When the wall slipped in such a direction as to retract the potentiometer, the potentiometer tip pushed 
against the angle, it must have rotaled the angle about its loe, without a change in leugth of the potentiometer 
itself. Potentiometer retraction did not occur, and was not resistered. When the wall slipped so as to extend 
the potentiometer, however, the stillness of the potentiometer spring kept the tip of the potentiometer against 
the angle. Potentiometer extension did occur and was registered. 

The potentiometer at the South wall seems to have been tOCally locked between LP 212 and LP 330. 

The rea~ from both potentiometers followed almost the same path from LP 183 to LP 212. 

Simple COI'ftCtIOIII to SUp Pot..tJOIMter Reedlap 

As noted above, the slip potentiometers functioned correctly from LP 334 to the end of tbc test, during 
the period when most of the base slip oa:urred. To ream:r the correct &lip potentiometer rea~ for the 
initial part of the test. two different pr~ures were used. Both gave essentially tbe same results. The fust 
procedure, the simpler of the two. was based 00 the following chain of logic: 

1) At the end of tbc test. each &lip potentiometer reading should agree with the physically 
measured slip between the respective wall and the base beam. 

2) The South wall slip potentiometer reading at the end of tbe test was corrected so tbat its 
reading equalled the measured slip. All South wall slip readings between LP 334 and the end 
of the lest were rorrected by the same value. 

This simple process applies oaly to values between LP 334 and the end oC the test. The results are shown in Fig. 
8.6. 

146 



.75 

,. n. !*p. 

-c 
w o N~ - AJ~ 

~ - ---,. -
11'1 

Ir f---
~ ~ 

Q. 
til o 

-.75 
I\. r--

315 315 

Load Point 

Complex Cornctiou 10 Nortit Wall Reedl .... (CIIaueI 52) 

Because the cause of error in the initial part of the slip readiDp was kaown, it was possible to correct 
those initial readiDp, step by step, for each type of error. The rcsuJts of aU correctioas are shown in rIgS. B.7 
to B.11. Six different types of correction were successively applied to the origiaal data. Each type of correction 
is explained below, and the effects of each arc disc:usacd in the correspoodiDg figures. 

1) Conw:tiotI for AcClUl'lUltlted Uni-Dim:tioruII ReGdintIs (LP 18 - LP 363): OuriDg this rqc, il 
was assumed that there was DO permanent slip bcrfteD the wall bases and the base beam. This 
assumption was verified by the symlDetry exhibited by the hystcretic load-displacclDent loops 
in this range:. The slip sbouId have retumed 10 zero at each cycle, rather thaD increasing 
lDonotOnically. 

Readings were corrected by subtracting the preW>us peak from cac:b raw reading. In effect, 
it was assumed that the slip sbouId have retumed to uro after each negative peak. The results 
are shown in the c:urvea below the borizoatal uia in rag. B.12. 

III reality, the North WaD slip readiDp should have exhibited poUtive as well as aeptive peaks. 
That point was acIdrcucd in Corrcctioa .. below. F' ..... lOme other pl"oblclDS were corrected. 

2) ConMiotu JoT Uro UwJ ajtq lUpltIcitw p~ (LP 335 - LP 354, II1UI LP JS4 - LP 
395): Siace the pateatiomcter was DOt re-zeroccI after haW. beca rcpIaccd, slip readiop were 
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corrected for zero level; tbe slip reading at LP 335 was subtracted from all subsequent 
readings. In doing so, it was assumed there was no permanent slip at LP 335 and the same 
zero level was maintained after re-zeroing at LP 354. The slip curves before and after this 
correction are shown in Fig. B.13. 

3) Corrections after Jump of Potentiometer (LP 396): The potentiometer jumped off its support 
plate at LP 396. This jump occurred when the edge bar of the South wall was fractured. It was 
re-zeroed at LP 406. 

It was first assumed thaI at LP 406, a permanent slip existed, equal in value to the wall 
displacement at zero lateral load. The slip reading at LP 406 WlU corrected to this value, and 
the same correction was applied to all subsequent load points. 

It was then assumed that the slip of the North Wall would foUow the same trends as the slip 
of the South Wall. This assumption was based on the trend showed before and after these 
points. The slip curves before and after these corrections arc shown in Fig. B.14. 

4) Comcriofl for Uni-Dim:tional Displacements (LP 18 - LP 303): Because of the symmetry of the 
load-displacement loops in that phase of the test, and because of the lack of any apparent 
permlUlCnt displacement, peak slip values were assumed the same in tbe positive (north) 
direction as in the negative (south) direction. 
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As shown in rig. B.15, the peak slip value for each cyde in the positive direction was assumed 
equal to the peak slip value from the corresponding foUowing peak in the negative direction. 
If the followiDg peak bad a differeDl maximum displaccmCDt, the slip at the appropriate 
displacement was used. 

5) Correctioru in Zotu ~ No Re4dintp W~ AVGiJDbie (LP 303 - LP 333): Peak slip values 
wue obtained from previous c:ydes baYing the same waD displacement amplitudes. Slip curves 
before and after these corrections uc shown in rig. B.16. 

6) Comaions in Zone 0/ Lt1rge PtIlks (LP 207 - LP 357): Plots of the slip peaks showed tbat the 
general trend was distorted in the zoae between LP 1IJ7 aad LP 351 for northward loading, and 
~D LP 211 and LP 323 for southward IoadiDg. In that same zone, slip values were 
observed to increase with respect to the t1exural aad total displacements. Slip values in this 
zooe had been estimated based on readiDp obtained at other load points. 

To reso~ these abnormalities, peak slip readinp were assumed to increase linearly with load 
points. The com:sponding corrected values are showa in rip. B.17 and B.18. 

COIIIpIa CorrediOlll to s-tIt waU Reed'. (CIuuuIcIll) 

Because the cause of error in the initial part of the slip readinp was kDown. it was possible to correct 
those initial readings. step by step, for each type of error. The results of aU eorrectiou arc shown in rip. B.7 
to B.11. It should be DOled that these rcaults are almOll ideDlical to thole obtained iDcIcpendeDlly by the simple 
process outIiDed abowe. Thus, the corrected readiap c:an be uaed with c:oasidcrablc coafidcncc. rlYC different 
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types of correction were successively applied to the original data. Each type of correction is explained below, 
and the effects of each are discussed in the corresponding ragures. 

1) Con-ection for Accumulated Uni-D;~ct;onaJ Readings (LP 191 - LP 212): As above, it was 
assumed (based on the appearance of the load-displacement curves) that there was no 
permanent slip. 

Readings were corrected by subtracting the previous peak from each raw reading. In effect, 
il was assumed that the slip should have returned to zero after each negative peak. The results 
are shown in the curves below the horizontal axis in Fig. 8.19. 

In reality, the South Wall slip readings should have exhibited positive as well as negative peaks. 
That point was addrused in Correction 3 below. rllst, another problem was corrected. 

2) Con-ecti01l.S flN Zero ~I after Replacing POIe"tiometer (LP 3.15 - LP 354, IlIId LP 354 - LP 
422): Since the potentiometer was not re-zeroed after having been replaced, slip readings were 
corrected for zero level: the slip reading al LP 335 was subtracted from all subsequent 
readu.gs. In doing so, it was assumed there was no permanent slip at LP 335 and the same 
zero level was maintained after re-zeroing at LP 354. The slip curves before and after this 
correction are shown in Fig. 8.20. 

3) Con-ection for Un;-D;rrctionaJ DisplacemeMs (LP 191 - LP 212): Because of the symmetry of 
the load-displacement loops in that phase of the test, and because of the lack of any apparent 
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permancnt displacement, peak slip values were assumed the same in the positive (north) 
direction as in the negative (south) direction. 

As shown in F~ B.21, thc peak slip value for each cycle in the positive dircction was assumed 
equal to the peak slip value from the corresponding following peak in the negative direction. 
If the following peak had a different maximum displacement, the slip at the appropriate 
displacemcnt was used. 

4) Coim:tiOlU in Zone u-71en No Retulinss Wen Avlliklble (LP 212 - LP 333): It was assumed that 
thc slip of the South Wall would foUow the same trends as the slip of the North Wall. This 
assumption was based on the trend showed before and after these points. 

5) Coim:tiOlU in Zone of Uuge Peaks (LP 207 - LP 357): Plots of the slip peats showed that the 
general trends was distorted in the zone between LP 1117 and LP 357 for northward loading, 
and between LP 211 and LP 323 for southward loading. In that same zone, slip values were 
observed to increase with respect to thc Dexural and total displacements. Slip values in this 
zone bad been estimated based on readings obtained at other load points. 

As with the North waI1, these abnormalities were resolved by assuming that peak slip readings 
increased linearly with load points. The corresponding corrected values arc shOWD in F".gs. B.22 
and B.23. 
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APPENDIX C 
CORRECfIONS OF CHANNEL 81 AND 87 

STRAIN GAUGE READINGS FOR SPECIMEN 2b 

Introdudloa: 

Duriog the testing of Specimen lb, loadiug problems at Load PoiDt 36 caused the zero base Iioe to be 
5hifted for Strain Gauge ChaDDels 81 and 87. Channel 81 and 87 are located on the extreme south longitudinal 
reioforcement bar iD the south wall (Fig. 5.9). The load spike to the south placed this bar in compression as 
shown in F"J8UfClS C.I and C.2. At the spike, the strain reacIiDg for Channel 81 (located at the base of the south 
wall) was O.oozn, w:ry close to the typical ultimate strain of masonry (0.003). This sugests tbat the coupled 
wall was close to its flexural capacity. No evidence to support the readings was found: crushing of the 
compression toe was nOl observed; flexural cracking at the base was minimal; and the coupled walls were not 
close to its maximum flexural capacity (Load Point 36: Bu~ Shear • 30.7 kips, Maximum Base Shear .. 783 
kips to the south). Based on these faeu, corrections to the zero base liDe were made for Strain Gauge Channels 
81 eond g'l. 

ColTtCtioal of Cbaaocls 81 _d 87: 

Chaa.eI 81 (Flpre C.l) 

Comcliom from Load Jump after Load Point J6 to Load Point 40: Load Point 37 was read at a base 
shear of approximateiy zero. The strain was changed to COffcspoDd with the approximate strain of zero base 
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shear before the jump (f "" '}fj.19 x 1~. For the load jump after Load Point 36 and Load Points 38 to 40, the 
strain gauge readings were modified by subtracting from their strain puge readiDg the original strain reading 
at Load Point 37 and then adding the new xro value (E l1li 26.29" 1<f6) for Load Point 37. 

Corrections from Load Point 41 to End of Testing: Load Point 43 was taken at a base shear of about 
zero. The strain was chaaged to correspond with the approximate strain for zero base shear before the jump 
(E RS '}fj.19" 10~. For Load Points 41,42 and 44 to the end of testing. The strain gauge readings were modified 
by subtracting from their strain ga. reading the original strain gauge reading at Load Point 43 and thea adding 
the DeW zero value «( l1li 26.29" lO~ for Load Point 43. 

Cbaaaell7 (Flpre Col) 

The values for the Load Points were modified in the same mlUlllCr as for Channel 81 except that a strain 
of -130.9 x lO~ for the zero base shear was used. 
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Introductloa 

APPENDIX D 
WALL DEFORMATIONS 

Walls of Specimens 2a and 2b were provided with the instrumentation necessary to measure lateral 
displacements at each story. and to measure and/or compute all the components of these displacements. The 
methods used to compute each component of the total lateral displacement are described in this appendix. 

Each wall was instrumented with linear potentiometers at the floor levels to measure directly the total lateral 
displacements (Fags. 5.4 and 5.8). 

Since all the displacement compoocnts were measured or computed independently, it was possible to assess 
the acauaey of the results by ealculating the difference between the measured total displacement and the 
summation of all the components. 

Flexunl DisplamDeDts 

Each wall story was instrumented with four pairs of linear potentiometers intended to measure rotation of 
tbe walls' cross sec:tioas. Potentiometers were placed at vertical lines dose to the edges of the walls. Since 
flexural deformations were expected to be COIlCCntrated dose to the bases of the walls, three of these pairs were 
evenly distnbuted in the lower half of the fJrSt story walls, with the Ia5t pair covering the upper half Df the wall. 
In the second story walls, the four pairs were evenly distributed along the wall height (Fags. 5.4 and 5.8). 

Rotations of the cross sedions were computed as the difference between cumulative displacements at both 
edges of the section, dMded by the horizootaI distance between the gauges. 

Flexural displaa:ments were computed usumu. a lincar variation of rotation between gauges. This 
assumption implies a constant curvature between wall cross sections defined by the po&ition of the pairs of 
gauges. Since an important part of flexural deformation is due to the COIlCCntrated rotation at the bases of the 
walls, rotation measured with the bottom pair of gauges was assumed to be distnbuted over a height of one inch 
only. Flexural displacemcots were c:alculated integrating tbi& distribution of rotatiol4. 

Each wall story was instrumented WIth two linear potentiometers intended to measure angular deformations 
of that story. Potentiometers were placed at diagoaaIlines as shown in FJgUI'CS 5.4 and 5.8. 

Angular deformation ..,. calcu1ated as the fuoction of diagooaI deformations, is gftocn by: 

• 

Where: 
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d : Length of gauge (diagonal) 

• : Horizontal length of gauge 

h : Vertieal length of gauge 

Assuming diagonal deformations are due only to shear effect. shear displacement Us is given by: 

u. = yH 

Where: 

H : T Olal wall height 

Since flexural deformation contributes to deformation of the diagonals in the case of non-uniform curvature, 
it was neteS5UY to correct the above expression for shear displacement to take Ocxural effects into account. The 
method proposed by Hiraishi (26) was used: 

Where: 

lit. : F1emrallateral displacement of tbe ZODe covered by diagonal gauges 

Vr VI: Vertical cli&placements measured at the top right and left ends respectively of the zone 
covered by diagonal gauges 

In the case of the ftrst story walls, since the diagonal gauges did not cover waD base deformations, OexuraI 
and vertical displacements measured with the: bottom gauges covering this area were nOl considered in the 
correction term. 

In the case of the second story walls, shear displacements before correction resulted smaller than the 
correction term. For this reaaoa, no correction was \Dade in this case. 

SUp DiapillCalmla 

Slip displacements were obtained directly using potentiometers at each wall-base beam joint and wall-slab 
joint (F"~. 5.4 and 5.8). 
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APPENDIX E 
ECCENTRIC SHEAR STRESS CALCULATIONS FOR SPECIMENS 28 

AND2b 

Introductioa: 

The eccentric shear stress model for slab-column coDDections (15] is used to calculate the eccentric shear 
transfer for Specimens 2a and 2b. These calculations are used to indicate possible problems with tbe transfer 
of shear and moment from the coupling slab to the wall. 

Ec:cmtrtc Sbear Sinai CalculatlOllll: 

Formula ~finitions; (as applicable to Specimens 2a and 2b) 

[Eqn. (5) Ref. 25) 

where: 
v ( fadored concrete shear stress 

V n Mn / 'rouplinillab 

Acs = area of critical section (area of slab-waIl interface U5ing assumed effective depth) 

1 v percentage of unbalanced moment to be transferred by eccentric shear (assumed as 1.0 
for this case) 

M, Mn (nominal slab flexural capacity) 

tv distance from geometric centroid of the slab aitical section to the point where the shear 
stress is c:alcu1ated 

J ( polar moment of inertia of the slab aitical section about its geometric centroid 

~umc: EffcctiYc depth (d) equal to depth from top of slab to bottom reinforcement (6.5 inches). 

Wall widtb (x) .. 5.625 inches 
Wall length ('w) • 72 inches 

Calculate c;,: 

tv - ,w'l • d / Acs which reduces to: (fw)2 / (2"'fw .. x) 

where: 
'w 72 in. (leogth of wall) 
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d 6.5 in. 

c;, 34.65 in. 

Je - {l(d • r..>, 12] + {l(t. • d~ /12] + (1 • d • e.1 + 2[f. • d • <-i 4. - cj 
(5&lDe formula for both Specimens) 

lc 463,775.03 in. 

Calculate ve 

where: 

Mil • M&1 + Ma; (Mil • Ma = 760.1 kip-in; SubsectioD 6.3.2) 

Mil 1520.2 kip-in 

V D 1520.2 kip-in I 56 in; 

Calculate conaete shear stress (U5iDg Eqn. 5): 

Calculate shear strength resistance: 

• iI not used siDcc the actual concrete strength iI known. 

3660 pQ (Table 3.1) 

72 in I S.625 • 12.8 

140pQ 

O.K. 

Assume: Effective depth (d) equal to a minimum depth of 2 inches and a maximum depth of 8 inches. 
Calculate ecceDtrie shear capacity for both cases since actual c:asc: iI somewhere bctwccn these 
two values. 
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Cy = 34.65 in (same as for Sp'-cimen 2a; not dependent on d) 

Calculate eccentric shear stress using minimum depth of 2 inches: 

Aa " 299.25 in2 

Jc • 138,543.8S in4 

where: 

Mn z Mil + Mil; (M.I '" 1343 ki~in, Mil - 478 ki~in; Subsection 6.3.2) 

Mn 1821 ki~in 

V n 1821 kip-in / 56 in; 

Calculate concrete shear stress (using Eqn. 5): 

Calculate shear strength resistance: 

v 0 • (2 + 41' ~ • K' 

f' c 

• is Dol used since the actual conaete strength known. 

3610 psi 

72 in / 5.615 - U.s 

140 psi 

Not Adequate 

Calculate ec:ceDlric shear stress using maximum depth of 8 indies: 

Aa. 1197 in2 

Jc SS9,93S.53 iu4 

M.l + ~; <Mal - 1343 kip-in, M.2 - 478 kip-iu; SubsectioD 6.3.2) 

1821kip-ia 

1821 kip-in I 56 in; 
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Calculate concrete shear stress (using Eqn. 5): 

Calculate shear strength resistance: 

Va - (I + <liP,) • Fe 
• is DOl used Wice the actual concrete strength is known. 

II •• 72 ill I !J.626· 12.8 

Va - 140 pai 

v • V 
C 0 

O.K.. for lDa,inn ... IISUIIIptioD of d • 8 iDcbeI 
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latroducdoa: 

APPENDIX F 
DESCRIPTION OF DATA FILES 

FOR SPECIMENS' 2A AND 28 

Copies or the diskette caD be obtained from Dr. Richard E. KliDgDer, professor of Civil Engineering at 
The University of Texas at Austin. Mailiag address is: Fergusoa Structural EnginccriDg Laboratory, 10100 
Buraet Road #24, AU5tin, Texas, 78758. 

The diskette CODlains a WordPerfect 5.0 versioD of this documeDt file (AppdxF), aD ASCII versioa Lf 
the same file (AppdxF ASC), and the data mes themseWes (Sp2a.CSV for Specimen 2a aDd Sp2b.CSV for 
Specimen 2b). The data files contain results obtaiJIed from the tests of Task 3.1(c)'s Specimen 2a in September 
1988 aDd Specimen 2b in April 1989. These files are in CSV (Comma Separated Value) format, aDd are written 
in matrix form, with 38 columas and 422 rows for Specimen 2a aDd with 62 columns and 230 rows for Specimen 
2b. Each row contains the values of different quantities obtaiDed ia ODe scaa (LP, or Load Point). Values in 
each row are separated by commas. Some quantities are direct rcadioss from the data acquisition syuem; others 
have been derived from one or more direct readings. 

The rust row contains the titles usigoed to each column. Each title contains the column number and 
a brief dcscripboa of the quantity. The rows correspond to the scans describing the test history. 

Each column contaias the values of ODe of the quantities measured during the lest or computed after 
the test. Some locations in the matrix are blank (there is DOtbiag bctMcn the commas). Such locatioll5 must 
be skipped; they cannot be filled ia with zeros. 

Dac:riptloa of Data CoI_.1II! 

s ...... Za Data FIle: SpZa.CSV 

(1) Load Point: Identifies the scaa number. 

(2) North Peak Load Point: Load poiDt Dumbers corresponding to roof displacement peaks when 
the apcc:imeD w.a loaded ia the Dortb directioa.. Only some of. the coIumD positions are filled. 

(3) South Peak Load Poiat: Load point numbers corresponding to roof displac:emeDt peaks when 
the apcc:imeD w.a loaded ia the south dircctioD. Only some of thr: coIumD positioDs ~ filled. 

(4) Buc Sbcar: Total lateral load applied OD the specimen in kip&. During the load-controlled 
pbue of the test (LP 1 to LP 137), the base shear was obtained as fow times the readiag of 
ChanaeI 64 wbic:h corrcapoDded to the rcadias from the load cell in ODe of the jacks at the 
top Door. Duriaa the displacement-eoatrolJed pIaue, (LP 137 to end of test), the base shear 
was calculated as twice the IUDImalDa of readinp of 0wmeI 64 and Clwmel 65, 
eorrcspoacliDs to load cells in ODe of the jacb at the roof aDd at the 2nd Ooor rcspec:tMJy. 

(S) Buc Slip: Slip ~ the base beam and the laboratory Door, obtained cIirectIy from 
Cbaaael63. 
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(6) 2nd floor Displacement: Lateral displacement (inches) of the center plane of the 2nd floor 
slab. Thi.~ was obtained by correcting the readings from Channel 30, by the base: beam slip 
(Column 5 above). 

(7) Roof Displacement: Lateral displacement (inches) of the center plane of the roof slab. This 
was obtained by correcting the readings from Channel 31. by the base: beam slip (Column 5 
above). 

(8) Slip of the north wall base: with respect to the base beam (inches). This was obtained after 
extensive corrections to the readings from Channel 52 (241. 

(9) Slip of the south wall base with respect to the base beam (inches). This was obtained after 
extensive corrections to the readings from Channel 21 (241. 

(10) Lateral displacement (inches) of the north wall at the 2nd floor, due just to concentrated 
rotation at tbe wall base. Base rotation was computed from readings of displacement 
transducers on Channels 32 and 40. Corresponding lateral displacement was calculated by 
multiplying that base rotation by the height of the 2nd floor above tbe base. 

(11) Lateral displacement (inches) of the north wall at the 2nd floor, due to concentrated rotation 
at the base of the wall (Column 10 above), plus the flexural displacement computed from 
readings of tbe displacement transducers on Channels 33 and 41, 34 and 42, and 35 and 43. 
Constant curvature was assumed within each gauge length. 

(12) Lateral displacemeDt (inches) at the top or the north wall, due just to concentrated rotation 
at the wall base. Base rotatiOD was computed from readiDgs of displacement transducers on 
Clwmels 32 and 40. Corresponding lateral displac:emeDt was calculated by multiplying that 
base rotation by the height of the top of the 5pecimen ~ the base. 

(13) Lateral displac:emeDt (iacltes) at the top of the DOrth wall, due to concentrated rotation at the 
base of the wall (Column 12 above), plus tbe flexural diAplacement computed from readings 
of the displacement transducers on Cbanaels 33 and 41, 34 and 42, 35 and 43, 36 and 44, 37 
and 45,38 and 46, and J9 and 47. eomtant curvature was as&UIIled withia each gauge length. 

(14) Lateral displacement (inches) of the south wall at the 2nd floor. due just to concentrated 
rotation at the waD base. Base rotation was computed from readings of displacement 
transducers on Chanoels 1 and 9. Corre5poading lateral displacemeDt was calculated by 
multiplying that base rotation by the height of the 2nd floor above tbe base. 

(15) Lateral displacemeat (iDcbes) of the south wall at the 2nd floor, due to concentrated rotation 
at the base of the wall (Column 14 above), plU5 the flexural displacement computed from 
readings or the displacement transducen on Clwmels 2 aDd 10, 3 aDd 11, and 4 and 12. 
ConstaDt curvature was assumed within each gauge leagth. 

(16) Lateral di5placemeDt (inches) at the top of the south wall, due just to concentrated rotation 
at the wall base. Base rotation was computed from readiDgs of displacemeDt transducers OD 
Clwmels 1 aad 9. Corresponding lateral displacement was calculated by multiplying that base 
rotatioD by the heipt of the top of the specimeD a~ the base. 

(17) Lateral displacc.meat (iDches) at the top of the south wall, due to coacentrated rotation at the 
base of the wall (CoIumD 16 abo¥c), plua the fIc:mraI displacement computed from readings 
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of the displacement transduccrs on Channels 2 and 10, 3 and 11, 4 and 12, 5 and 13, hand 
14, 7 and 15, and 8 and 16. Constant curvature was assumed within each gauge length. 

(18) Lateral displacement (inches) at the 2nd floor and at the roof of the north wall, due to 
shearing deformations. Shearing deformations in the lst story of the north wall werc 
calculated from the readings of the displacement transducers on Channels 4S and 49 with 
corrections for flexural deformation (Appendix E) . Since readings obtained from 2nd-story 
displacement transducers oro Channels 50 and 51 were below the sensitivity of the transducers, 
shearing deformations were assumed to be zero in the second story, and the displacement due 
to shearing deformations only is therefore the same for the roof, as for the 2nd floor. 

(19) Lateral displacement (inches) at the 2nd floor and at the roof of the south wall, due to 
shearing deformations. Shearing deformations in the 1st story of the south wall were 
calculated from the readings of the displacement transducers on Channels 17 and 18 with 
corrections for flexural deformations (Appendix E). Since readings obtained from 2nd-story 
displacement transducers on Channels 19 and 20 were below the sensitivity of the transducers, 
shearing deformations were assumed to be zero in the second story, and the displacement due 
to shearing deformations only is therefore the same for the roof, as for the 2nd floor. 

(20) Strain (JJ in.jin.) in the longitudinal wall reinforcement at the south edge of the north wall hase 
(Cbannel 106). 

(21) Strain (JJ in./in.) in the longitudinal wall reinforcement at the north edge of the north wall hase 
(Channel 107). 

(22) Strain (JJ in.jin.) in the longitudinal wall reinforcement at the south edge of the south wall base 
(Channel 81). 

(23) Strain (JJ in.jin.) in the longitudinal wall reinforcement at the center of the south wall base 
(Channel 82). 

(24) Strain (JJ in.jin.) in the longitudinal wall reinforcement at the north edge of the south wall baloe 
(Channel 83). 

(25) Strain (JJin.jin.) in the south end of the bottom transverse reinforcement in the first story of 
the north wall (Channel 122). 

(26) Strain in I'in.jin. at the north end of the bottom transverse reinforcement in the first story of 
the north wall (Channel 123). 

(27) Strain c,sin.jin.) at the center of the transverse reinforcement at the mid-height of the first 
story of the north wall (Channel 124). 

(28) Strain (JJin.jin.) at the south end of the bottom transverse reinforcement in the first story of 
the south wall (Channel 98). 

(29) Strain (pin.jin.) at the north end of the bottom transverse reinforc:ement in the first story of 
the south wall (Channel 99). 

(30) Strain c,sin.jin.) at the center of the transverse reinforcement at the mid-height of the first 
story of the south waIl (Channel 1(0). 
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(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

Strain C#£in./in.) at the south end of the top transverse reinforcement in the first story of the 
south wall (Channel 101). 

Strain C#£in./in.) at the north end of the top transverse reinforcement in the first story of the 
south wall (Channel 102). 

Strain ~in./in.) in the top longitudinal reinforcement of the coupling beam, at the top face of 
tbe 2nd Ooor slab, close to the south edge of the north wall (Channel 130). 

Strain ~in./in.) in longitudinal slab reinforcement at the top face of tbe 2nd Ooor slab, close 
to mid- width between wall and edge of slab (Channel 131). 

Strain (pin./in.) in otber longitudinal slab reinforcement at the top face of the 2nd Ooor slab, 
close to tbe edge of tbe slab (Channel 132). 

Strain (pin./in.) in the top longitudinal reinforcement of tbe coupling beam, at the top face of 
the roof slab, close to tbe south edge of tbe north wall (Channel 136). 

Strain ~ in./in.) in longitudinal slab reinforcement at the top race of the roof slab, close to 
mid-width between wall and edge of slab (Cbannel 137). 

Strain (p in./in.) in other longitUdinal slab reinforcement at the top face of the roof slab, close 
to the edge of slab (Channel 138). 

Spedme. 2b Data nle: Splb.CSV 

(1) Load Point: Identifies the scan number. 

(2) North Peak Load Point: Load point numbers corresponding to roof displacement peaks when 
tbe specimen was loaded in the nortb direction. Only some of tbe column positions are filled. 

(3) Soutb Peak Load Point Load point numbers corresponding to roof displacement peaks when 
tbe specimen was loaded in the soutb direction. Only some of tbe column positions are filled. 

(4) Base Sbear: Total lateral load applied on the specimen in kips. During the load-controlled 
phase of the test (LP 1 to LP 81), the base shear was obtained as four times the reading of 
Channel 64 which corresponded to the reading from the load cell in one of tbe jacks at tbe 
top Ooor. During the displacement-controlled phase, (LP 81 to end of test), tbe base $hear was 
calculated IS twice tbe summation of reading:> of Channel 64 and Channel 66, corresponding 
to load cells in one of tbe jacks at the roof and at the 2nd Ooor respectively. 

(5) Base Slip: Slip between the base beam and the laboratory Ooor, obtained directly from 
Cbannel63. 

(6) North WalI2ad F100r Displacement: Lateral displacement (inches) of the center plane of the 
north edge of the 2nd Ooor slab, obtained directly from Channel 61. 

(7) Soutb Wall 2nd F100r Displacement: Laleral displacement (inches) of tbe center plane of the 
south edge of the 2nd floor slab, obtained directly from Channel 30. 
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(8) Average 2nd Floor Displacement: Average lateral displacement (inches) of Channels 30 and 
61 (columns (5) and (6» al the cenler plane of the 2nd floor slab. 

(9) North Wall Roof Displacement: Lateral displacement (inches) of the center plane of the north 
edge of the roof slab, obtained directly from Channel 62. 

(10) South Wall Roof Displacement: Lateral displacement (inches) of the center plane of the south 
edge of the roof slab, obtained directly from Channel 31 

(11) Average Roof Displacement: Lateral displacement (inches) of the cenler plane of the roof 
slab. Average lateral displacement (inches) of Channels 31 and 62 (columns (9) and (10» al 
the center plane of the roof slab. 

(12) Slip of the north wall base with respect to the base beam (inches), obtained directly from 
Channel 52. 

(13) Slip of the south wall base with respect to the base beam (inche~), obtained directly from 
Channel 21. 

(14) Lateral displacement (inche!) of the north wall at the 2nd floor, due just to concentrated 
rotation at the wall base. Base rotation was computed from readings of displacemenl 
transducers on Channels 32 and 40. Corresponding lateral displacement was calculated by 
multiplyiDg that base rotation by the height of the 2nd floor above the base. 

(15) Lateral displacement (inches) of the north wall at the 2nd floor, due 10 concennated rotation 
at the base of the wall (Column 14 above), plus the flexural displacement computed from 
readings of the displacement transducers on Channels 33 and 41, 34 and 42, and 35 and 43. 
Coastant curvature was assumed within each gauge length. 

(16) Lateral displacement (inches) at the top of the north wall, due just to concentrated rotation 
at the wall base. Base rotation was computed from readings of displacement transducers on 
Channels 32 and 40. Corresponding lateral displacement was calculated by mUltiplying that 
base rotation by tbe height of the top of the specimen above the base. 

(17) Lateral displacement (inches) at the top of the north wall, due to concentrated rotation at the 
base of the wall (Column 16 above), plus the flexural displacement computed from readings 
of the displacement transducers on CIwme~ 33 and 41, 34 and 42, 35 and 43, 36 and 44, 37 
and 45, 38 and 46. and 39 and 47. Constant curvature was assumed within each gauge length. 

(18) Lateral displacement (inches) of the south wall at tbe 2nd floor, due jll5t to concentrated 
rotation at the wall base. Base rotation was computed &om readings of displacement 
transducers on Channels 1 and 9. Correspooding lateral displacemenl was calculated by 
multiplyiDg thllt base rotation by the height of the 2nd floor above the base. 

(19) Lateral displacement (inches) of the south wall at the 2nd floor, due to concentrated rotation 
at tbe base of the wall (Column 18 above), plus the flexural displacement computed from 
readings of the displacement transducers on Channels 2 and 10, 3 aDd 11, and 4 and 12 
Coastant curvature was assumed within each gauge length. 

(20) Lateral d;splac:emenl (inches) at the top of the south wal1, due just to coDeentrated rotation 
at the wall base. Base: rotation wu computed &010 rcadinp of displacement transducers on 
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(21) 

(22) 

(23) 

(24) 

(25) 

(Ui) 

(21) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

Channels 1 and 9. Corresponding lateral displacement was calculated by multiplying that base 
rotation by the height of the top of the specimen above the base. 

Lateral displacement (inches) at the top of tht o;outh wall, due to concentrated rotation at the 
base of the wall (Column 20 above), plus the flexural displacement computed from readings 
of the displacement transducers on Channels 2 and 10, 3 and II, 4 and 12, 5 and 13, 6 and 
14,7 and 15, and 8 and 16. Constant curvature was assumed within each gauge length. 

Lateral displacement (inches) at the 2nd floor of the north wall, due to shearing deformations. 
Shearing deformations in the lst story of the north wall were calculated from the readin~ of 
the displacement transducers on Channels 48 and 49, with corrections for flexural 
deformations (Appendix E). 

Lateral displacement (inches) at the roof of the north wal~ due to shearing deformations. 
Shearing deformations in the 2nd story wall were added to the lst story shearmg deformations 
(Column (22) above). 

Lateral displacement (inches) at the 2nd floor of the south wall, due to shearing deformations. 
Shearing deformations in the lst story of the south wall were calculated from the readings of 
the displacement transducers on Channels 17 and 18, with corrections for flexural 
deformations (Appendix E). 

Lateral displacement {inches) at the roof of the south wall, due to shearing deformations. 
Shearing deformations in the 2nd story of the south wall were added to 1st story south wall 
shearing deformations (Column (24) above). 

Strain (p in. lin. ) in the longitudinal wall reinforcement at the south edge ;}f the north wall base 
(Channel 109). 

Strain (pin./in.) in the longitudinal wall reinforcement at the center of the north wall base 
(Channel 110). 

Strain \1.& in./in.) in the longitudinal wall reinforcement at the north edge of the north wall base 
(Channel 111). 

Strain (pia./in.) in the longitudinal waD reinforcement at the south edge of the south wall base 
(Channel 81). Corrections were made to Channel8! readings due to load problems. 

Strain (pin./iu.) in the longitudinal wall reinforcement at the center of the south wall base 
(Channel 82). 

Strain (p in./in.) in the longitudinal wall reinforcement at the north edge of the south wall base 
(Channel 83). 

Strain (Pin./in.) in the longitudinal wall reinforcement ill the south edge of the top of the first 
story north wall (Channel 115). 

Strain (p in./in.) in the IOI'-ePtudinal wall reinforcement at the center of the top of the first 
story north walt (Chann.::l 116). 

Strain (Pin./ia) in the longitudinal wall reinforcement at the north edge of the top of the ftrst 
story north wall (Channel 117). 
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(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 

(52) 

Strain ~in./in.) in the longitudinal wall reinforcement at the south edge of the top of the first 
story south wall (Channel 87). 

Strain ~in./in.} in the longitudinal wall reinforcement at the center of the top of the first 
story south wall (Channel 88). 

Strain ~in./in.) in the longitudinal wall reinforcement at the north edge of the top of the first 
story south waIl (Channel 89). 

Strain ~ in./in.) in tbe longitudinal wall reinforcement at the south edge of the base of the 
second story north wall (Channel 118). 

Strain ~in./in.) in the longitudinal wall reinforcement at the cenler of the base of the second 
~tory north wall (Channel 119). 

Strain ~in./in.) in the longitudinal wall reinforcement at the north edge of the base of the 
second story north wall (Channel 120). 

Strain (Pin./in.) in tbe longitudinal wall reinforcement at the soutb edge of the base of the 
second story south wall (Channel 90). 

Strain ~ in./in.) in the longitudinal wall reinforcement at the cenler of the base of the second 
story south wall (Channel 91). 

Strain ~in./in.) in tbe longitudinal wall reinforcement at the north edge of the hase of the 
second story south wall (Channel 92). 

Strain (pin./in.) in the longitudinaI waD reinforcement at the south edge of the top of tbe 
second story north wall (Channel 124). 

Strain ~in./in.) in the longitudinal wall reinforcement at the center of the top of the second 
story north wall (Channel 125). 

Strain (pin./in.) in the longitudinaI wall reinforcement at the north edge of the top of the 
second story north wall (Channel 126). 

Strain ~in./in.) in tbe longitudinaI wall reinforcement at the south edge of the top of the 
second story south wall (Channel 96). 

Strain ~in./in.) in the longitudinal wall reinforcement at the center of the top of the second 
story south wall (Channel 88). 

Strain (Pin./in.) in the longitudinal wall reinforcement at the north edge of the top of the 
second story soutb wall (Channel 89). 

Strain ~in./in.) in the south end of the bortom transverse reinforcement in the fll'St story of 
the north wall (ClwmeI127). 

Strain in" in./in. at the north end of the bottom transverse reinforcement in the first story of 
the north wall (Channel 128). 

Strain l'Pin./in.) at the center of the transverse reinforcement at the mid-height of the fll'Sl 
story of the north waD (Channel 129). 
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(53) 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 

(60) 

(61) 

(62) 

Strain CJ,lin./in.) at the south end of the top transverse reinforcement in the first story of the 
north wall (Channel 130). 

Strain (pin./in.) at the north end of the top transverse reinforcement in the frrst story of the 
north wall (Channel 131). 

Strain U'in./in.) at tbe south end of tbe bottom transverse reinforcement in the frrst story of 
the south wall (Channel 99). 

Strain (Pin./in.) at the north end of the bottom transverse reinforcement in the first story of 
the south wall (Channel 100). 

Strain (Pin./in.) at the center of the transverse reinforc'!ment at the mid-height of the rrrst 
story of the south wall (Cbaunell01). 

Strain CJ,lin./in.) at the south end of the top transverse reinforcement in the rrrst story of the 
south wall (Channel 102). 

Strain (pin./in.) at the north end of the tot' transverse reinforcement in the frrst story of the 
south wall (CbanneI103). 

Strain (P in./in.) in the top longitudiDaJ reinforcement of the coupling beam, at the top face of 
the 2nd floor stab, close to the north edge of the north wall (Channel 139). 

Strain (Pin./in.) in the top longitudinal reinforcement of the coupling beam, at the top face of 
the roof slab, close to the north edge of the north waD (Channel 137). 

Strain (Pin./in.) in the bottom longitudinal reinforcement of the coupling beam, at the bottom 
face of the roof slab, close to the north edge of the north wall (Channel 138). 
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