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EARTHQUAKE RESISTANT STRUCTURAL WALLS ­

TESTS OF ISOLATED WALLS - PHASE II

by

R. G. Oesterle, J. D. Aristizabal-Ochoa, A. E. Fiorato,
H. G. Russell, and W. G. Corley*

HIGHLIGHTS

This repor t pre sen ts results

reinforced concrete structural

of reversing load tests

walls. Sixteen tests

on

on

isolated walls have been carried out. The first phase of the

experimental program consisted of nine tests. The second phase

consisted of seven.

prev iously descr ibed in

a general presentation of

In addition, a detailed

from Phase II is given in

weretests
report includes

sixteen tests.

nine

allfromresults

The first
detail. (1) This

description of the seven tests

Appendices A and B.

The tests were part of a combined analytical and

experimental investigation to develop design criteria for

reinforced concrete structural walls in earthquake resistant

buildings. The objective of the experiments is to determine

ductility, energy dissipation capacity and strength of a wide

variety of walls.

Isolated walls representipg those found in structural wall

systems were tested. Test specimens were approximately 1/3­

scale, although no' specific- prototype walls were modeled.

Controlled variables included shape of the wall cross-section,

amount of main flexural reinforcement, amount of hoop

*Respectlvely, Structural Engineer, Structural Development
Department; Structural Engineer, Structural Development
Departme:1t; !1anager, ConstrLlct.ion Metbods Section; Director,
Structural Development Department; and Divisional Director,
Engineering Development Division, Portland Cement Association,
Skokie, Illinois.

-1-



reinforcement around the main flexural reinforcement, amount of

horizontal shear reinforcement, axial compressive load,

concrete strength, and load history. Two walls were repaired

and retested.

The following observations are based on test results:

1. Structural walls designed according to the 1971
American Concrete Institute Building Code(2) will

attain their design strength in both flexure and

shear. However, the designer must be aware that

present provisions underestimate flexural capacity

because strain hardening of reinforcement is

neglected. For inertia loadings, shear forces

developed are related to actual flexural capacity, not

des i9n flexural capac i ty. Thus, the level of shear

can be significantly higher than anticipated if

inelastic response occurs.

2. Properly detailed structural walls will behave in a

ductile manner. Ductility achieved is dependent on

the level of shear stress applied to the wall. For

lower levels of shear, higher ductilities are attain­

able. Max imum nominal s'hear stresses on walls tested

ranged fr,om 1.4~ to 13.8.j~ psi ,(0.1.J~ to
1.1 .ftb MPa). Maximum ductilities, as determined from

measured rotations, ranged from approximately three to

eight.

3. Maximum shear stress that can be developed in a wall­

is limited by web crushing capacity. Addition of

horizontal shear reinforcement beyond present code

prov is ions does not sign if icantly improve strength or

ductility for this mode of failure.

4. Presence of confined boundary elements significantly
improves inelastic behavior. The confinement

reinforcement is only necessary in anticipated, hinging

regions. Stiff boundary elements help to limit shear

distortions and construction joint slip.

-?-



5. Construction joints in structural walls will perform

adequately if made following standard practice of

roughening and cleaning the surface to remove laitance

and loose particles.

6. Displacements caused by shear distortions are a

significant portion of the total lateral inelastic

displacements in structural walls subjected to

reversing loads. This fact should be considered in

dynamic inelastic analysis of structural wall

systems. Loss of shear stiffness with load reversals

is primarily dependent on the magnitude of inelastic

tensile strains in the reinforcement caused by

previous loading. Abrasion and loss of material from

grinding also affect stiffness.

7. Structural wall performance under load reversals is a

function of load history. The previous level of

maximum deformation is critical.

-3-



OBJECTIVES

Objectives of the experimentai investigation are:

1. To determine flexural and shear strengths of walls

subjected to reversing loads, and to compare these

with strengths under monotonic loading.

2. To determine load-deformation characteristics for a

wide range of configurations of wall specimens. This

information can be used in inelastic dynamic analysis.

3. To determine ductilities and energy dissipation

capacities of walls subjected to reversing loads.

4. To determine means of increasing energy dissipation

capacity of walls where required.

5. To develop design procedures to insure adequate

strength and energy dissipation capacity in reinforced

concrete structural walls used in earthquake resistant
buildings.

-~-



OUTLINE OF EXPERIMENTAL PROGRAM

A summary of the experimental program is presented in this

section. Further details are included in Appendix A of this

report and in the earlier report on the first phase of the

program. (~)

Program Variables

All walls tested are listed in Table 1. Controlled

variables included shape of the wall cross-section, amount of

. main flexural reinforcement, amount of hoop reinforcement

around the rna in flexural re inforcemen t, amount of hor izon tal

shear reinforcement, axial compressive load, concrete strength,

and load history. Two walls were repaired and retested.

Test Specimens

Dimensions of the test specimens are shown in Fig. 1.

Rectangular, barbell and flanged cross sections were tested.

Nomi nal cross-sec tional d imens ions of these sec t ions are shown

in Fig. 2. A cross section showing locations of the types of

reinforcement used is shown in Fig. 3.

The des ign momen t for each wall was calcula ted following

the 1971 ACT Building Code. (2) Design yield stress of the

flexural reinforcement was 60 ksi (414 MPa). In proportioning

the steel, strain hardening was neglected. Design concrete

strength was 3000 psi (20.7 MPa) for Specimen B6 and 6000 psi

(41.4 MPa) for all other specimens.

Several criteria were used to select horizontal shear

re inforcemen t. Minimum requiremen ts of the 1971 ACI Build ing

Code(2) governed for the first five specimens in Table 1.'

For B2, B5, BID and Fl horizontal reinforcement was designed

using a shear force corresponding to the calculated design

momen t. Shear re inforcement was prov ided in accordance with

the 1971 ACT Building Code. (2) . Specimens B6, B7, B9, and F2

were provided with the same amount of shear reinforcement as B2

and B5.

-5-
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P =c;

(1)
(2)
(3)
(4)

Pf

TABLE 1 - PROPERTIES OF TEST SPECIMENS

Axial f 1 f y for Reinforcement (%)
Load c

Specimen Shape psi psi P f (ksi) Pf Ph Pn Ps

Rl - -- 6490 74.2 1. 47 0.31 0.25 --
R2 -- 6735 65.3 4.00 0.31 0.25 2.07

a1 • • -- 7685 65.2 1.11 0.31 0.29 --
B3 • • -- 6860 63.5 1.11 0.31 0.29 1.28

B4 (1) • II -- 6530 65.3 1.11 0.31 0.29 1.28

B2 • • -- 7775 59.5 3.67 0.63 0.29 --
as • iii -- 6570 64.4 3.67 0.63 0.29 1.35

B5R (2) --- -- 6205 -- 3.67 0.53 0.29 1.35

B6 ...- 425 3165 63.9 3.57 0.53 0.29 0.81

B7 • • 545 7155 66.4 3.67 0.63 0.29 1. 35

BS • • 545 60S5 I 64.9 3.67 1. 3S" 0.29 1.35

B9(3)
I

~ 545 6395 62.3 3.57 0.63 0.29 1.35

B9R(2,3) ------ 450 7510 62.3 3.67 0.42 0.20 1. 35

B10 (3) ------ 545 6615 64.9 1.97 0.63 0.29 1.35

F1 I I -- 5575 64.5 3.89 0.71 0.30 --
F2 I I 4S0 6610 62.4 4.35 0.63 0.31 1. 43

Monotonic loading
Repaired specimen
Mod ified reversing load history (MR Loading)
1000 psi = 1.0 ksi = 6.895 MPa
ratio of main flexural reinforcement area
to gross concrete area of boundary element
ratio of horizontal shear reinforcement
area to gross concrete area of a vertical
section of wall web

Pn = ratio of vertical web reinforcement area
to gross concrete area of a horizontal
section of wall web
ratio of effective volume of confinement
reinforcement to the volume of core in
accordance with Eq. A.4 of ACI 318-71.

-6- .
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To determine the infl~ence of shear reinforcement, a

different design procedure was used for Specimen :B8. Shear

force corresponding to the cal.culated maximum moment capacity

of the wall including strain hardening of the vertical

reinforcement was used. Horizontal shear reinforcement was

selected to carry. this entire shear force at a design yield

stress of 60 ksi(4l4 MPa).

Transverse reinforcement around vertical reinforcement in

the boundary elements was designed either as ordinary column

ties (unconfined) or as special confinement reinforcement

(confined) • For rectangular sections, the "boundary element"

was taken to extend 7.5 in. (190 mm) from each end cif the wall.

Specimens Rl, 81, B2, and Fl had ordinary ties as required

by Section 7.12 of the 1971 ACT Building Code. (2)

All other spec imens had rectangular hoop and supplemen tary, .
cross-tie reinforcement in accordandance with Appendix A of the

1971 ACI Building Code. (2) This design resulted in a hoop

spacing of 1.33 in. (34 mm).

Confinement was used only over the first 6 ft (l.83 m)

above the base of - the wall. Ordinary column ties were 'used

over the remaining height. Specimen F2 had a s~ecial "boundary

element" within the intersection of the web and the flange at

each end of the wall. The confined zone extended into the web

12 in. (305 mm) from the end of the wall and into the flange 6

in. (152 rom) on either side of the centerline of the web.

Specimens B5R and B9R were retests of 85 andB9,

respectively. Following the initial tests, damaged web

concrete was removed up to a height. of about 9 ft (.2.74 mm).

New web concrete was cast in three Ii fts. For Spec imen B9R,

the new web was cast to a th ickness of 6 in. Columns were

repaired with a surface coating of neat cement paste.

Test Procedure

The test setup for the

specimen was loaded as a

applied through the top slab.

walls is shown in Fig. 4. Each

vertical cantilever with forces

The shear span was 2.4 times the

-8-



Fig. 4 Test Setup
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ingiven

A detailed

is

in Fig. ·5.

considered

hor izontal length of the wall. For all specimens, except B4,

B9, B9R, and BID, reversing horizontal loads were applied in a

series of increasing increments (rR loading). Each increment

consisted of three completely reversed cycles. About three

increments of force were applied pr ior to ini tial yielding.

Sub~equent to initial yielding, loading was controlled by

deflections in 1. 0 in. (25 mm) increments.

Specimen B4 was subjected to a monotonically increasing

load.

Spec imens 89, B9R, and BID were subj ected to a modi f ied

reversing load history (MR Loading) determined from a statis­

tical investigation of the dynamic response of isolated walls

to various earthquake motions.

Typical load histories are shown

description of the load histories

Appendix A.

Constant axial compress i ve loads were rna inta ined on

Spec imens B6, B7, B8, B9, B9R, BIO and F2. These loads were

applied such that the resultant axial force remained vertical

throughout the horizontal load cycles.

-10-
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OBSERVED BEHAVIOR

In this section general observations of specimen behavior

are discussed.

General Observations

Behavior of specimens subjected to load reversals was

divided into two types distinguished by the magnitude of applied

shear stresses. The first type was observed in walls subjected

to low nomi nal shear stresses of 3.1~ (0. 26~ MPa) or
less. The second type was observed in walls subjected to high

shear stresses of 7.0~ (O.58~MPa) or greater.

Walls Subjected to Low Nominal Shear Stress

Specimens Bl, B3, Rl, and R2 were subjected to low nominal

shear stress. Their behavior was characterized by the

formation of a predominantly hor izontal crack pattern in the

lower 3 ft (O.glm) of the wall after a few inelastic

reversals. This pattern is shown in Fig. 6(a). Therefore,

after yield, stresses was predominantly transferred by

interface stresses across hor izontal cracks and dowel action.

The capac i ty of th is shear trans fer mechan ism was adequa te to

develop a flexural failure mode. Bar fracture, precipitated by

either "inelastic" bar buckling or instability in the

compression zone, was the final failure mode in these specimens.

Walls Subjected to High Nominal Shear Stress

Behavior of walls subjected to high nominal shear stress

was charac ter ized by the development of inclined cracks

crisscrossing the web to form relatively symmetrical

compression strut systems for each direction of loading. This
pattern is shown in Fig. 6 (b) . A major portion of the shear

transfer mechan ism was tru ss action. Truss action prov ided a

stiffer system than that in specimens exhibiting the first type

of behavior. In all but Specimen BlO, web crushing occurred at

the end of the test.



CJ3

CJ2

CJI

a) Specimen B3

CJI

Fig. 6

b) Specimen BS

Crack Patterns in Lower Portions of Walls
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The crisscross pattern of cracks that formed was such that

the patte rn along any hor izon tal plane was sawtooth shaped.

However, in severa 1 . tests it wa s noted that as higher

rotational ductilities were approached, the diagonal cracks

near the base tended to realign and become more horizontal with

increasing rotation. The transition is illustrated in Fig.

7 (a) and 7 (b). The behavior is attr ibuted to loss of interface
shear transfer over an increasing portion of the length of the

wall.. Wi th larger rota tions, lower stru ts became less

effective. Shear stiffness near the base became i ncreas ingly

dependent on shear transfer in the compression zone. Shear

transfer from the upper compression struts was focused in a

small zone in the lower 3 ft of the web. This concentration of

shear eventually resulted in web crushing.

Discussion of Failure Modes

The manner in which the specimens lost load carrying

capacity at the end of the test can be divided into five modes.

1. Bar Fracture

2. "Inelastic" Bar Buckling

3. Instability of the Compression Zone

4. Web Crushing
,

5. Boundary Element Crushing

Bar Fracture

.The capac i ty of one spec imen, B4,. was limi ted by frac ture

of the rna in tens i Ie re inforcemen t. Spec imen B4 was s ubj ected

to monotonic loading. Bar fracture was anticipated because

analysis of the wall as a flexural member indicated response as

an under-reinforced beam.

"Inelastic" Bar Buckling

The mode denoted as "inelastic" bar buckling was observed

in Specimens Rl, Bl, and ·B3. These specimens were subjected to

low nominal shear stresses. Compressive buckling of the main

reinforcement occurred within the lower part of the boundary

-14-
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elements as shown in Fig. 8. This buckling is termed

"inelas~ic" because it resulted from cycles of inelastic

deformation within the hinging region. Buckling of bars was

caused by alternate tensile and compressive yielding. As

inelastic cycles progressed, concrete not contained by

reinforcemen t was lost. Th is reduced the amount of la teral

support for the bars. In addition, increasing shear

distortions caused eccentric compressive forces on the bars.

All of these factors influenced buckling.

Buckling was followed, after several cycles, by bar

fracture. One or two bars fractured at a time. Closely spaced

confinement hoops delayed but did not prevent "inelastic" bar

buckling.

Instability of the Compression Zone

The third mode consisted of an out-of-plane instability of

the compress ion zone of the wall. It was only observed in

Specimen R2, a rectangular wall. A large out-of-plane

displacement occurred in the lower 3 ft of the compression zone

as shown in Fig. 9. "Bar fracture followed with subsequent load

reversals because of the previous kinking of the bars at the

base~ This instability was the product of large inelastic load

reversals as described in the p~evious report. (l)

Web Crushing,

The fourth mode is denoted as web crushing. This mode is

common in beams or girders with large flanges and relatively

thin webs subjected to high shear stresses. It was observed in

all but one of the specimens subjected to maximum nominal shear

stresses greater than 7. o.;~ (0.58 Jf6 MPa) •

Web crushing was associa ted wi th formation of a rela t i vely

small zone of high compressive stresses in the web. This zone

was located in the lower 3 ft of the web near the interface of

the web and boundary element where the compression strut system

converged .. As lateral load was increased at large inelastic

deformations, one or several of the struts crushed. Struts

-lfi-
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that crushed were usually the highest struts in the web that

intersected the interface of the wall and base block. Load

that had been carried by the crushed struts was transferred to

higher or lower struts depending on the stiffness of the

compression boundary element. These struts would then

progressively shear through forming either a horizontal or

vertical failure plane as shown in Figs. 10 and 11.

Loss of load capacity associated with web crushing was

sudden. As the web started to crush during the test, a control

valve in the hydraulic system. was closed manually. This
-,_..-' ,

enabled the specimens to be "caught" dur in9 fai lure. In the

time taken to close the valve, the applied load dropped from

approximately 20% to 70% of the maximum measured load capacity

of each specimen.

Since web crushing strength was found to be the limiting

factor in inelastic performance, it was c6nsidered desirable t6

devel~p a method to predict web crushing strength and its

relationship to attainable ductility. A detailed discussion of

the relationship between web crushing strength and rotational

ductility is presented in a separate report. (3)

Boundary Element Crushing

Complete crushing 6f the boundary element concrete was

observed in Specimen BIO~ This is shown in Fig. 12. Crushing

was accompanied by.·. buckling ·of vertical reinforcement. With

subsequent load reversals vertical reinforcement fractured.

This crushing·· was precipitated by honeycombed concrete in the

boundary el~ment~ Honeycombing· resulte~ from inadequate

consolidation of concrete with~n the conjested boundary element

reinforcement cage.

Several other specimens were designed such ~hat compressive

stresses in the boundary elements were significantly higher

than those in Specimen BIO. Evidence of compressive distress

was not observed in the confined cores of the boundary elements

in any of these specimens.

-18-
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SUMMARY OF TEST RESULTS

A summary of test results is presented in this section.

More detailed information is. given in Appendix B

Seecimen Streng~hs

Table 2 summar izes observed and calcula ted strengths for

all specimens. Values are given for full yield and maximum

load. Full yield loads correspond to the stage when all main

vertical reinforcement in the boundary element reached yield.

Also shown in Table 2 are design strengths calculated using the

1971 ACI Building Code. (2) As can be seen i.n Fig. 13, the

maximum observed load in all specimens exceeded the ACI design

strength for'either flexure or shear.

Maximum observed strengths a.re plotted versus calculated

monotonic flexural strengths in Fig. 14. Observed strengths

ranged from 77 to 97% of calculated flexural strengths for

spec imens subjec ted to load rever sals. Calculated strength of

Spec imenB4, which was monotonically loaded, was in excellent

agreement with observed strength.

Deformation Characteristics

Table 3 is a summary of deformation results for all

specimens~ The deformations are maximum values measured during

the last stable load cycle. Stable cycles were defined as

those in which the specimen sustained at least 80% of the

previous maximum observed load at the peak deformations.

In Table 3 I an inelast ic cycle is def ined as a comple te

reversed load cycle in which both load and top deflection

exceeded the first yield level. First yield level is the first

load and deflection at which a yield strain was measured in the

boundary element tensile reinforcement. Full yield level is

the load and deflection at which all of the main tensile

reinforcement in the boundary element yielded.

Load versus deformation relationships observed in the tests

are given in the following sections. The general nature of

these relationships was discussed in the previous report on the
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TABLB 2 - SPECIMEN STRENGTHS

v
->

Confined Adal IICI Deaion Full Yield Load Maximum Load Failure

Specimen Boundary Load Flexure Shear CalcuLated (3) Observed Ob,,_ Calculated UI Observed Obs. 000. Mode 15)

Element psi kips Jf' (1) kips Jf' kips .Jf' kips Jf' Calc. kips .Jf' kips Jf' Calc. ACI (4)
0 c c c c c

Rl No - IB 0.9 B2(21 4.2 17 .7 0.9 n.B 1.1 1. 23 29.1 1.5 26.6 1.4 0.91 1.48 IB

R2 Yes - 35 1.8 82(2) 4.2 ]3.2 1.7 41.B 2.1 1.26 51.3 2.9 4B.1 2.5 0.85 1.39 IC

B1 No - 46 2.2 82 121 ].9 42.9 2.0 51.0 2.4 1.19 72.1 3.4 61.0 2.9 0.85 1.33 IB

B3 Yes - 46 2.3 82 121 4.1 41.9 2.1 51.5 2.6 1.23 73.4 3.7 62.0 3.1 0.84 1.35 IB

B4 Yes - 46 2.4 82(2) 4.2 43.1 2.2 54.6 2.B 1.27 74.3 3.8 75.3 3.9 1.01 1.64 F

B2 No - 129 6.1 127 6.0 115.6 5.5 128.0 6.0 1.11 170.9 8.1 152.8 7.2 0.89 1.18 we

B5 Yes - 129 6.6 127 6.5 123.1 6.3 138.0 7.1 1.12 213.1 11.0 171.3 8.8 0.00 1.33 we

B5R Yes - 129 6.8 127 6.7 123.1 6.5 - -- -- 2B.7 11.5 167.8 8.9 0.79 1.30 we
B6 Yes 423 157 11.6 132 9.7 154.5 11.4 173.9 12.9 1.13 190.5 14.1 185.5 13.8 0.91 1.41 we
B7 Yes 545 113 8.5 148 7.3 174.0 8.6 187.5 9.2 1.08 256.2 12.6 220.4 10.9 0.86 1.49 we

B8 Yes . 545 173 9.3 186 (6 ) 9.9 111.6 9.2 189.0 10.1 1.10 241.4 12.9 219.8 11.7 0.91 1.27 we

89 Yes 545 173 9.0 148 7.7 165.6 8.6 186.4 9.7 1.13 241.6 12.6 219.6 11.4 0.91 1.48 WC

B9R Yes 451 173 5.6 162 5.2 165.6 5.3 -- -- - 2U.6 7.7 218.7 7.0 0.91 1.35 we

BID Yes. 575 121 6.2 148 7.6 116.1 5.9 139.7 7.2 1.20 168.0 8.7 159.0 8.2 0.95 1.32 BC

1"1 No - 145 8.1 140 7.8 148.1 8.3 LSO.6 8.4 1.02 242.6 13.5 187.9 10.5 0.77 . 1.30 we
1"2 Yes 482 110 8.7 148 7.6 164.4 8.4 180.3 9.2 1.10 240.8 12.3 199.5 10.2 0.82 1.34 we

(pal)III Lateral Iced in terms of nominal shear stress v • V

0.8 ~v bJf~

(2) Shear reinforcement governed by maKimum bar spacing.
(31 Calculated monotonic flexural strength from analysis based on strain compatibility using measured material properties including strain'

hardening of reinforcement.
(4) AeI taken as the lower of flexure or ohear deoign strength with capacity reduction factor <JJ • 1.0.
151 lB· ·Inelastic· Bar Buckling, Ie • Inatablity of cOmpression Zone, F • flexural Bar fracture, we • Web Crushing, DC • Boundary Elements
. Crushing.

(6) Maximum v • 10 Jf~ governs, ACI Design Shear for B8 would be 256 kips. 13.7 Jf~ disregarding the maximum allowable.

1 kip· 4.448 tN, 10 Jf' Ipsi) • 0.08304 Jf' IMPala a
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TABLB 3 - DEFORMATION RESULTS

Top Deflectla1 Rotation at No. of Stlt.ble Last Max. Observed Hax. Observecl Max Observed Max SUp

Specimen At Full Yield Pull Yield Inelastic Stable Top Def!. (I) Rotation (1) Shear nietort. (I) At CJI (I)

(in.1 ~ (2) (Rad.1 Cyclee Cycle No. (in.) 03 (2) (rad.) y3 (3) (Red.) (in.) (4)"

R1 0.53 0.0030 13 25 - 4.06 - 0.0240 - 0.0130 - 0.19J

R2 0.85 0.0046 14 35 + 5.25 + 0.0212 - 0.0300 - 0.380

Bl 0.70 0.0041 14 32 - 5.21 - 0.0269 - 0.0235 - 0.258

BJ 0.70 0.0090 :n 39 - 7.07 + 0.0276 - 0.048l' + 0.100 18)

B4 (5) O.BD 0.DD47 - - +12.50 + 0.0630 + 0.0340 + 0.145

82 1.0D 0.0052 9 21 - 4.09 + 0.0161 - 0.0224 + 0.110

85 1.10 0.0065 10 28 + 4.99 - 0.0197 - 0.0231 - 0.134

B5R . 2.50(61 0.0119 (6) 9 27 + 4.93 + 0.0204 - 0.0237 + 0.192

B6 1.31 0.0049 4 25 + ].08 - 0.0136 - 0.00B5 - 0.034

B1 1.38 0.0041 12 30 - 5.20 - 0.0241 - 0.0141 - 0.106

B8 1.23 0.0049 12 30 + 5.14 - 0.0255 - 0.01229 - 0.101

B9(1) 1.36 0.0048 1 1 - 5.43 + 0.02]8 - 0.0131 - 0.013

B9R(1) 2.99 (5) 0.0125(6) 8 16 + 6.88 . - 0.0287 - 0.0191 - 0.095

810 III 1.11 0.0048 5 11 + 4.99 - 0.0243 - 0.0111 - 0.129

PI 1.00 O.OOH 6 21 + 1.99 - 0.0093 - 0.0080 - 0.103

F2 1.U 0.0037 9 27 - 4.00 - 0.0119 - 0.0124 - 0.062

(I) Maximum measured during last stable cycle.

(2) 9
J

• Rotation of the horizontal aectlon approximately 74 in. (1.80m) ebove the baee block.

(3) Y
1

• Average shear distortl~n In zone from base to approximately 74 in. (I.OBm) above the base block.

(4) CJl. Construction joint at the baee .of the wall.

(5) Monotonic Test.

(5) Measured deformation at yield load level of original specimen.

(7) Modified reveraing load hiotory.

(BI Gage failed In cyole 31 at ~ 5 in. defl.

1 in•• 25.4 Mm.



fir st phase of the

tests made in the

detailed information

program. (1) This discussion

second phase. Appendix B

for second phase tests.

is valid for

includes more

Load-Tse Deflection Relationships

Load versus deflection envelopes

shown in Fig. 15. Reported deflection

the specimen. ,The envelope for each

passing lines through the peak points

loading cycle.

for all specimens are

is that at the top of

curve was obtained by

of each new maximum

Moment-Rotation Relationships

Moment versus rotation envelopes for all specimens are

shown in Fig. 16. Rotations shown are those measured over a

height approximately equivalent to the horizontal length of the

wall. This was the region of primary damage observed in the

tests.

Shear-Distortion Relationships

Load versus shear distortion envelopes for all

are shown in Fig. 17. CA' key characteristic of this

ship is the shear "yielding" that occurred in' each

during the same load stage that flexural yielding

Shear "yielding" is defined as a large increase

specimens

relation­

specimen

occurred.

in shear

crushing strength to rotational

distortion corresponding to a

behavior is used to relate web
ductility. (3,4)

small increase in load. This

Shear-Construction Joint Slip Relationship

Load versus base construction joint slip envelopes for all

specimens are shown in Fig. 18. As in the. shear distortion

data, a key character istic is the "yielding" exhibited by the

envelopes. This "yielding" of slip measured along a horizontal

crack verifies that "yielding" observed in the shear distortion

data was not caused solely by of rotation across diagonal

cracks.
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Ductility

Ductility is commonly used as a measure of inelastic

deformation and energy dissipation capacity. Ductility is

often defined as the ratio of a specified deformation at a

particular load to that at yield. The use of ductility ratios

in se ismic des ign implies cer tain limi ta tions that are

discussed by Paulay and Uzumeri. (5)

Inelastic behavior of the specimens was compared using

rotational ductility of the hinging region. Rotational

ductility, was taken as the ratio of total rotation over the

6-£t (1.83 m) region to the rotation measured at full yield of

the flexural reinforcement in the boundary element. Data from

all specimens are shown in Fig. 19. Maximum measured ductili­

ties were taken from the last cycle in which the load carrying

capacity was sustained throughout the complete cycle.

All specimens tested possessed substantial inelastic

rotational capacity under reversing load. Ductility decreased

as the maximum level of shear stress increased. The presence

of axial load, indicated by the open symbols in Fig. 19,

increased ductility in specimens subjected to high shear

stress. A comparison of Specimens B7 and B8 indicates that the

addition of a large amount of horizontal steel had little

effect on the maximum measured ductility.

Energy Dissipation

Energy dissipation capacity may also be used to evaluate

inelastic performance under reversing loads. For walls with

the same yield load and deflection, optimum performance would

be indicated by load-deformation loops that are as open or as

full as pass ible. A measure of energy diss ipa t ion capac i ty

should not only relate the amount of energy d i ss ipa ted to the

amount of energy input, but should also' relate the energy

d iss ipa te"ci to the level of deformations. If the general shape

load versus de forma t ion curves was invar ian t, then duct ili ty

would bea sufficient measure for evaluating energy dissipation.
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For this report dissipated energy, AI' and linear energy

capac i ty, A2 , are used to evaluate energy d iss ipat ion. These

are defined in Fig. 20. For a particular load cycle a larger

ratio of AI /A2 would indicate a hysteretic loop with less

pinching and greater energy dissipation.

In Fig. 20, the ratio of cumulative Al to cumulative A2
for specimens subjected to incrementally increasing load

history is plotted as a function of cyclic top deflection

ductility. Cyclic deflection ductility is defined in Fig. 20.

This relates the energy dissipated to the level of deformations

normalized by the yield level. Load versus top deflection data

was used because it includes the total energy input and

dissipated. Cyclic ductility was used because it represents

total deformations sustained by the walls.

Figure 20 indicates that, for equal ductility ratios, the

percen tage of energy d iss ipated was essen tially the same for

all specimens. The general shapes of the load-deformation

curves and therefore the energy dissipation capacities were not

significantly affected by the variables considered.

Web Crushing

As stated previously in this report, web crushing is the

primary factor limiting inelastic performance of walls

subjected to high nominal shear stresses. A detailed analysis

of the web crushing strength as it relates to rotational

ductility is presented in a separate report. (3) Conclusions

resulting from this analysis are:

1. Web crushing may lirni t the shear capac i ty of
structural walls.

2. The presen t code recomrnenda tion tha t 1 imi ts allowable

shear stress to 10 ~does not eliminate web crushing

in walls subjected to inelastic flexural hinging.

3. Web crushing is depend en t on both stress and

deformation levels. Reducing the maximum allowable

shear stress will not eliminate web crushing in some

walls and may be overly conservative in others.
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Maximum allowable shear stress should be a function of

desired ductility.

4. The truss analogy model can be used, wi th empi r ical

modifications, to calculate web crushing strengths.

The modifications are a function of the rotational

ductility desired in the hinging region. They are

based on the relationship between rotations and shear

distortions in the hinging region. A procedure for

calculating web crushing strength is given in
Reference 3.

5. The pr imary var iables af fecti ng web crushing strength

are the level of axial load and the concrete strength.
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DISCUSSION OF PROGRAM VARIABLES

In this section effects of program variables on behavior of

structural walls tested are presented.

Wall Versus Beam Behavior

Wall specimens tested behaved basically as cantilevered

beams. However, there is a difference in behavior that results

from differences in relative proportions of wall sections and
beam sec tions. Several prev ious studies (6,7,8,9,10) have

reported on the behavior of beams under reversing loads. The

following should be considered in extrapolating results of beam

tests to walls.

1. Loss of cover on the compression face during reversals

is a significant factor in loss of shear stiffness and

strength in beams. (10) However, in walls, the cover

is a considerably smaller portion of the compression

zone and loss of this cover does not affect shear

stiffness or strength as significantly.

2. Flexural steel in walls is more uniformly distr ibuted

over the section than in beams. Also, the ratio of

the diameter of the reinforcing bars to cross-sectional

dimensions is generally smaller in walls. Therefore,

for equivalent ratios of steel to concrete area, the

ratio of surface area to cross-sectional area of

reinforcement is usually higher in walls. This

results in more uniformly distributed cracking in

walls than in beams. This is shown in Figs 21 and

22. A more uniform crack distribution improves

inelastic deformation capacity by distributing tensile

steel strains more uniformly. This increases

rotational ductility. In addition, for high shear

stresses, a ~arge number of uniformly distributed

cracks results in smaller crack widths and less slip

along each crack at equivalent deflections. This

tends to reduce abrasion and grinding in anyone crack.
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3. Walls can be more easily provided with confined

boundary elements than beams. Confinement steel in

boundary elements provides a strong, ductile

compression zone and delays inelastic bar buckling.

Also, the boundary elements act as large dowels to

limit the "sliding shear" mode of failure observed in

tests of beams under reversing load. (7)

Sha~

Walls tested in this program included three basic shapes:

rectangular, barbell and flanged. Each of these shapes were

associated with specific behavior patterns as described below.

Rectangular Sha~

A rectangular shaped wall is the most functional snape

arch i tecturally. However, the relative ou t-of-plane st i ffness

of the boundary elemen t is limi ted by the width of the wall.

Therefore, this shape of wall may be susceptible to a lateral

instability of the compression zone under severe load reversals.

Instability was observed in the test of Specimen R2 as discussed

previously.

A rectangular shape also limits flexural capacity for

"equivalent wall proportions. There is a limit to the amount of

reinforcement that can be physically fit into the end regions.

Therefore, maximum flexural capacity is low relative to the

maximum attainable in a barbell or flanged section of equal

horizontal length and web width. Also, for equivalent moment­

to-shear ratios the level. of shear stresses in rectangular wall

webs will generally be lower than in barbell or flanged

sections.

Barbell Shape

The barbell section represents a wall between two column

lines and can be detailed as a beam with bounda,ry elements.

The boundary elements have a relatively large in plane and out

of plane stiffness. These elements limit shear sliding at the

..,,.



base by acting as large dowels. Also, they limit out-of-plane

instability. with large areas to place reinforcement in the

end regions, relatively high flexual capacities can be

developed with this shape. Therefore, this shape can lead to a

design with high shear stresses. With the stress concentrations

that develop in the hinging region of the web, the barbell is

susceptible to the web crushing type of failure.

Flanged ShaE.~

The flanged shape represents a section resulting from

intersecting walls. The large out of plane stiffness of the

boundary elements prevents instabili ty problems. However, as

with the barbell, the flanged shape may lead to a design with

high shear stresses. Without the large in-plane stiffness of.

the barbell boundary elements, the flanged section would be

suspected of being susceptible to a sliding shear type of

failure. However, this type of failure was not observed in

either flanged wall test.

Figures 23 and 24 shows measured deformations within the

hinging region of Specimen 'B7, a barbell wall and Specimen F2,

a flanged wall. These spec imens were des igned with simi lar

flexural capacities and concrete strengths. They were tested

under a,similar lateral load history and applied axial load. A·

confined boundary element was included in the intersection

region of the web and flange in Specimen F2.

Figure 23 shows' measured rotations and shear distortions.

These two modes of deformation combine to produce deflections

shown in Fig. 24. Inelastic behavior can be evaluated by

comparing the maximum measured rotational ductility, the number

of inelast ic cycles susta ined, and the amount of shear

distortions and pinching in the shear distortion loops at

Bquivalent rotational ductility.

As shown in Table 3, Specimen B7 sustained 12 inelastic

cycles. The maximum rotational ductility was 5.2 and web

crusing occurred in Cycle 31.
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Specimen F2 sustained 9 inelastic cycles. The maximum

rotational ductility was 4.9 and web crushing occurred in Cycle

28.

Figure 23 indicates the shear distortions in F2 were larger

than those in B7 at equivalent rotations. However, because the

yield rotation was smaller in F2, the shear distortions in the

two walls at equivalent rotations ductilities were approxi­

rna te ly equal.

Comparing the results of P2 and B7 tests shows that similar

performance was obtained. Loss of load capacity was due to web

crushing in both specimens.

Amount Of Flexural Reinforcement

Walls in th is prog ram were tested under a constan t momen t­

to-shear ratio. The amount of flexural reinforcement was

varied to control the moment capacity of the wall sections and,

thereby, the maximum level of applied shear. Effects of the

level of shear stress were discussed previously in the summary

of test results.

The amount of flexural reinforcement determines the maximum

level of stress in the compression zone. Since symmetrical

wall sections have an equal amount of reinforcement in both

boundary elements, they may appear to be under-reinforced and

significantly below the balanced· cond ition as defined by the
ACI Bu ild ing Code. (2) However, the depth to the neu tr al ax is

of the section is usually significantly less than the boundary

element depth. Therefore, a large portion of the reinforcement

in the "compression" boundary element may actually be in

tension. Considering this additional tension plus tension

resul ting from stra in hardeni ng, crush ing of the compress ion

zone may be a possible failure mode in specimens with large

amount of flexural steel and relatively low concrete strength.

This failure mode was only observed in Specimen BID which

had inadequately consolidated concrete.
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Amount Of Shear Reinforcement
Results of reversing load test on beams have demonstrated

that, because of strain hardening the actual moment capacity of

a section is considerably higher than the design moment capacity
computed using the ACI Building Code. (2) Because of this,

1 · . (11,12) h ' d d hsevera lnvest 19a tor s ave recommen e t at shear

reinforcement be designed to cover the total shear corresponding

to the maximum moment capacity including strain hardening.

Also, because of large horizontal cracks crossing the

section in beam tests under reversals, the presence of the

"concrete contribution" has been-questioned.

The results shown in Table 2 indicate that, as with beams,

the maximum moment capacity of the walls is significantly

higher than the design moment. This should definitely be

considered in the design process. However, the test results

also show that the diagonal tension shear capacity is also

s igni f icant ly higher than the des ign capac i ty. Seve ral of the

wall specimens carried maximum shears such that, considering

the hor izontal re inforcemen t to take the vs accord ing to the

ACI Building Code, the "concrete contribution" was from 3.2 ~

(0.26 -.lf~, MPa) in B2 to 6.5 -.It;; (0.54 -.It;;: MPa) in B9. Although

yield strains were measured in hor izontal bars in many of the

specimens, there were no horizontal bar fractures associated
with diagonal tension.

The test results suggested that additional horizontal

reinforcement beyond that required by the ACI Building
Code(2) was not necessary for strength purposes. However it

was hypothesized that additional horizontal steel might improve

inelastic performance in the specimens subjected to high shears

by reducing shear deformations.

To investigate this hypothesis, Specimen B8 was constructed

similar to 87 except that B8 contained 2.2 times the horizontal

reinforcement in B7. Hor izontal steel in B8 was designed to
remain elastic at a shear corresponding to the maximum

calculated moment capacity of the wall.
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Confinement Reinforcement
building cOdes(2,13) require structural walls to

with confined boundary elements over the entire

Specimens B7 andB"8 were tested with similar load

histor ies. Measured rotations and shea r distor tions for these

specimens are shown in Fig. 25. Deflections.at ~he 6 ft level

are shown in Fig. 26.

Maximum measured rotations were nearly identical in B7 and

B8. Shear distortions were only slightly smaller in Specimen

B8. Web crushing occurred in 88 only one-half cycle after that

in B7.

This indicated that shear stiffness was predominantly

dependent on the level of previous maximum deformations and

inelastic tensile strain in the flexural steel. The amount of

horizontal reinforcement did not have a significant effect on

the behavior.

Presen t

be detailed

wall height.

To investigate the effect of confinement steel, several

specimens were constructed and tested with ordinary ties.

Simi lar walls were then tested wi th confinemen t hoops.

Specimens Bl and B3, and Specimens 82 and B5 are comparable

specimens with and without confinement reinforcement. Com­

parison of results from these tests show that confinement

increases inelastic performance by performing four primary

functions.

1'. It increases limiting strain capacity of the concrete
core;

2. It suppor ts vert ical re inforcemen t agai nst inelast ic
buckling;

3. Along wi th the vertical bars, it forms a "basket" to

contain concrete within the core;

4. I t increases the shear capac i ty and stiffness of the

boundary elements.
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Confinement to Increase Limiting Concrete Strains
Confinement reinforcement provided in accordance with the

1971 ACI Building Code(2), or the 1976 Uniform Building
Code (13) was adequate to maintain the compress ive strength of

boundary elements under large rotational strains.

Crushing of the boundary element concrete was only observed
in Specimen BlO as described previously. This crushing
resulted from inadequate consolidation of concrete. It should
be noted that the extensive amount of confinement hoops and
crossties were the cause of the unconsolidated concrete.

Design of confinement reinforcement according to a limiting

stra in cr iter ia is not always necessary for structural walls.

In many cases, the geometry of walls is such that they are

considerably under-reinforced in flexure.

Confinement to SU2port Vertical Reinforcement and Contain

Concrete Core

The functions of transverse reinforcement to restrain
vertical bars against inelastic buckling and to contain the
concrete core are of considerable importance. Comparison of
two tests of isolated structural walls clearly illustrates this
function.

Reinforcement details for two of the specimens, Bl and B3,
are shown in Figs. 27 and 28, respectively. Specimen Bl, the
unconfined wall, contained ordinary column ties at a spacing of
8 in. (203 rom) or 16 vertical bar diameters. Spec.imen B3, the
confined wall, had special transverse reinforcement at a
spacing of 1.33 in. (34 mm) over the first 6 ft (1.83 m) of the
wall. This spacing corresponded to 2.7 vertical bar diameters.

Hysteretic response of Specimens Bl and B3 is illustrated in

Fig. 29 and 30. The maximum loads sustained by these walls cor­

responded to a nominal shear stress of 3 Jr6 psi (0.3~ MPa) •
As shown in Fig. 29 and 30, the behavior of the walls was

very similar through Cycle 28. However, deterioration in

strength and stiffness of Specimen B1 started in Cycle 31­
This deterioration resulted from damage to the boundary
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Fig. 27 Reinforcement for Specimen Bl

',Fig 28 Reinforcement for Specimen B3
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elements by alternate tensile and compressive yielding. This

led to inelastic buckli~gof the--,main vertical reinforcement.

Buckling was accompanied by loss of concrete not contained by
- . _.. """-,.,, -_... .

the vertical and transverse reinforcement when the boundary

element was in tension.

The confinement hoops in Specimen ,B3 did not significantly

increase strength or maximum rotation as compared to Specimen

Bl. However, the hoops maintained the integrity of the

boundary elemen ts by delayi ng bar buckling and con ta in ing the

concrete core. Photographs of the two walls at the same load

increment in Figs. 31 and 32 clearly show the effectiveness of

the confinemen t. For equivalen t levels of load, the conf i ned

wall suffered less damage. Also, the confined wall sustain

several more inelastic cycles which included significantly

larger shear distortions.

Confinement to Provide Shear ,Capacity

Tests of isolated 'wal1shave indicated that trans~erse hoop

re inforcemen t in vertical I--boundary elemen ts improves shear

capacity and stiffness. 'Ttl"e,·transverse reinforcement ties each

boundary element to'gether'~io'act as a large, ductile dowel on

each end of a '. wall.-.r:·,-·,Th is ·is'. shown by compar ison of two
), -"

isolated wall tests.

Two specimens-,~ B2 and B5, were constructed with nominally

iden tical reinf orcemen t except for the- transver se conf inemen t.

Both walls had barbell cross-sections with vertical

reinforcement in the boundary elements of about 3.7% of the

column area. Photographs of the reinforcement are shown in

Figs. 33 and 34.

The unconfined wall, !?pec imen B2, had ord inary column ties

at a spacing of 8 in. (203 mm) or 10.7 vertical bar diameters.

The confined wall, BS, had hoops spaced at 1.33 in. (34 rom) or

1.8 bar diameters over the first 6 ft (1.83 m) of the wall.

Ordinary column ties were used over the remaining height of the
wall.
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Fig. 32

Specimen Bl During Load Cycle 34
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Specimen B3 During Load Cycle 34



Fig. 34 Reinforcement for Specimen B5
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Hysteretic response for the two specimens is illustra ted in

Figs.,35 and 36. The capacity of both walls was limited by web

crushing. Spec imen B2 reached a capac i ty correspond ing to a

nominal shear stress of 7.2 ~ psi (0.60 vf; MPa). Specimen B5

reached 8.8 v'"f"'psi (0.73 .JI'MPa).-c c
Comparison of observed deformations in Specimens B2 with

those of B5 indicated that confinement reinforcement did not

significantly affect the moment rotation relationship.

However, ~shear distortions were decreased by approximately 15%

for equivalen t :·.'t~.t:~tions. The improvemen t in shear st if fness

was attributed._tot~,~:the confined boundary elements acting as

stiff dowels.

In Specimen B2, without confinement, the boundary elements

deter iora ted pr ior to web crushing. Several bar s buckled and

concrete was' lost from the core of the columns as loads were

rever sed. In the last load cycle, the boundary elemen ts were

badly damaged near the base. The column was destroyed by

combined shear and compression when web crushing occurred.

Specimen B2 after web crushing is shown in Fig. 37.

In Specimen B5, confinement hoops prevented bar buckling

and loss of concre te from the core of the boundary elemen ts.

They also reinforced the boundary elements for shear as can be

seen in Fig. 38. The boundary element was capable of deforming

to accommodate the large distortions occurring with web

crush ing while retaining its structural in tegr i ty. Because of

the confinement, Specimen B5 could be repaired by replacing

damaged web concrete.

Location of Confinement Reinforcement

Although present codes(1,13) require confinement rein­

forcement over the entire wall height, only the lower 6 ft.

(1.83 m) of the boundary elements of the test specimens was

conf ined. Th is is a he ight equal to the hor izon tal leng th of

the wall. The pr imary zone of damage in all walls tested did

not ex tend above this level. Typical strain gage da ta shown in

Fig. 39 indicated that the only hoops stressed significantly

were in the lower 3 ft. (0.91 m).
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Fig. 37 Specimen B2 After Web Crushing
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Vertical Load

It is 'generally considered that the effect of axial

compressive load on the monotonic behavior of ,reinforced

concrete flexural elements is to increase moment and shear

capacity (with the axial load lower than the balanced
condition) but to decrease ductility. (14) To investigate the

effect of axial on wall specimens subjected to reversing load,

Phase I tests were performed without axial load arid Phase II

tests were per formed with ax ial load. Spec imen 85 in Phase I

and Specimen B7 in Phase II are directly comparable. The level

of axial load on 87 was 7% of the ultimate axial load capacity.

Figures 40 and 41 shows the hysteretic response of Speci­

mens B5 andB7. Both specimens lost load capacity through web

crushing. A comparison of Figs. 36a and c show that, as

expected, axial load increased moment and shear capacity.

However, it also increase maximum measured rotation pr ior to

web crushing. This is attributed to a considerable increase in

shear stiffness with axial load as shown by comparJng Figs. 36b
and d.

Web crushing was found to be dependent on both stress and
deformation levels. (3) Since axial load decreased shear

distortions at equivalent rotations, the specimen with axial

load could sustain more cycles at larger rotations prior to web
·crushing.

Concrete Strength

Concrete strength ,can" have several effects on performance

of walls. I twas expec ted to affec t column crushing strength,

web crushing strength and abrasion resistance along crack

interfaces. Of these, web crushing strength is the most

critical and the least understood.

To, investigate the relationship between web crushing

strength and concrete strength, Specimens 86, and B7 were

constructed and tested. Measured concrete strengths for B6 and

B7 were 3165 psi and 7155 psi (21.8 MPa and 49.3 MPa)

respectively.
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Figure 42 and 43 shows the hysteretic response for Speci­

mens 86 and 87. SpecimenB6 reached a maximum load correspond­

ing to a shear stress of 13.8 ~ (1.15 ~ , MPa). The compar­

able stress in 87 was 10.9 Jf; (0.91 Jf; MPa). The maximum

measured deformations pr ior to web crushing were considerably

smaller in Specimen B6.

The results of Specimen B6 test tend to verify the

conclusion that web crushing is dependent on both stress and

deformation levels. Web crushing strength is commonly

considered a function of concrete strength alone. (31 How­

ever, Specimen B6 sustained approximately the same level of

shear load that crushed the web of B7 even though the concrete

strength in 86 was less than half that in 87. Specimen 86 was

capable of sustaining this load through yield. However, lower

concrete strength in B6 resulted in significantly lower deforma­

tion capacity.

Load History

Three load h istor ies were used in the tests; mono ton ic,

incrementally reversing (IR), and modified reversing (MR). The

IR and MR load histories are illustrated in Fig. 5.

Monotonic Versus Reversing

Reversing loads affected strength and ductility, and precip­

itated different failure modes in specimens subjected to low

shea r. Spec imen 83 and 84 demonstra te th is. Figure 44 shows

the measured rotations and shear distortions for Specimens B3

and 84. Figure 45 shows the deflection at the 6 ft (1. 83m)

level. Specimen' 8"3 was subjected to an IR load history.

Specimen B4 was loaded monotonically to flexural bar fracture.

Figure 46 shows the specimens at the end of the tests.

Figure 45 indicates that maximum deflections measured at

the 6 ft (1. a3m) level were approx ima tely equal in 8"3 and B4.

However, as shown in Fig. 44, the rotation was significantly

smaller and shear distortions larger in the reverse loaded

Spec imen 83.
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Fig. 46a Specimen B3 at End of Test
'.

Fig. 4.6b Specimen B4 at End of Test
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~ ~" ·:-:t,

Shear stiffn~s'~-"-degredation, abrasion of concrete, and
'" "'~ .;' .. <

inelastic buckling,:, -and fracture 'of bars in B3 were all a

function ~f rever:~Iri9"';"~'1oa:d~. Spec imen ·83 atta ined 82% of the
."'a. 7 . . .

maximum load measu~ed iri;g~.

No monotonic'\-;~-~;~( 'to failure were performed on walls

subj ec ted to h igh !3,~~ar stress~s. However, the pos it i ve half

of Cycle 2 in th~ test of Specimen B9 is essentially a

monotonic test UP','to a rotational ductility' of' 5. Specimen B9

was constructed ',similar to B7. Figures 47 and 48 show the

load-deformati~h"characteristics for Specimen' B7 and for the

first half of Cycle 2 in Specimen B9. Comparison of, the

pos i ti ve envelopes for B7 under cyclic load with that of the

"monotonic" portion of Cycle 2 for B9 shows only a slight

difference in load deformation character istic up to the level

of failure in B7. For equivalent levels of rotation, Specimen

B9 had only slightly lower shear distortions in the first half

of Cycle 2 thiln those measured in Specimen B7.

As opposedto:the difference in beha~ior between 83 and B4,

the results of B7 and B9 indicated reversing loads had only a

small effect. Specimens B7 and 89 were subjected to a constant

axial stress of 545 psi (3.76 MPa) during the lateral load

test. As d iscussed'prev ious ly compar ing 85 and B7, loss of

shear stiffnessMi.~h reversing loads was significantly reduced

when axial stre;i-;;~~-present. The discussion in the following

section will ':dO,OW:"-that 'shear stiffness degradation was
,. .~: '

primarily a funct~on of previous maximum deformations.

~;i ,
Reversing Load Histories

It was expecte<3,:,that performance of' walls under reversing

loads would vary considerably with respect to the sequence of

application of large reversals. To investigate this, companion

Specimens B7 and B9 were constructed. Figures 49 and 50 shows

load-deformation characteristics for these specimens. Specimen

B7, was tested with the incrementally increasing reversing (IR)

load history. Specimen 89 was tested with the modified revers­

ing(MR) load history as described in detail in Appendix A.
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Using deformation data shown in Table 3, B7 sustained a

maximum rotational ductility of 5.2. It was the intent of the

test of Specimen B9 to verify that this level of ductility was

attainable with a load history representative of what could be

induced in an earthquake.

Prior to testing B9, loss of shear stiffness was thought to

be strongly depended on the cumulative deformations sustained

by the specimen under reversing load. Therefore, it was

hypothesized that B9 would sustain the modified load history

because the cumulative shear degradation would not be as great

as in B7. However, as seen by comparing the shear distortions

in Cycle 31 for B7 and Cycle 4 for B9, the loss of shear

stiffness from one large reversal at 'a rotational ductility of

5 was equivalent to that produced by .12 reversals at

ductitilties from 2 to 5.

The results showed that a ductility of 5 was not an attain­

able level for the modified load history. Specimen B9 was

loaded to a rotational ductility of 5 in Cycle 2. Web crushing

occurred in the second large inelastic cycle. Analysis later

showed that maximum shear distortions in both 87 and 89 were

very close to limiting values for web crushing. (3) Although

Specimen B7 sustained 3 cycles at a ductility of 5, web crush­

ing occurred in the very next cycle. As shown in Fig. 41c, web

crushing occurred in Cycle 31 prior to r~aching the previous

peak rotation. Specimen B9 was loaded too close to this

limiting ductility in the first larger cycle.

The results of Specimen 87 and 89 tests do not show that

one type of loading is more severe than the other. What the

results indicate is that the MR load history was as severe as

the IR load history with axial load present. The fact that 87

sustained three cycles and B9 sustained only one cycle at a

rotational ductility of 5 may be atrributed to the statistical

var iation in specimen properties. The concrete strength in B7.

and 89 was £1 = 7155 psi (49.3 MPa) and f' = 6395 psi (44.1 MPa)c c
respectively.
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Repaired Seecimens

Two barbell shaped specimens, BS and B9, were repaired

after the original tests. At the end of the original tests the

lower portion of the webs were considerably damaged in each

spec imen. However the conf ined boundary elements were in very

good condition. To investigate the effect of a simple repair,

damaged webs in Specimens B5 and B9 were replaced with new

concrete and the walls were tested as Specimens B5R and B9R.

The or ig ina1 4 in. (102 rom) web was replaced with a new 4

in. (102 mm) web in SpecimenBS. The load-deformation

characteristics for Specimens 85 and BSR are shown in Figs. Sl

and 52.

Al though the in it fal st iffness of Spec imen 85R was

approximately one-half of that" in the original wall, it had a

strength and deformation capability similar to Specimen B5.

To investigate the possibility of increasing the repaired

specimen stiffness and deformation capabilities, the damaged

4-in. thick web in Specimen B9 was replaced with a 6-in. thick

web and tested as Specimen B9R. This reduced nominal shear

stress for equivalent loads 'by 33%.

Figures 53 and 54 shows the load-deformation character is­

tics for Specimens 89 and B9R.

The additional thickness in the repaired web did not

significantly affect initial stiffness. As in 85R, the initial

stiffness in Specimen B9R was approximately one-half that of

the original wall. However, the strength of 89R was equivalent

to that of 89. In addition, deformation capacity for 89R was

,improved over that for' B9. Specimen 89 sustained only 1-1/2

large inelastic cycles with a maximum rotation corresponding to

five times yield. Specimen B9R sustained 8-1/2 large inelastic

cycles wi th a maximum rotation cor respond ing to six times the

yield rotation in Specimen B9.
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CONCLUSIONS

The following conclus ions are ba sed on the resul ts of the

experimental program:

1. All specimens had a capacity greater than indicated by
the 1971 ACI Building Code. (2)

2. Two types of behavior were observed in the walls.

Behavior was dependent on the level of shear stress

and the resulting crack pattern. For walls subjected

to maximum shear stresses less than 3 ~psi (0.25 JfI. c c
MPa), inelastic performance was limited by flexural bar

buckling and loss of core concrete. These walls had

capacities ranging from 84% to 91% of the calculated

mono ton ic flexural streng th. For walls subjec ted to

maximum shear stresses greater than 7 ~psi (0.64 ~c c
MPa), inelastic per formance was limi ted by web crush-

ing. The walls did susta in a s ignif ican t number of

inelast ic cycles. Capac i ties ranged from 77 % to 97%

of the calculated monotonic flexural strength.

3. Structural walls behaved in a ductile manner under

reversing load within limits dependent on the level of

shear stress. Ductility increased with decreasing

levels of nominal shear stress.

4. Shear deformations in the hing ing reg ion con tr ibu ted

significantly to the total deformation. Loss of shear

stiffness with reversals was primarily dependent on

the magnitude of inelastic tensile set in the rein­

forcement from previous loading. Abrasion aryd loss of

material from grinding played a secondary role.

5. Construction joints performed adequately when made

following minimum standard practice of roughening and

cleaning the surface to remove laitance and loose

particles.

6. Web crushing limi ted ductili ty under high shear

stresses. Web crush ing is dependen t on both stress

and deformation levels.
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7. Confinement reinforcement in the boundary elements

significantly improved inelastic performance of the

walls. Confinement hoops delayed bar buckling and

contained the concrete core. The confinement was only

necessary in anticipated hinging regions. If first

mode effects dominate the response of a structure,

significant savings in reinforcement could result from

limiting use of confinement to lower floors.

8. Use of horizontal shear reinforcement beyond that

required by the 1971 ACI Building Code did not

significantly improve strength or ductility where web

crushing occurred.

9. Present design criteria for confinement reinforcement

are primarily related to requirements to increase

strain capacity and to retain the compressive strength

of the core. Appropriate design criteria for use in

boundary elements of structural walls should be

related to dela~ing inelastic bar buckling and to
retaining shear strength.

10. For specimens subjected to high shear stresses, with

capacities limited by web crushing, uniform axial

compressive load corresponding to approximately 0.1 f~

increased ductility.

11. Measured strengths and ductilities under reversing

loads were lower than those calculated for monotonic

load.

12. Structural wall behavior under load reversals was not

as dependent on the entire previous load history as it

was on the previous maximum level of deformations. One

reversal at a rotational ductility of five resulted in

a wall equivalent to one which had sustained three

complete rever sals at ducti Ii ties of l, 2, 3, 4 and

5. Therefore, the concept of cumulative ductility is

only valid for comparison of specimens with similar

load histories.
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13. Walls with confined boundary elements intact after

testing were simply repaired by replacing web

concrete. While this did not restore the original

in it ial sti ffness, inelas t ic per formance of the

repaired walls was equi valen t to tha t of the or ig ina I

walls.

14. Test data indicate that the deformation mode usually

associated with shear distortions within the hinging

region of a wall is coupled to flexural rotations.

The effect of this coupling is that large "effective ll

shear distortions accompany flexural hinging. This

deformation mode should be considered in structures

designed to utilize the inelastic capacity of

structural walls.

15. For one rectangular test wall, out-of-plane

instabi Ii ty of the compress ive zone limi ted inelastic

performance.

-79-



ACKNOWLEDGMENTS

This investigation was carried out in the Structural

Development Section of the Portland Cement Association.

Fabrication and testing of the specimens were performed by the

Technical Staff of this Section under the direction of B. W.

Fullhart, Laboratory Foreman. Specimen construction and

instrumentation was the responsibility of Senior Technicians,

R. K. Richter and W. Hummerich Jr., respectively'.

The work formed part of a combined expe~imental and

analytical investigation sponsored by the National Scierice

Foundation through Grant Nos. ENV74-l4766 and ENV77-l5333 and

by the Portland Cement Association.

Advice and suggestions by M. Fintel, Director, Advanced

Engineering Services, are appreciated.

Any opinions, findings, and conclusions expressed in this

publication are those of the authors and do not necessarily

reflect the views of the National Science Foundation.

-80-



REFERENCES

1. Oesterle, R.G., Fiorato, A.E., Johal, L.S., Carpenter, J.E.,
Russell, H.G., and Corley, W.G., "Earthquake Resistant
Structural Walls Tests of Isolated Walls," Report to
National Science Foundation,' Portland Cement Association,
Skokie~ Nov. 1976, 315 pp. (Available through National
Technical Information Service, u.S. Department of Commerce,
5285 Port Royal Rd., Springfield, Va., 22161, NTIS Accession
No. PB271467.)

2. ACI Committee 318, Building Code Requirements For Reinforced
Concrete, ACI Standard 318-71" Amer ican Concrete Insti tute,
Detroit, 1971 78 pp.

3. Aristizabal-Ochoa, J.D., and Oesterle, R.G., "Earthquake
Res istant Str uctural Walls - Web Crushing Analys is" Report
to National Science Foundation, Portland Cement Association,
Skokie, (to be published).

4. Oesterle, R.G., Fiorato, A.E., Aristizabal-Ochoa, J.D. and
Corley, W.G., "Hysteretic Response of Reinforced Concrete
Structural Walls," submitted for publication in the ACI
Symposium Vol. on Mathematical Modeling of Reinforced
Concrete Structures, Toronto, 1978.

5. Paulay, T. and Uzumeri, M., "A Critical ~eview of the
Seismic Design Provisions for Ductile Shear Walls of the
Canadian Code and Commentary," Canadian Journal of Civil
Engineering, Vol. 2, No.4, 1975, pp. 592-601.

6. Brown, R.H. and Jirsa, J.O., "Shear Transfer of Reinforced
Concrete Beams Under Reversed Loading," Shear in Reinforced
Concrete, Vol. 1, Publication SP~42, American Concrete
Institute, Detroit, 1974, pp. 347-357.

"Diagonally Reinforced Coupling
in Reinforced Concrete, Vol. 2,

Concrete Institute, Detroit,

Paulay, T. and Binney, J.R.,
Beams of Shear Walls," Shear_~__--:- .,..-__..c.....:. -:--

Publication SP-42, American
1974, pp. 579-598.

7.

8. Bertero, V.V.,: Popov, E.P. and Wang T.Y., "Hysteretic
Behavior of Reinforced Concrete Flexural Members with
Special Web Reinforcement," EERC Report No. 74-9, University
of California, Berkeley, August 1974, 126 pp.

Strength Decay in
to Large Deflection

Wight, J. K. , and Sozen, M. A. , Shear
~~~..,......;~~..;.;;..~~",..=~~~~

Reinforced Concrete Columns Subjected
9.

Structural Research
Urbana, August 1973.

10. Shui, K.N., Barney, G.B., Fiorato, A.E., and Corley, W.G.,
"Reversing Load Tests of Reinfo~ced Concrete Coupling
Beams," Proceedings Centra~ American Conference on Earthquake
Engineering, El Salvador, January 1978. (to be published).

-81-



11. Paulay, T., "Design Aspects of Shear
Areas," Research Report 74-11, Dept. of
University of Canterbury, Christ Church,
1974.

Walls For Seismic
Ci vi 1 Eng ineer ing,
New Zealand, OcL

12. Bertero, V.V., and Popov, E.P., "Hysteretic Behavior Of
Reinforced Concrete Flexural Members wi th Special Web
Re inforcement," U. S. National Conference On Ear thquake
Engineering, Ann Arbor, Mich., June 1975 pp. 316-326.

13. International Conference of Building Officials, Uniform
Building Code, 1976 Edition, Whittier, California, 1976, pp.
2626.

14. Cardenas, A.E. and Magura, D.D., "Strength of High-Rise
Shear Walls--Rectangular Cross Section," ACI Special
Publication SP-36, American Concrete Institute, Detroit,
Mich., 1973, pp. 119-150. Also, PCA Research & Development
Bulletin RO 029.01D.

15. AC I Commit tee 301 , ;::.s.....p-::e,...;:c;,.;;i;;..;f~l::-· c=a-:t;..::;i;,.;;o;,.;;n.,:;s~....:f=:o~r_;::.S...;;t.::.r....;;u;;..;c:....t~u::..;r~a=l_..::C....;;o.::.n;;..;c:..:r::...e::...::.t.::..e
for Buildings, .ACI Standard 301-72, Amer ican Concrete
Institute, Detroit, 1972, 36 pp.

16. Bertero, V.V., "Experimental Studies Concerning Concrete
Structures," Proceedings of Symposium on Resistance and
Ultimate Deformability of Structures Acted On By Well
Defined Repeated Loads, International Association For Bridge
And Structural Engineering, LISBA, 1973.

17. Derecho, A.T., Iqbal, M., Ghosh, S.K., Fintel, M., and
Cor ley, W. G. , II Str uctural Walls In Earthquake:"Resistant
Buildings, Dynamic Analysis of Isolated Structural Walls, ­
Representative Loading History," Report to National Science
Foundation, Portland Cement Association, Skokie, August 1978.

18.

19.

Kent, D.C. and Park, R., "Flexural Members with
Concrete," Proc. of ASCE, Journal of Structural
ST&, July 1971, pp. 1969-1990.

Corley, W.G., "Rotational Capacity of Reinforced
Beams," Journal of the Structural Division, ASCE,
ST5, October 1966, pp. 121-146.

Confined
Division,

Concrete
Vol. 92,

20. Bachmann, H., "Influence of Shear and Bond on Rotational
Capacity of Reinforced Concrete Beams," Publications,
International Association for Bridge and Structural
Engineering, Vol. 30, Par·t II, Zurich, 1970, pp. 11-28.

21. . Park, R. and Paulay, T., "Reinforced Concrete Structures, n

John Wiley and Sons, Inc. New York, 1975, pp. 307-309.

-82-



NOTATIONS

Area of transverse hoop bar (one leg)

= Modulus of elasticity of concrete

= Compressive strength of standard 6x12-in. (152x305 mm)
concrete cylinders

= Modulus of rupture of concrete

f y = Yield strength of reinforcement

f = Tensile strengt.h of reinforcementsu

h = Wall thickness

Qh = Maximum unsupported length of rectangular hoop

Qw = Horizontal length of wall

sh = Center-to-center spacing of hoops

V = Shear force

v

.6.CJ 1

e u

a1

Nominal shear stress V= = r! :"S'Q 11w

= Maximum nominal shear stress

= Slip at the base construction joint

= Shear deflection at the 3-ft level

= Average shear distortion in Zone 1, from 0 to 3-ft
(0.91 m) level

= Average shear distortion in Zone 2, from 3-ft to 6-ft
(0.91 III to 1.83 m) level

= Average shear distortion in Zone 3, from 0 to 6-ft
(1. 83m) level

= Strain in concrete at the outer compression faces at
the base of the wall

= Ultimate compressive strain for concrete

= Rotational of the horizontal section approximately
3 in. (76.2 mm) above the base block

= Rotation of the horizontal section approximately 38 in.
(0.97 m) above the base block

= Rotation of the horizontal section approximately 74 in.
(1.88 m) above the base block
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p s

= Ratio of main flexural reinforcement area to the gross
cpncrete area of the boundary element. For rectan­
gular sections, the boundary element was taken to
extend 0.1 Qw from each end of the wall

= Ratio of horizontal shear reinforcement area to the
gross concrete area of a vertical section of the
wall web

= Ratio of vertical reinforcement area to the gross con­
crete area of a horizontal section of the wall web

= Ratio of effective volume of confinement reinforcement
2Ashto total volume of core =
QhSh
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a detailed description of program

test apparatus, and test procedure

in two phases. Phase I included

not applied. A detailed descrip­

the i r behavior is con tained in a

1
APPENDIX A :.. EXPERIMENTAL PROGRAM

Tests were carried out

nine tests. Axial load was

tion of these specimens and

previous report. (I)

°Phase II included seven tests. Axial load was applied dur­

ing testing of these specimens.

Table A-I is a summary of Phase I and Phase II test speci~

mens. ·Phase II specimens are those with axial load listed.

Figure A-I defines the types of reinforcement used in the

specimens.

This appendix presents

var iables, test specimens,

for Phase II tests.

Test SEecimens

Descrigtion

The isolated walls represent an element of a structural

wall system. Test specimens are approximately 1/3-scale repre­

sentations of full scale walls, although no specific prototype

walls were modeled.

Overall dimensions of the test specimens are shown in Figs.

A-2 and A-3. Height of the wall, from the top of the base

block to the center of the top slab, is 15 ft (4.57 m). The

horizontal length of the wall is 6 ft 3 in. (1.91 m) and its

web th ickness is 4 in. (102 nun) •

Three different wall cross-sections have been tested.

These are flanged, barbell and rectangular sections. The nomi­

nal cross-sectional dimensions of the three sections are shown

in Fig. A-3.

The 2x4KIO-ft base block shown in Fig. A-2 was used to se­

cure the specimens to the laboratory floor during testing. The

slab on top of the wall, also shown in Fig. A-2, was used to

transfer loads to the test specimen. Both the base block and

A-l~



TABL~ Al - PROPERTIES or TEST SPECIMENS

. Axial f' f y for Reinforcement (%)
Load c

Specimen Shape psi psi Pf (ksi) Pf Ph Pn Ps

Rl - -- 6.490 74.2 1. 47 0.31 0.25 --
R2 --- -- 6735 65.3 4.00 0.31 0.25 2.07

B1 ........... -- 7685 65.2 1.11 0.31 0.29 --
B3 ----- -- 6860 63.5 1.11 0.31 0.29 1. 28

84 (1) ----- -- 6530 65.3 1.11 0.31 0.29 1. 28

82 .--. -- 7775 59.5 3.67 0.63 0.29 --
85 .-..... -- 6570 64.4 3.67 0.63 0.29 1.35

B5R (21 --- -- 6205 -- 3.67 0.63 0.29 1.35

B6 ----- 425 3165 63.9 3.67 0.63 0.29 0.81

B7 ----- 545 7155 66.4 3.67 0.63 0.29 1. 35

as ....- 545 6085 64.9 3.67 1. 38 0.29 1.35

89(3) D---iII 545 6395 62.3 3.67 0.63 0.29 1. 35

B9R (2,3) ----- 450 7510 62.3 3.67 0.42 0.20 1. 35

BI0 (3) ---- 545 6615 64.9 1. 97 0.63 0.29 1.35

Fl If----i -- 5575 64.5 3.89 0.71 0.30 --
F2 If--i 480 6610 62.4 4.35 0.63 0.31 1. 43

(1)
(2)
(3)
(4)
Pf

Ph

Pn

Monotonic loading
Rep~ired specimen
Modified reversing load history (MR Loading)
1000 psi = 1.0 ksi = 6.895 MPa
ratlQ of main flexural reinforcement area
to gross concrete area of boundary element
ratio of horizontal shear reinforcement
area to gross concrete area of a vertical
section of wall web
ratio of vertical web reinforcement area
to gross concrete area of a horizontal
section of wall web
ratio of effective volume of confinement
reinforcement to the volume of core in
accordance with Eq. A.4 of ACI 318-71.

m. C b I.

W II W bBoundorv 0 e
Element·

Main Vertical WebIFlu. Rei:1 Rein.

Sy/ Horizontal, Shear Rein.

;

~\~~ Transverse
Confinement

Rein.

Fig. A-I r-vall Section

A-2
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forcement. Minimum

Code(2) governed for

the top slab were designed to ensure that no premature termina­

tior of the test would occur because of the fai lure of the

loading or supporting elements.

Design

Design criteria used for proportioning reinforcements in

Phase I spec imens is discussed in the prev ious repor t. (1) In

general, Phase II specimens were proportioned following· the

same criteria except as discussed below.

The design moment for each wall was calculated following

the 1971 ACI Building Code. (2) Design yield stress of the

flexural reinforcement was 60 ks i (414 MPa). In proportioning

the steel, strain hardening was neglected. Design concrete

strength was 3000 psi (20.7 MPa) for Specimen B6 and 6000 psi

(41.4 MPa) for all other specimens.

Several criteria were used to select horizontal shear rein-

requirements of the 1971 ACI Building

the first five specimens in Table A-I.

For 82, B5 and Fl horizontal reinforcement was designed using a

shear force corresponding to the calculated design moment.

Shear reinforcement was provided in accordance with the 1971ACI

Building Code.(2) Specimens B6, B7, B9, BID and F2 were pro­

vided with the same amount of shear reinforcement as B2 and B5.

To determine the influence of shear re inforcement, a d if-

ferent design procedure was used fOf Specimen B8. A shear

force correspond ing to the calculated maximum moment capac i ty

of the wall including strain hardening of the vertical rein­

forcement was used. The horizontal shear reinforcement was

selected to carry th is en tire shear force at a des ign yield

stress of 60 ksi (414 MPa).

Transverse reinforcement around vertical reinforcement in

the boundary. elements was designed either as ordinary column

ties (unconfined) or as spec ial confinemen t re inforcemen t

(confined) • For rectangular sections, the "boundary element"

was taken to extend 7.5 in. (190 rom) from each end of the wall.
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Specimens Rl, Bl, B2, and Fl had ordinary ties as required

by Section 7.12 of the 1971 ACI Building Code. (2)

All other specimens had rectangular hoop and supplementary

cross-tie ['einforcement in acco['dance with Appendix A of the

1971 ACI Building Code. (2) This design resulted in a hoop

spacing of 1.33 in. (34 mm).

Confinement was used only over the first 6 ft (1.83 m)

above the base of the wall. Ordinary column ties were used

over the remalnlng height. Specimen F2 and a special "boundary

element" within the intersection of the web and the flange at

each end of the wall. The confined zone extended into the web

12 in. (305 mm) f['om the end of the wall and into the flange

6 in. (152 rom) on either side of the centerline of the web.

Reinf orcementdetai Is fo[' Phase I I specimens are shown in

Fig. A-4 through Fig. A-IS.

Material pro~rties

Concrete. A concrete mix using a maximum aggregate size of

3/8 in. (9.5 mm) was selec ted for the walls. Type I cement,

sand, and coarse aggregate were combined to provide concrete

with a slump of 3 :t 1/2 in. (76 .: 13 mm). Aggregate gradation

curves for the sand and coarse aggregate are given in Fig. A-l6.

The 2x4xlO-ft base block shown in Fig. A-2 was used to

secure the spec imens to the laboratory floor dur i ng testing.

The slab on top of the wall" also shown in Fig. A-2, was used

to transfer loads to the test specimen. Both the base block

and the top slab were designed to ensure that no premature

termination of the test wold occur because of failure of the

loading or supporting elements.

Physical properties of the concrete used in Phase II speci­

mens 'are given in Table A-2. Compressive strength and modulus

of elasticity of the concrete were determined from compressive

tests on 6x12-in. (152x305 mm) cylinders. The modulus of rup­

ture was determi ned from tests on 6x6x30- in. (15 2xl5 2x76 2 rnm)

beams. A' representative stress-strain relationship for the

~oncrete is shown in Fig. A-17.
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TABLE A-2 CONCRETE PROPERTIES FOR PHASE II TEST SPECIMENS(l)

!;.......
,- , -..

~.. ; .

(, '. ~:
.- t- ,', Compressive Modulus of~ ~-,-.. - - Modulus ofAge Strength Rupture ElasticitySpec llften" ',\~t~Test fl f r Ec(days)

(psif(2) (ps i) (ps i x 10 6)

86 208 3164 657 3.35

B7 189 7155 873 4.31

B8 77 6085 ,614 3.90

B9 51 6396 633 3.94

B9R (3) 48 7510 692 4.19

B10 63 6615 611 4.08

F2 60 6610 677- " " 4.20
- -

(1) Average properties for lower 6 ft (1.83 m) of wall
(2) 1000 psi = 1.0 ksi = 6.895 MPa
(3) Average properties for replaced web concrete
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Reinforcement. In the specimens, No.3, No.4, No. 5 and

No. 6 bars conforming to ASTM Designation A615 Grade 60 were

.used as reinforcement. Deformed 6 rom hot rolled bars with

properties similar to Grade 60 were also used. Deformed wire,

size D-3, was used to represent smaller bar sizes. This wire

was heat-treated to obtain stress-strain characteristics

similar to those of Grade 60 bars.

The physical properties of the reinforcement used in Phase

II test specimens are summar ized in Table .A:3~7'~'Represen ta ti ve
"" ~.,~,~_.,II1" ~~.' •. ,,;,.... •

stress-strain relationships for the' reinfor~.ement ,are shown in
,~~ ..}. .-...",.Fig. A-IS. ,,,,.,,~~:'.'~

construction

Test specimens were constructed in the vertical position.

Figure A-19 shows a barbell specimen dur ing construction. The

formwork system shown in Fig. A-20 was designed to facilitate

construction. Stationary formwork served to maintain the ver­

tical position of the specimen. Each wall was cast in six lifts

as shown. in Fig. A-2l.

At the start of construction, a heavy reinforcing cage for

the base block was' constructed. Thi.s cage was placed on the

level base platform of the formwork. Vertical wall reinforce­

ment was then placed in the base cage and supported against the

stationaryformwork. After vertical reinforcement was secured,

the base-block was cast. This casting was designated Lift 1.

Fol16wi~g: casting of the base block, the construction joint
_, ." • .." _" o!

was prepared and the horizontal reinforcement for Lift 2 was

placed. Then the removable formwor k for Li ft 2 was set, and

Lift 2 waa cast. SUbsequent wall lifts were constructed in the

same manner. The wall lifts were 36 irt. (0.91 m) in height.

Construction joints between lifts were made following stan­

dard practice. (15) The surface of the concrete was' roughened

with a cold chisel, and cleaned of laitance and loose particles

pr ior to placing adjoining concrete. The construction joints

are designated CJl thrugh CJ5 as shown in Fig. A-2I.
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TABLE A-3 REINFORCING BAR PROPERTIES FOR PHASE II
TEST SPECIMENS

Specimen
Size Properties

86 B7 B8 B9 BI0 F2

f y (ks i) 70.7 -- -- -- -- --
f su (ksi) 74.0 -- -- -- -- --

D3* 10 6 )E
S

(psf x 30.0 -- -- -- -- --
Elonq "_' ('" 13.0 -- -- -- -- --. ',. - . ,

f y (ksir " ' r' 74.2 71.0 65.8 66.9 68.9 67.3.. , ."....
f su (ksi) , "9&.0 3..01.0 89.3 88.9 91.7 88.1

6rmn** 10 6 )
,.

Es (psi x 30.4 28.5 28.2 28.6 31.3 29.4

Elong. (%) 9.2 10.4 10.9 10.3 11.1 11.2

f y (k s i) -- -- 69.9 -- -- --
f su (ks i) -- -- 105.6 -- -- --

No. 3 10 6 )Es (psi x -- -- 25.0 -- -- --
Elong. (%) -- -- 9.1 -- -- --
f y (ks i) -- -- -- -- 63.5 62.4

f su (ks i) -- -- -- -- 102.4 104.8
No. 4 10 6 )Es (psi x -- -- -- -- 27.0 27.7

Elong. (%) -- -- -- -- 12.1 10.7

f y (ksi) -- -- -- -- 64.9 --
f su (ksi) -- -- -- -- 108.3 --

No. 5 10 6 )Es (psi x -- -- -- -- ".27~;1 --. '

E1ong. (%) -- -- -- -- ,.11 •• '" - --.' '.,

f y (ks i) 63.9 66.4 64.9 62.3 ,-- .. '--, -
f su (ks i) 106.3 108.8 108.2 106.5 -- --

NO. 6 10 6)Es (psi x 28.5 28.4 27.5 27.6 -- --
Elong. (%) 11. 3 10.8 10.8 10.9 -- --. '

-

*A = 0.03 sq .. in. db = 0.195
**A = 0.05 sq. in. db = 0.25 in.

1000 psi = 1.0 ksi = 6.895 MPa
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The sixth li f t was' cast in two"s:~gments. Fir st, the wall

segment ,was cast, in the morning, then the slab, segment was cast

in the;, aftern"o(jn'~The delay between segments was to avoid

problem5',:·,c~u'sed:'b~: pi:as t ic shr inkage.

Approximately two days after casting the sixth lift, the

removable formwork was stripped. Follo.wing this operation, a

special lifting rig was placed on the specimen. This rig

allowed the specimen to 'be lifted thr9~,gh:'-r:oo,s':'a,J;t~~~hed to the
,.', ",.,.,'(.:~~. ;":-'~'~r' ..,j.'i':,; .f J,~}~ ~::~ :~,.;

base block. Pr ior to Ii ft ing I the,:~'~,~~~~~?~~.~r~t~re form-
work was rota ted to ti 1 t the specim'e~S:;·.~wa~:;~';~~:e~i<';itl:i:~~~$ationary

formwork ~ thus essentially str ipping' >tti'e-5'~'~'~it~e,h':'t~otri::~the sta­

tionary form. The specimen could then- be lifted away from the

stationary formwork and placed in position on the 'test floor.

Repaired ~E~imen

As shown in Fig. A-22, the web of Specimen B9 was consid­

erably damaged after completion of testing. _Ho~ever,- - the

columns were in very good condition. The cuter", sh~ll had

spalled off the lower, 3 to 6 in. (76.2 to i52~ 4 mm), of the

:,":compression --face ,of·· the columns, but the confined cores were

\:intact.,~ TQe,;;m~imumi"')neasured crack widt{~~'~~-i~ the columns

"'duringtesting-.we::re OX056 in. (1.42 nun) on the' tension side and
, ..' " ,

0.004~~ in. lO ..20,";mm) on the compression ~-side at peak lateral

load. ,: ' Afte'~ "com~letion of the test, the '; 'a~er age inc rease in

vertical ,1,,:!=!ngth of the lower 3 ft of wa1.1 was· 0.10 (2.5 mm).

The ?~eJ;:~ge_ increase in vertical length -of the second 3 ft

(0.9:l':m)';ofwa11 was 0.18 in. (4.6 mm). : No reinforcing steel
-"-. ." i I'~

hadf:hlciiit'ed~,or buckled. It was decided that ,this specimen

could be repaired and retested.

Repair procedures were chosen to provide the' simplest and

least expensive repair that would restore reasonable strength

and ductility to the wall.

As shown in Fig. A-23, the web concrete was removed up to

the 12 ft (3.7 m) level. The reinforcing steel was left

intact. No new steel was added. The columns were rubbed with

a soap stone to remove loose particles. The web to base plock

A-2l
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and web to column joint surfaces were roughened to remove any

loose material.

New web concrete was cast in 3 ft (0.91 m) lifts. For

Specimen· 8"9, the 4 in. 102mm) thick web was replaced with a

6 in. (152 rom) thick web. This reduced nominal shear stresses

by 33%. The formwork for the web is shown in Fig. A-24. The

last several inches near the top joint were hand packed with a

stiff mix from one s ide of the wall. Af ter the forms were

stripped, this joint was hand rubbed with a sand-cement mortar.

The columns were given a cosmetic repair by hand rubbing a

neat cement paste over the surface of the cracks.

Figure A-25 shows the Specimen B9R after completion of the

repairs.

Test Setup

Specimens in Phase I were tested under lateral load only.

For Phase II tests. ver tical load capabi Ii ty was added to the

test setup.

Lateral .Load ~stem

The apparatus for testing the walls is shown in Fig. A-26.

Each test specimen was post-tensioned to the floor using eight

1-3/8 in. (34.9 rom) diameter Stressteel bars.

Loads were applied to the specimen as a vertical cantilever

with concentrated forces at the top. Hydraulic rams on each

side of the specimen alternately applied force to first one

side then the other side of the the top slab. Reactions from

the applied loads were transferred to the test floor through a

large infilled reaction frame. This lciad transfer occurred

directly when the rams closest to the, reaction frame were~cti­

vated, and indirectly through the remote support column and tie

rods, when the rams farthest from the reaction frame were acti­

vated. A system of one or two rams on each side of the speci­

men was used depending on the anticipated capacity of each spec­

imen. The hydraulic rams have a capacity of 200 kips (890 kN)
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A photo­

system is

axial load

and a stroke of 36 in. (0.91 m). At each end of the ram, a

clevis bracket and pin arrangement formed.a link assembly.

~ial Load S~tem

Axial load was applied only to Phas~ II specimens.

graph of the test setup including the axial load

shown in Fig. 27. The apparatus used to apply the

is illustrated in Fig.A-28.

Hydraulic rams at each en'd of steel loading beams on the

top slab were used to a,pply axial load. The axial load was

kept vertical using a movable reaction beam on each side of the

wall as shown in Fig •. A-28. The movable reaction beams were

driven by a hydraulic ram anchored to the floor. Movement of

the beam matched the top deflection of the test wall. The

applied axial loads were finally transferred from the test

specimen to the floor by steel beams attached to the floor.

Axial load was applied before the start of lateral load

testing. It was monitored and maintained constant throughout

the test.

Instrumentation

Loads____ ,0,'- ;.. '\'~~).,-

During each tes~~th~'a~Plied lateral load was measured and

recorded by two methods. In the first method, a load cell was

attached to one end,6f each ram. The load cell readings were

recorded as discrete points. at each load state during testing.

In the second method, pressure cells were attached to the two

hydraulic .pressure lines for each set of rams. A continuous

plot of the pressure cell re:adings versus the top wall deflec­

tion was made during testing.

External Instrumentation

A system ot external gages as shown in Fig. A-29 was

attached to eachsp~cimen...,:

These gages ;;e'r~' mounted on independent reference planes on

each side of the specimen. They were used to determine deflec­

t ions, rota tions, shear distor tions, and ref erence plane move-
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mente In addition three dial gages were mounted on the specimen

to determine slip at construction joints.

All hor izontal and vertical displacement measurements were

made using linear potentiometers and direct current differen­

tial transducers (DCDT' s). These gages have resolutions from

o.001 in. to 0.003 in. (0 . 025 nun to O. 076 mm) .

Horizontal Displacements. Horizontal displacements are

measured at s~ven levels as shown on Fig. A-29. Gages 7 and 8

measured horizontal movement of the base block. Gages 22,23,

and 9 through 15 measured horizontal movement of the wall. For

the lower three levels, measurements were made at each end of

the wall.

Rotations. Rotations were measur.ed at four levels on the

specimen .·The first was the rotation of the top of the base

block. This rota tion was obta ined us ing tr iangula tion calcu­

lations from the output of Gages 7 and 16, and Gages 8 and 17.

Rotations in the lower 6 ft (1.B3 m) of the wall were

obtaineCl by measuring vertical displacements along each end of

the wall. Three sets of measurements were made. The first set

was made using Gages 5 and 6 between the top of the base block

and the bottom of the wall, over a nominal gage length of 3 in.

(76.2 mm). The other two sets of measurements were made over

nomfnal gage lengths of 36 in. (0.91 m) us ing Gages 1 and 2,

and Gages 3 and 4. 'An independent check on the output of Gages

9 and 18, 10 and 19, 11 and 20, and Gages 12 and 21.

For Phase I I tests, two add it ional ex tensometers were used

to dete rmine re1a ti ve ver tical d isplacemen ts between the base

block and the six-foot level. Output from these gages were used

to plot a continuous load. versus rotation curve during the test.

Movement of the reference planes was monitored using Gages

24 and 25 as shown in Fig. A-29. Gage 24 measured the relative

horizontal movement between the tops of the reference planes.

Shear Distortions. An indication of shear distortions was

obtained over two zones in the lower 6 ft (1.83 m) of the

wall. The first zone was from the top of the base block to .the
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3 ft (0.91 m) level. The second zone was from the 3 it level

to the 6 ft level.

The horizontal and vertical movement of Points A through F"

in Fig. A-3D were determined from the displacement gages pre­

viously described. From this data, the changes in length of

the diagonals d l through d4 were calculated.

It can be seen in Fig. A-3la that the length of the diag­

onals does not change in an element subjected to pure flexure.

Also, as shown in Fig.A-31b,the length change of diagonals is

equal and in the same direction for each diagonal in vertical

or lateral expansion. For shear distortions, however, the

change in length of the diagonals is in opposite directions.

As shown in Fig. A-32, their' change in length can be related to

shear distortions by:

= +
2 2hl (A-l)

Shear distortions calculated as descr ibed above cannot be

considered exact values in a reinforced concrete element.

Because of cracking, plane sections not remaining plane, and

the existence of a moment gradient across the element, these

shear distortions can only be considered as approximate values.

As can be seen in Fig. A-3D, the shear distortions mea­

sured in the lower 3 ft (0.91 m) zone include the slip at con­

struction joints CJl and CJ2. The" shear distortions in the

upp~r 3 ft zone include the slip at construction joint CJ3.

Slip at Construction Joints. Dial gages 31, 32 and 33 as

shown in Fig. A-29 were used to measure relative slip at con­

struction joints CJl, CJ2 and CJ3. These gages have a sensi­

tivity of 0.001 in. (.025 rom).

Crack ~·~idths. Crack widths were measured dur ing testing

across selected cracks in the lower 6 ft (1.83 m) of the web and

boundary elements. These· measurements were obtained using a

, I
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hand microscope containing a scale with gradations of 0.001 in.

(0.025 mm).

Internal Instrumentation

Strain gages were placed on both vertical and hor izontal

reinforcement. The basic strain gage layout is shown in Figs.

A-33 and A-34. In addition, strains were measured on several

of the hoops and supplementary crossties of the confinement

reinforcement.

Rec2~ing E~ipme~

Output from load cells, potentiometers, DCDT ' s and strain

gages was recorded as discrete points at each load stage using

a VIDAR Digital Data Acquisition System.

Raw test data was stored on printed tape and transferred

from the VIDAR directly into an HP9830 calculator for immediate

reduction. Reduced data was then stored on· magnetic tape cas­

settes for later analysis.

Data from the construction joint slip gages and crack width

measurements were hand recorded.

~otographic Equie~ent

A complete photographic record was kept for each test.

Color slides and black and white photographs were taken at

selected load stages throughout the testing. In addition,

three time-lapse movie cameras running at one frame per second

recorded each .cycle of loading.

Load History

Three load histories were used to test the specimens under

lateral forces. These were termed monotonic, incrementally

increasing reversed (IR), and modified reversed (MR). For all

Phase II tests, vertical . load was held constant while lateral

loads were applied.

Montonic

A monotonic load history consisted of incrementally increas­

ing load or deflection in one direction until a complete loss of

load carrying capacity was obtained. Only one specimen, B4, was
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tested using monotonic loading. This loading was used to estab­

lish a base of comparison to evaluate the effects of reversing

loads on specimens subjected to low nominal shear stress.

No complete monotonic load test was performed on a specimen

subjected to high shear. However, the modified reversing load

history discussed below includes a large initial inelastic

cycle. The fir st half of th is cycle is represen ta ti ve of a

monotonic test up to the point where the load is reversed the

first time. Specimens B9, B9R and BlO were sUbjected to this

"monotonic" half-cycle.

Incrementally Increasing Reversi~

An incrementally increasing reversing load history con­

sisted of a series loading increments applied at increasing

max imum lateral forces or deflect ions. Each load ing incremen t

consisted of three complete reversed cycles at a specific maxi­

mum load or deflection. The specimens were initially loaded in

equally increasing force increments up to the first yield

load. Subsequent to yielding, loading was controlled by equally

increasing deflection increments. Deflection increments were

increased until a significant loss of load capacity was

obtained. An example of an incrementally increasing reversing

load history is shown in Fig. A-35.

The incrementally increasing load history is commonly used

in experimental investigations. It is used to determine an

unknown limiting value of load or deformation. This unknown

value is approached within small steps or increments. The

stability at each step is checked by applying several cycles at
each step.

Modified Reversing

The incrementally .increasing load history descr ibed above

determines a limiting value of load or deformation under one

type of reversing load history. However, it was expected that

the limiting value is dependent on the load history used to
approach it. Bertero(16) has suggested that repeated

reversing load cycles gradually approaching a limi ting value
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may soften a str uc ture such that the limi t ing value is not a

"conserva ti ve" measure .He sugges ts that a more appropr ia te

measure would be determined if the structure is loaded near its

limiting value in the first cycle.

It .was also anticipated that a load history with a large

ini tial cycle would be more representative of actual response

to earthquake ground motion. 'Analytical studies(17) have

shown that the maximum deflection response u~ually occurs near

the onset of base motion and that maximum deflection response

is rarely preceded by large amplitude cycles. In addition,

analytical studies indicate that, for isolated structural

walls, the maximum number of fully reversed large-amplitude

cycles of deformat ion cor respond ing to a twen ty second earth­

quake is about six.

Therefore, to investigate the variable of reversing. load

history, the load history shown in Fig. A-36 was used. The

first small cycle is applied to crack the specimen in both

directions. The second cycle is a large inelastic cycle at

some predetermined maximum rotational ductility. The load

history includes two more cycles at the maximum ductility,

three cycles at 80% of the maximum ductility and six small

cycles at a ducti li ty of 1.1. The cycles a re applied in the

sequence indicated in Fig. A-36. The loading is controlled by.

measured rotations at the 6 ft level.

The use of th is load ing history has the charac te r of a

proof test. Some measure of the limi ting value of ducti li ty

must be ava ilable pr ior to the test. In th is program, use of

the modified reversing load history was intended to verify

maximum ducti Ii ties measured du ring the incremen tally increas­

ing load history tests.
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inelastic cycle is
dur i ng wh ich both

level.

APPENDIX B - TEST RESULTS

Introduction

In this section the methods used for analysis and presen­

tation of data from the tests are described in general. Results

from each lateral load test are then presented in detail. Spec-. '

imen behavior dur ing testing is descr ibed and resul ti ng data
.'

discussed.

Data Presentation and_Analysis

Loading History

Loads and top deflections applied to each specimen are

plotted versus cycle number. In addition, rotations at the

6-ft (1.83 m) level are plotted versus cycle number for

specimens B9,B"9R and BIO. First yield and full yield levels

are indicated on these figures.

First yield load is defined as the first load at which a

yield strain was measured in the boundary element tensile rein­

forcement. It was determined by monitoring specific strain

gages during loading.

Full yield load is defined as the load at which all of the

main tensile reinforcement in the boundary element had yielded.

It was determined from interpolation between measured strains

at load stages before and after full yield.

In the specimen loading history, an

defined as a complete reversed load cycle

load and deflection exceeded the first yield

Continuous Load-Deformation Relationships

Two continuous plots of load versus top deflection figures
and one plot of load versus' deflection at the 6-ft (1. 83 m)

level are presented for each test". The first figure shows the

initial cycles with first cracking indicated. The second, and

third figures show cycles for the entire test.

One continuous load rotation at the 6-ft (1.83 m) level
figure is presented for each test except Specimen B6. This

figure is not available for B6 because of a plotter malfunction.
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Included on the above figures are indications of yield

loads and fa ilure modes. These are the only figures for each

specimen that include all loading cycles.

Other load-deformation type figures described below

include. only selected cycles. For specimens subj ected to an

incrementally increasing load history, only the first cycle of

each loading increment is shown. These cycles are numbered on

the figures. For specimens subjected to the modified load

history, only the large inelastic cycles are shown. This

results in a discontinuity in the positive loading half of the

loops for these spec imens. These cycles are also numbered on

the figures.

Moment-Rotation Relationships

Reversing Load. The reversing moment-rotation data are

shown for each specimen at three levels. These are the base

level, the 3-ft (0.91 m) level and the 6-ft(1.83 m) level.

The fixed body. rotation at the top of the. base block is sub­

tracted out of the data used for these figures. However,

rotations caused by slip of flexural steel anchored within the

base block are included in measured rotations. The moment

plotted in all cases is the moment at th'e base level. This

includes the P- moment from the applied axial load.

Monotonic Load. One of the objectives of the experimental

program was to compare the behav ior of specimens subj ected to

reversing load with the behavior under monotonic ·loading. Since

time and cost prohibited a monotonic test for each type of spec­

imen, a calculated "monotonic" moment-rotation relationships

were used to compare monotonic and reversing load conditions.

A calculated monotonic' moment-rotation relationship is
?

presented on the figures for rotation at the 3-ft (0.91 m) and

6-ft (1.83 m) levels. These moment-rotation relationships were

obtained from a moment curvature analysis based on satisfying

applicable conditions of equilibrium and strain compatibility.
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A linear distribution of strain over the section ~was assumed.

Measured material properties were used. The analysis

considered complete stress-strain relationships for concrete

and steel, including strain hardening of the reinforcement and

the effect of confinement in the concrete compression block.

The Kent and Park (18) relationship was used for the confined

concrete stress-strain relationship.

The maximum calculated curvature was determined by ei ther

concrete crushing or reinforcing steel fracture. A limit for

web crushing was not considered in the calculation. For

confined concrete, the limiting strain for the compression face

was determined from an express ion developed by W. G.
Corley. (19)

(~)
2

e = 0.003 + (B-1 )u

where: P = the volumetric ratio of confinement reinforcements

f y = the yield stress of confinement reinforcement in

ksi.

Fracture of the reinforcing steel was assumed to occur at a

striin equivalent to the measured elongation from reinforcement
tension tests.

In reinforced concrete flexural members, inelastic

curvature spreads over a hinge length, £p. Therefore, the

theoretical curvature distr ibution corresponding to the actual

moment distribution is not accurate. An effective curvature

distribution must be determined. Rotations at a specific level

can then be calculated by integrating the effective curvature

distribution over the length involved.

The method used to determine an effective curvature
distribution included the effect of diagonal shear cracking on

the spread of the< hinging region. This method is illustrated

in Fig. B-1. A hinge length, £p' was determined visually

from the crack pattern of each specimen. This was the height
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at which the steepest diagonal crack extending from the base

compression zone intercepted the centroid of the tension boundary

element as shown in Fig. B-1. Based on equilibrium of the forces

in the hinge region. Bachmann(20,2l) presented a relationship

for determining force in the tensile reinforcement. Using this

relationship, the effective moment for flexural steel tension is:

(B-3)

(B-2 )

For o <X < Q
p

-~M =Max

For Q < X < 180 in.p

Mx = Ml p
p (x - 1p)

Where: Ma = Moment at the base

Effective moment at a distance X from the base

Effec'tive moment at Q. from the basep

= ~-

( Q ) 2 p

. ~a
p = Total lateral load

1\ = Vs/P

Vs = Lateral load taken by stirrups across a 45 degree

crack.

The calculated curvature related to this effective moment

distribution was used to calculate rotations dt each level.

The rotation calculat ions descr ibed above were performed

only to obtain an estimate of monotonic rotation behavior. No

attempt was made to include the effects of bond slip and

variation of steel strain between cracks. Only the tensile

strains are directly related to the effective moment

distribution and plane sections do not remain plane. The

calculated curvature is only approximately related to the

effective moment at a section. Therefore, the calculated

monotonic rotations should only be considered approximate

values. - However, the calculated monotonic strengths should be

accurate estimates.
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The calculated monotonic rotations for Specimen B4 from

Phase I test ser ies, are compared wi th the measured rotations

in Fig. B-2.

The calculated maximum strength of 74.3 kips (330.5 kN) is

in very close agreement with the measured strength of 75.3 kips

(334.9 kN).

The calculated rotation at the base level is considerably

lower than the measured. This is as expected since a major

portion of the measured rotation at the base results from steel

strain wi thin· the base block. This would be true in all test

specimens. Therefore, no further attempt was made to compare

calculated and measured rotations at the base level.

Calculated rotations at the 3-ft (0.91 m) and 6-ft (1.83 m)

level overestimate the measured rotations. This is the direc­

tion of error to be expected consider ing the ,assumptions made

in the calculations. However, the calculated maximum rotation

is in reasonable agreement with measured at both the 3-ft and

6-ft levels. Therefore, the plots of calculated monotonic

rotation at these two levels were superimposed on measured

reversed load rotation plots for each specimen.

It should be noted that calculated rotations are not

intended to be an estimate of rotations in specimens under

reversed loading. They are intended to be an estimate of

rotations under monotonic loading. They are shown on the

figures to demonstrate the effects of reversed loading on

strength, ductility and rotation.

Shear Distortion Relationships

Shear distortion plots are shown for each specimen over

three zones as indicated in Fig. ·8-4. Zone I is from the top

of he base block to the 3-ft level. Zone 2 is from the 3-ft

level to the 6-ft level. The shear distortions in these two

zones were calculated from measured deformations as previously

described in the section on instrumentation.
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In order to present the average shear distortion over what

is considered the hinging region, a third zone is defined.

Zone 3 is from the top of the base block to the 6-ft level.

Using the notation defined in Fig. B-4 the average shear

distortion in Zone 3 was calculated from the distortions in

Zones land 2 by:

(B-5 )

It should be sta ted that the shear d istor tions presen ted

here cannot be considered exact values. Because of diagonal

cracking, plane sections not remaining plane, and the existence

of a moment gradient across the zones, these shear distortions

should only be considered as approximate values and an indica­

tion of load versus shear deformation behavior.

Slip at Construction Joints

Load versus slip plots are shown for each specimen at

construction Joints CJl, CJ2, and CJ3. The base construction

jo int data is an accura te represen ta tion of sli pat the base

joint, CJl. However, the measurements at CJ2 and CJ3 were

often influenced by diagonal cracks pass ing between the gage

brackets and, therefore, are not representation of construction

joint slip. These measurements do indicate the horizontal

component of a diagonal crack width.

Deflections

Total deflection of the specimen at the 3-ft (0.91 m),

6-ft (1. 83 m) and top levels were separated into deflections

attributed to base rotation, flexural rotation and shear

distortion. This data is presented in two types of figures.

The first type of figure shows the separate components of

deflection versus the total deflection in inches. The abscissa
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is the displacement ductili ty ratio using the measured deflec­

tion at the full yield load as the yield deflection. Axes of

these plots are proportioned so that a 45 degree line repre­

sents the total measured deflection.

For specimens subjected to the incrementally increasing

load history, the first type of figure shows deflections

corresponding to the maximum positive load in the first cycle

of each loading increment. For specimens subjected to the

modified load history, deflections are shown for the positive

loading half of the first inelastic cycle, Cycle 2. A second

set of figures shows the deflections for the positive loading

half of an inelastic cycle during the latter part of the test.

A comparison of these two. sets of figures indicates changes in

the components of deflection resulting from reversing loads.

The second type of figure shows the deflected shape of the

wall at maximum positlve and negative loads in various cycles.

One plot shows the total deflected shape from measurements at

five levels on the specimen. Two other plots show the

deflected shape attributed to flexural and shear deformations., '

Each set of figures includes the deflected shape in two
I

inelastic cycles at equivalent top deflections that had one or

several i nelast ic cycles between them. This demons t ra tes the
stability of the deflected shape under cycle loading. Also

included is the deflected shape immediately before and after

significant strength deterioration.

For ,both types of figures the flexural and shear

deflections were caculated from the measured rotations and
distortions.

The flexural deflections were calculated assuming the
measured rotations over a gage length to be concentrated at the

cen ter of that gage length. For the top deflection, the wall

between the 6-ft (1. 83 m) level and the top was cons idered

rigid. Therefore, using the notation defined in Fig. B-4:

(B-6 )
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~ °1(h3+h2+
hI) (°2- °1) (h3 + ~)F6 = '2 +

h3+ (8 - 8 ) '2 (B-7)
3 2

~ = 0J80 - ~) + 1°2- °1)[180 -(hI + i-)]
Ft

+ (8 - °2). [180 - (hI + h2+ ~)] (B-8)
3

The shear deflections at the 3-ft and 6-ft (0.91 m and

1. 83m) levels were calcula ted as described under instrumenta­

tion. In calculating the shear deflection at the .top of the

wall, the shear strain was assumed to be zero at a distance of

36 in. (0.91) m) (- d/2) from the top. There would actually be

some elastic shear deformation in this top segment, however,

the magnitude is insignificant. An average shear distortion of

2/2 was assumed over the distance from the 6-ft level up to

36 in. from the top of the wall. Therefore, using the notation

defined in Fig. B-5:

~S3 = Yl hI (B-9)

S6 = \ hI + Y
2

h
2

(B-lO)

Y hI + Y2 h 2 +
Y

2 [180 - (hI + h 2 + 36)] (B-ll)= 2St 1

The calculated flexural and shear deflections at the 3-ft

and 6-.ft levels are as accurate as the measured data. The

deflection components calculated for the top of the wall are

considered approximate values and are presented as extrapolated

data.

Base Slip Versus Shear Distortions

In the deflection component analysis descr ibed above no

attempt was made to separate the construction joint slip from

the shear deflections because of the previously indicated

limitation of the slip data. However, since the base joint

slip data is considered accurate, it was· separated from the
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shear deflect ion at the 3- ft level. For each spec imen, the

base slip is shown on two figures as a percentage of the total

shear deflection at the 3-ft (0.91 m) level. For specimens

subjected to the incrementally increasing load history, the

data is presented at the maximum positive and negative loads in

the first cycle of each loading increment. For specimens sub­

jected to the modified load history, the data is presented for

the first inelastic cycle, Cycle 2, and for aneq.ui valent

inelastic cycle during the latter part of the test.

Reinforcing Strains

Several types of figures showing reinforcing steel strain

data are presented for each specimen.

The first type shows cyclic load versus strain rela­

tionships for two vertical bars in the boundary elements, for

two horizontal bars in the web and for two confinement hoops.

The other types of figures show the strain gradient over the

height of the wall and across hor izontal sections at several

locations for vertical, horizontal and confinement

reinforcement.

The strain gages used on the reinforcing steel usually

lost bond with the steel between a strain of 0.015 and 0.030.

Therefore, on the majority of figures, the strain scale was

limi ted to 0.0125. A dashed ar row and cycle number i nd ica te

when a strain gage stopped functioning or the gage reading went

off scale.
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§Eecimen B6

Test Description

Specimen B6 was similar to Specimen B5 in the Phase I test
series(l} and B7 in Phase II test series. It had 3.67%

vertical reinforcement in each column and confinement rein­

forcement in the lower 6-ft of the boundary elements. However,

the design compressive strength of the concrete in B6 was 3,000

psi (20.7 MPa). Specimen Bs and B7 were designed for 6000 psi

(41.4 MPa) concrete. Specimen B6 was loaded with a uniform'

axial load of 423 psi (2.92 MPa). This axial load corresponds

to 10% of the axial load capacity of the wall.

The test consisted of 26 loading cycles as shown in Fig.

B-6. The load versus top deflection relationship for Specimen

B6 is shown in Figs. B-7 and B-8. The complete load versus

deflection relationship at the 6-ft level is shown in Fig. B-9.

The first significant cracking was observed in Cycle 4 at

a load of 45 kips (200 kN). First yielding occurred in Cycle

16 at a load of 144.2 kips (641.4 kN). Maximum measured crack

widths at this stage were 0.005 in. (0.13 mm) in the tension

column and 0.014 in. (0.36 rom) across a diagonal crack in the
web.

Diagonal cracks directed toward the outer compression face

at the base of the wall were at an angle of approximately 39 0

from vertical in Specimen B6. The crack pattern at +3 in.

(76.2 rom) and -3-in. deflections is shown in Figs. B-lO and
B-l1.

First indication of splitting in the concrete cover of the

outer compression face was noted in Cycle 16. Significant

crushing of the concrete cover occurred in Cycle 22. A slight

reverse curvature developed in the lower 3 ft of the boundary
elements during Cycle 22.

First indication of spalling and flaKing -along diagonal
cracks occurred in Cycle 23. A slight indication of crushing

of a compression strut in the right side of the web

approximately 18 in. above the base was noted in Cycle 24.
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B-15



16

-100

-150

-200

- 250

I in. iI 25.4 mm

1kip.4.4Q8kN

Fig. B.,.7 Continuous Load - Top Deflection for Initial Cycles for
Specimen B6



-4

I I

200

Full Yield

150
First Yield

100

Load. kips

-50

-lOa

-150

25

.rL~__ Web
Crushi n 9

4

Top Deflect ion, in.

I in. : 25.4 mm
I kip: 4.446 kN

25 -200

Fig. B-8 Continuous Load - Top Deflection for
Specimen B6

B-17



2.0

26

25

1.5

Deflection
at 6' Level, in.

I in. =25.4 mm
I kip =4.448 kN

Load, kips

-150

-100

100

200

Full Yield

150
First Yield

+p--e;=~~~
I
I
I
J I I

~-fi-
6 ft. p

- 2.0

25 - 200

Fig. B-9 Continuous Load - Deflection at 6 ft
Level for Specimen B6

B-18

/



Fig. B-10 Cracking Pattern at +3 in. Deflection
for Specimen BG

Fig. B-ll Cracking Pattern at -3 in. Deflection
for Specimen B6
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as the wall was loaded with

However, the load .capac i ty

hydraulic

decreased

This crushing increased in Cycle 25

the first 3-in. deflection cycle.

con tinued to increase •. ~. ".'_ ._. "_'-'\.'
The maximum load measurE!d;;} 185.5 kips (825.1 kN), occurred

., I

in Cycle 25 at a ~j+-rn~~-"~('76"~2··'inml-,'creflection. This load cor-

responds to a nomirial.._;~~~~~_r .~·tress,·vmax = 13.8~ (1.15 Jf~,
MPa). The design s~earcapacity Qsing the 1971 ACI Building

Code equations (11-13·)',. ·~nd.. · (11~33) was 132 kips (587.1 kN).

This corresponds to a 'nominal shear stress ofv = 9.7~ (0.81

.jf~ MPa). Th is des ign' aliowe·«(-a.~~·~~ (0.27 .jf~, MPa) in the

concrete with the ste'el.taking_6.•.4.\(fT (0.53 ~f1 MPa) at 60 ksi.
, " ,,', ,:' C C

As the specirne~ was b~ing loaded to a +3-in. deflection in
,.'. '-.\~. " ::;" J. , " ':.. .

Cycle 26, severa'!," c:ompresslon stiu ts crushed s imul taneously.
, ' ,', . : -j.'-'.

The crushing occurred in the struts' immediately above those

that intercepted the base of the column. Load from crushed

struts was transferred to higher and lower struts. Several

lower struts then crushed. However, a complete horizontal

failure plane did not form as was the case for Phase I

specimens, which had no axial load. Instead, struts sheared

through along a vertical plane. Figures 8-12 and 8-13 show the

specimen prior to .and after web crushing.

The fact that, a horizontal failure plane did not develop

is attr ibuted to·:~~.the increased stiffness of the boundary
."..'_;;~: ' .

element in the pd~sence ofaxi'al load.',', The' vertical failure

plane may not have developed if floor slabs had been present at
"the story levels.

As the load cap~city-~was dropping ~ the specimen was

"caught" by closing,' t,he', de:fl:ection control valve in the
. ir ,.'~ ~ . . e

system._<::<:rth~ "'measured--Toad at this stage had

to 49% of,h~:h'e ~maximliIlL~ine~~ured .load.
'~,~~~:;~I,~:<r'--~( ~ , - -":"" '.

The specimeni~Xi::):iGs~ain~<3 at' least 80% of the maximum
:.'~'.::'~1s.~':-~ '~';',;' :- : r". '.,

measured load cap·a:c.1'tY ,. t:hr~ou'gh 4 ,. inelastic cycles. The last

inelastic loading increment in which the load was at or above

80% of the maximum for all 3 cycles was ~2 in. (50.1 mm).
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---------~---- ---- ---_.--. ----

Fig. B-12 specimen B6 Prior to Web Crushing

--_. -~-- ---- ---

~-~------'-"~-------.-----------,,,-------------- - - - '~
\ - Fig. B-13 Specimen B6 After Web crushing~---·~'----~' --- - -
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Al though the web was considerably damaged at the end of

the test, the columns were in good condition. This wall could

have been repaired by replacing the web.

Discussion of Results

Moment-Rotation. Moment-rotation data for Specimen 86 are

shown in Fig. 8-14. The maximum measured moment was 97% of the

calculated monotonic maximum. This calculated maximum was based

on attainment of an ultimate compressive strain of E = 0.0045
u

in the boundary element.

The relationship between calculated monotonic and measured

rotations at the 3-ft (0.91 m) and 6-ft (1. 83 m) levels is

similar to that observed . in the previously reported tests

without axial load. Rotations tended to concentrate in the

lower 3 ft of the wall to a greater extent than was assumed in

calculations.

Shear Distortion. The shear-distortion loops for 86 _are

shown in Fig. 8-15. As in the previously reported tests with­

out axial load, a shear "yielding lt occurred during the same

cycle in which flexural yielding occurred. However, this

"yielding lt is not as evident in the 3-ft to 6-ft zone. A major

portion of the shear distortions occurred in the lower 3 ft

(0.91 m). This differs from the shear distortion distribution

observed in specimens without axial load in which shear distor­

tions were more evenly distr iQuted throughout the lower 6 ft

(1.83 m).

For Cycle 25 pinching is evident in all three zones.

Sli:e... at Construction Joints. The slip at construction

joints in 86 is shown in Fig. 8-16. The slip at CJl exhibits

yielding similar to shear "yielding W during the same cycle that

flexural yielding occurred. As shown in Fig. 8-17, the slip at

CJl was a relatively constant 10% of the total shear deflection

in the lower 3 ft (0.9~ m).
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show only a slight

2 in. (50.8 mm)

The plots for CJ2 and CJ3 are unsymmetrical. Measurements

were affected by diagonal cracking.

Deflect ions. Deflection componen ts and deflec ted shapes
are shown in Figs. B-18 and B-19. These figures indicate that

'shear deflections were a relatively constant portion of the

total throughout most of the test, but increased slightly near

the end of the test.

Deflected shapes for Cycles 22 and 24

decrease in shear stiffness during the

increment.

Reinforcement Strains. Figures B-20 through B-23 show

reinforcement strains in the specimen at var io.us stages.

Figure B-20 shows that outer bars in the compression

elements near the base, were in compression in every cycle.
Figure B-21 shows that yielding occurred up to the 6-ft

(1.83 m) level in cycle 25.

Figures B-22 and B-23 show the strain gradient in the ver­

tical reinforcement at various levels.

Figures B-24 through B-28 show the cyclic strain-load

relationship and the strain gradients in the horizontal bars.

These figures indicate considerable yielding between the 3-ft

to 9-ft (0.91 m to 2.74 m) level. Figures B-25 andB-26 for

gages HH and HA ind ica te that, although no yield ing occurred

near the end hooks, appreciable stresses were present. This

was especially the case in the lower 18 in. (0.46 m), because

the boundary elements act as dowels in this region.

Figures B-29 through B-30 show the cyclic strain-load
relationships and the vertical strain gradient in the outer leg

of the confinement hoops. These figures indicate that hoops in

the lower two feet were stressed significantly although no

yield ing occurred. The max imum measured hoop stra in occurred
at a level 10 in. (0.25 m) above the base.
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~~cimen B2

Test Description

Specimen B7 were similar to Specimen B6 with 3.67%

vertical reinforcement in each column and confinement

reinforcement in the lower 6 ft of the boundary elements.

However, B7 had a concrete strength of 6000 psi (41.4 MPa).,
Specimen· B7 was loaded axially to a uniform stress 545 psi

(3.75 MPa). This axial load corresponds to 7% of the axial

load capacity of the wall.

The test consisted of 31 loading cycles as shown in Fig.

B-31. The complete load versus top deflection relationship for

Specimen B7 is shown in Figs. B-32 and B-33. The complete load

versus deflection and rotation relationships at the 6-ft level

are shown in Figs. B-34 and B-35.

First significant cracking was observed in Cycle 10 at a

load of 90 kips (400 kN). First yielding occurred in Cycle 13

at a load of 161.2 kips (717.0 kN). The maximum measured crack

widths at this stage were 0.007 in. (0.18 mm) in the tension

column and 0.017 in. (0.43 rom) across a diagonal crack in the

web.

The crack pattern that developed was simila~ to the crack

pattern in B6. The cracks directed toward the outer compres­

sion face at the base of the wall were at an angle of approxi­

mately 40 0 from vertical. Crack patterns at +3 in. (76.2 mm)

and -3 in; Deflection are shown in Figs. B-36 and B-37.

At equivalent deflections measured diagonal cracks widths

in B7 were less than those measured in B5 a companion wall

without axial loads. As an example, ·with the top of the wall

at 3-in. deflection, a measured diagonal crack width in the

lower 3 ft of the wall was 0.051 in. (1.30 mm) in B7 versus

0.090 (2.29 mm) in B5.

First indication of crushing in the concrete cover of the

ou ter compress ion f aces was no ted in Cycle 19. Fir s t i nd ica­

tion of spalling and flaking along diagonal cracks occurred in

Cycle 10. This spalling and flaking in the web and crushing of
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the outer compression faces progressively increased as more and

larger load cycles were applied to the specimen.

A slight reverse curvature developed in the lower 3 ft of

the boundary elements during Cycle 22.

A slight indication of crushing in the compression struts

in both the right and left sides of the web approxi~ately 18 in.

above the base was noted in Cycle 25.

The maximum load measured, 220.4 kips (980.3 kN), occurred

in Cycle 28 at a -5-in. (127.0 rom) deflection. This load cor­

responds to a nominal shear stress of vmax = 10.9 ~ (0.91 ~f~

MPa) 0 The design shear capacity using the 1971 ACI Building

Code Equations (11-13) and (11-33) was 148 kips (658.3 kN).

This corresponds to a nominal shear stress of v = 7.3~ (0.61c
,j f~ MPa) .

As the specimen was being loaded to a +6-in. deflection in

Cycle 31, several compression struts crushed simultaneously.

The pattern of crushing, load redistribution and resulting

shear plane were very similar to those that occurred in

Specimen B6. Figures B-38 and B-39 show the specimen immedi­

ately pr ior to and after web crushing. As in B6, a vertical

failure plane rather· than a hor izontal plane developed after

web crushing. This is attr ibuted to stiffness of the boundary

elements in the presence of the axial loado

As the load capacity was dropping the specimen was ~caught"

by closing the deflection control valve in the hydraulic sys­

tem. The measured load at this stage had decreased to 68% of

the maximum measured load.

The specimen sustained at least 80% of the maximum

measured loadcapaci ty through 12 inelastic cycles. The last

inelastic loading increment in which the load was sustained at

or above 80% of the maximum for all 3 cycles was at +5 in.

(127.0 rom) 0

Al though the web was considerably damaged at the end of

thetes~, the coillmns wer~ in good condi tion 0 This wall could

'have been repaired simp~y by replacing the webo
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Discussion of Results

Moment-Rotation. Moment-rotation data for Specimen B7 is

shown in Fig. B-40. The maximum measured moment was 86% of the

calculated monotonic maximum. This calculated maximum was based

on attainment of the ultimate compressive strain of E
U

= 0.0071

in the boundary element.

The relationship between calculated monotonic and measured

rotations at the 3-ft (0.91 m) and 6-ft (1.83 m) levels is

similar to that observed in Specimen,B6 and in specimens in the

previously reported tests without axial load. Rotation tended

to concentrate in the lower 3 ft of the wall to a greater

extent than was assumed in calculations.

The maximum rotation measured at the 6-ft level for a

stable increment was 0.0242 rad. This corresponds to a

rotational ductility of 5.2. The corresponding maximum

rotation for SpecimenB5 which had no axial load, was 0.0171

rad. which corresponds to a rotational ductility of 2.7. It is

evident that axial load significantly incresed rotational

ductility.

Shear Distortion. The shear-distortion loops for B7 are

shown in Fig. B-4l. As in the previously reported tests with­

out axial load, a shear .'·yielding" occurred during the same

cycle in which flexural yielding occurred. However, as in

Specimen B6 this ··yielding"- is not as evident in the 3-ft to

6-ft zone. A major portion of the shear distortions occurred

in the lower 3 ft (0.91 m). This differs from the shear

distortion distribution observed in specimens without axial

load in which shear distortions were more evenly distr ibuted

throughout the lower 6 ft (1.83 m).

The maximum shear distortion in Zone .3 attained in a

stable increment was 0.0141 rad. at a 5-in. top deflection.

The maximum attained in the B5 test was 0.0184 rad. at a 4-in.

top deflection. A cOJ!lpatison of peak loads and shear distor­

tions for these specimens indicates that axial load increased

the effective shear stiffness in B7 by as much as 240%.
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24 show only a

3- in. (7 6 • 2 mm)

ind icated by the

first and last

Slip at Construction Joints. Slip at construction joints

in B7 is shown in Fig. B-42. The slip at CJl exhibits yielding

similar to shear "yielding". These were observed during th-e

same cycle that flexural yielding occur red. As shown in Fig.

B-43, the slip at CJl was a relatively constant 15% of the

total shear deflection in the lower 3 ft (0.9l m).

The slip plots for CJ2 and CJ3 are unsymmetrical.

Measured slips were affected by diagonal cracking.

A comparison of peak loads and slip at CJl for Specimens

B5 and· B7 indicates that the axial load inB7 increased the

effective slip stiffness by as much as a factor of 1.8.

Deflections. The deflection components and deflected

shapes are shown in Figs. B-44 and B-45. These figures show

that shear deflections were a relatively constant portion of

the total throughout most of the test and increased slightly

near the end of the test.

The deflec ted shapes for Cycles 22 and

slight decrease in shear stiffness during the

increment. A larger decrease in stiffness is

deflected shapes for Cycles 28 and 30, the.
cycles of the 5-in. (l27.0 mm) increment.

Reinforcement Strains. Figures B-46 through B-56 show

reinforcement strains in the specimen at various stages.

Figure 'g-46 shows that outer bars in the compression

elements near the base were in compression during every cycle.

FigureB-47 shows that yielding occurred up, to the 9-ft

(2.75 m) level in Cycle 28.

Figures B-48 and B-49 show the strain gradient in the

vertical reinforcement at various levels. The gradient in the

compression zone near the base shows the neutral axis continued

to move toward the outer compression face. This indicates that

the ultimate concrete compressive stress had not yet been

reached.
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Figures B-50 through 8-54 show the cyclic strain-load

relationship and the strain gradients in the horizontal bars.

These figures indicate considerable yielding between the IS-in.

to 9-ft (0.46 m to 2.74 m) level. Figures 8-51 and B-52 for

gages HH and HA indicate that, although no yielding occurred

near the end hooks, appreciable stresses were present. This

was particularly evident in the lower 18 in. (0.46 m) because

the boundary elements act as dowels in this region.

Figures 8-55 and 8-56 show the cyclic strain-load

relationship and the vertical strain gradient in the outer leg

of the confinement hoops. These figures show that only the

hoops in the lower two feet were s~ressed significantly.

Strains near yield were observed in the hoops during the latter

cycles of this test.
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Specimen B8

Test Description

Specimen B8 was sim~lar to Specimen B7 with 3.67% verti~al

reinforcement in each column and confinement reinforcement in

the lower 6 ft of the boundary element. However, Specimen B8

contained 2.2 times ·the area of horizontal steel that was in

Specimen B7. The design shear capacity for 88 using the 1971

ACI Building Code Equations (11-13) and (11-33), disregarding

the 10~f~ limit and assuming 60 ksi (413.7 MPa) in the horizon­

tal steel was 256.4 kips (1140.5 kN). The calcuatled maximum

flexural capacity for 88 including strain hardening of the

vertical reinforcement was 241.4 kips (1073.8 kN). As with

Specimen 87, Specimen B8 was loaded axially at a uniform stress

of 545 psi (3.75 MPa).

The test consisted of 31 loading cycles as shown in Fig.

B-57. The complete load versus top deflection relationship for

Specimen B8 is shown in Figs. B-58 and 8-59. The complete load

versus deflection and rotation relationships at the 6-ft level

are shown in Figs. B-60 and 8-61.

First significant cracking was observed in Cycle 10 at a

load of 85 kips (378 kN). First yielding occurred in Cycle 13

at a load of 155.4 kips (691.2 kN). The maximum measured crack

widths at th is stage were 0.010 in. (0.25 mm) in the tens ion

column and O. all in. (0.28 mm) across a diagonal crack in the

web.

The crack pattern that developed was similar to that in

87. Cracks directed toward the outer compression face at the

base of the wall were at an angle of approximately 38 0 from

vertical. The crack patterns at +3 in. (76'.2 mm) and -3 in.

deflection are shown in Figs. B-62 and B-63.

The major difference in the observed behavior of B8 versus

B7 is the diagonal crack widths. Wi th the top of wall at a

5-in. deflection a measured diagonal crack width in the lower 3

ft of the wall was 0.086 in. (2.18 mm) in B7 versus 0.036 in.

(0.91 mm) in B8. A measured diagonal crack width in the second
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Fig. B-62 Cracking Pattern at +3 in. Deflection
for Specimen B8
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versus

a 45 0

test of

3-ft lift of the wall was 0.053 in. (1.35 rnrn) in B7

0.024 (0.61 rnrn) in 88. Diagonal crack widths above

line through the base remained small throughout the

Specimen 88. Figures B-64 and B-65 show the cracking in

Specimens 87 and 88 at a -5-in. deflection.

Another significant difference in the behavior of Specimen

88 was the development of a predominantly horizontal crack

across the wall during the latter part of the test. The

horizontal crack was approximately 9 in. (229 mm) above the

base. This crack can be seen in Fig. B-66.

For 88, first indication of crushing in the concrete cover

of the outer compression faces was noted in Cycle. 14. First

indication of spalling and flaking along diagonal, cracks

occurred in Cycle 20. This spalling and flaking in the web and

crushing of the ou~er compressf6n faces progressively increased

as more and larger load cycles were applied to the specimen.

A slight indication of crushing in the web near the right

and left ends of the horizontal crack approximately 9-in.

(229 mm)above the base was noted in Cycle 26.

No reverse curvature of the lower .3 ft of the boundary

elements was noted in the test of Specimen BS.

The measured maximum load 219.8 kips (977.7 kN), occurred

in Cycle 28 at a -5-in. (127.0 mm) deflection. This load cor­

responds to a nominal shear stress of vmax = 11.7 ~f~. This

load is nearly ~ identical to the maximum load measured in the

test of B7 at an equivalent top deflecion.

A significant increase in the spalling and crushing in the

lower 3 ft of the web was noted during the 5-in. deflection

loading increment. As the specimen was being loaded to a

+6-in. deflection in Cycle 31, a slight but noticeable increase

in slip occurred along the horizontal crack about 9 in. (229 mm)

above the base. However, load capacity was not affected.

As the specimen was being loaded to a -6-in. deflection in

Cycle 31, several compression struts crushed simultaneously.

Web crushing was immediat~ly followed by developement of both

horizontal and vertica~ failure planes. Figures 8-66 and 8-67

show the specimen immediately prior to and after web crushing.
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r- . Fig. B-64 Craking Pattern at -5 in. Deflection
for Specimen B7
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As the load capacity was dropping the specimen was "caught"

by closing the deflection control valve in the hydraulic system.

The measured load at this stage had decreased to 41% of the

maximum measured load.

The specimen sustained at least 80% of the maximum mea­

sured load capacity through 12 inelastic cycles. The last

inelastic loading increment in which the load was sustained at

or above 80% of the maximum for all 3 cycles was at ±.5 in.

(127. a mm). This is the same as the results of the test of

Specimen B7. The observed load-top deflection envelope for B8

was nearly identical to that of Specimen B7.

Discussion of Results

Moment-Rotation. Moment-rotation data for Specimen B8 are

shown in Fig. B-68. The maximum measured moment was 9l%·of the

calculated monotonic maximum. This calculated maximum was basea

on attainment of an ultimate compressive strain of ~u = ~.0065

in the boundary element.

The relationship between calculated monotonic and measured

rotations at the 3-ft (0.91 m) and 6-ft (1.83 rn) levels differed

from that observed in previous tests. For Ba, the relationship

between calculated and measured rotations at the 3-ft (0.91 m)

and 6-ft (1.83 m) levels were approximately the same. In pre­

vious specimens, rotations were concentrated in the lower 3

ft. In addition, for B8 there was no noticeable pinching in

the loops at the 3-ft and 6-ft levels. This is attr ibuted to

addi tional capacity across diagonal cracks from the increased

horizontal reinforcement.

Maximum rotations attained in Specimen B8, and correspond­

ing rotational ductilities, were nearly identical to those in

Specimen B7.

Shear Distortion. Shear-distortion loops for B8 are shown

in Fig. B-69. As in. the previously reported tes ts, a shear

"yielding" occurred. dur ing the same cycle in wh ich flexural
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yielding occurred. However, for B8 this "yielding" was not as

evident in the 3-ft to 6-ft zone. Practically all of the

inelastic shear distortions occurred in the lower 3 ft (0.91 m).

This result is attributed to the additional capacity across

diagonal cracks provided by the extra hor izontal steel. This

add i tional capacity decreased the "spread" of vertical steel

yielding that accompanies d iagC?nal crack ing. Thus, wi th the

extent of flexural yield ing decreased in Zone 2, the "shear

yielding" also decreased.

A compar ison of shear distortions in B7 and B8 indicates

nearly identical distortions occurred in Zone 1 which was the

major zone of distortions in both specimens. However, with the

reduced distortions in Zone 2 of B8, the total distortions in

Zone 3 were reduced by approximately 15% over those in B7. This

is a relatively insignificant increase in shear' stiffness

compared to the increase in amount of horizontal reinforcement.

Slip at Construction Joints. Slip at construction joints

in B8 is shown in Fig. B-70. Slip at CJl exhibits yielding

similar to shear "yielding". This occurred during the same

cycle that flexural yielding occurred. As shown in Fig. B-71,

the slip at CJl was a relatively constant 15% of the total

shear deflection in the lower 3 ft (0.91 m) •

The magnitude of slips at CJl in Specimen B8 were nearly

identical to those in Specimen B7. Although the slip plots for

CJ2 and CJ3 in Specimen B8 are unsymmetr ical and affected by

diagonal cracking, these plots show significantly less movement,

at these locations than was observed in Specimen B7. The

horizontal components of diagonal crack widths were lower in B8.

Deflections. Deflection components and deflected shapes

are shown in Figs. B-72 and B-73. These figures show that

shear deflections are a relatively constant portion of the

total throughout most of the test and increased slightly near

the end of the test.
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The deflected shapes for Cycles 22 and 24 show only a

slight decrease in shear stiffness during the 3-in. (76.2 mm)

incremento- A large decrease in stiffness is indicated by the

deflected shapes for Cycles 28 and 31, at an equal top

deflection -of -5-in. (127.0 rom).

Reinforcement Strains. Figures 8-74 through 8-84 show

reinforcement strains in the specimen at various stages.

FigureB-74 shows the cyclic load versus strain relation­

ship for the outer reinforcing bars ct the base level.

Figure B-75 shows that yielding occurred up to the 9-ft

(2.75 m) level in Cycle 28. However, a comparison of data for

B8 and B7 indicates that the-extent of yielding up the wall was

slightly lower in 88 at equivalent load stages.

Figures B-76 and 8-77 show the strain gradient in the

vertical reinforcement at var ious levels. The _"gradient in the

compression zone near the base shows the neutral axis moving

away from the outer compression face in the latter cycles

indicating the ultimate concrete compressive stress had been

reached in the outer fibers.

Figures 8-78 through 8-82 show the cyclic strain-load

relationship and the strain gradients in the horizontal bars.

These figures indicate that although the yield strain was

approached, only gage HE 2 showed significant yielding in the

last few cycles of the test. Figures' B-79 and B-80 for gages

HH and HA indicate that, although no yielding occurred near the

end hooks, appreciable stresses were present. This was particu­

larly evident in the lower 18 in. (0.46 m) because the boundary

elements act as dowels in this region.

Figures B-83 and B-84 show the cyclic strain-load

relationship and the vertical strain gradient in the outer leg

of the confinement hoops. These figures show that only hoops

in the lower two - feet were stressed significantly. Strains

near yield were observed in the hoops in the latter cycles of

the test.
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Specimen 89

Test Description

Specimen 89 was similar to Specimen 87 with 3.67% vertical

reinforcement in each column and confinement reinforcement in

the lower 6 ft of the boundary element. Specimen 89 was tested

to investigate the significance of loading history on the

behavior of the wall.

Specimen 87 attained a maximum measured rotation at the

6-ft level of amax = 0.0242 rad. in Cycle 28. Th is cor res­

ponds to a rotational ductility of a / a = 5.2. The loadmax y
capacity of the specimen was sustained through three full

reversed cycles at this deformation level. Therefore, the

available rotational ductility in Specimen 87 was taken as 5.0

for the incrementally increasing load history.

To determine if at least this ductility of 5.0 was

available for the load history descr ibed in Append ix A, e max

for the first inelastic cycle of Specimen 89 was taken as five

times the measured full yield rotation of Specimen 87.

As in Specimen 87, Specimen B9 was loaded axially at a

uniform stress 545 psi (3.75 MPa) during the lateral load

test.

The test consisted of four complete loading cycles as

shown in Fig. B-85. The complete load versus top deflection

relationship for Specimen B9 is shown in Fig. 8-86. The

complete load versus deflection and rotation relationships at

the 6-ft level are shown in Figs. B-87 and B-88.

The first load cycle was applied to develop cracking in

both directions. Flrst significant cracking was observed at a

load of 75 kips (334 kN).

First yielding occurred in

load of 158.0 kips (703.0 kN).

2, Load Stage 19, at a load

Cycle. 2, Load Stage 18, at a

Full yielding occurred in Cycle

of 186.4 kips (829.1 kN). The

maximum measured crack widths at this stage were 0.011 in.

(0.28 mm) in the tension column and 0.015 in. (0.38 rom) across

a diagonal crack in the web.
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First indication of crushing in the concrete cover of the

outer compression face was noted at Load Stage 20. This

crushing progressively increased as the wall was loaded to a

top deflection of +5.37 in. and a rota tion of 0.0236 rad. at

theG-ft level. 'However, the confined core of the column was

in good condition.

The crack pattern that developed is shown in Fig. B-89.

This cracking was very similar to that developed in Specimen

B7. The measured crack widths in B9 were of the same order of

magnitude as those measured in B7 at equivalent deformations.

Except for the crushing at the compression face, the wall

exhibited no significant signs of- distress at the first

positive peak load. There was no indication of spalling or

crushing in the compression strut system.

The maximum load measured in Cycle 2 was 219.6 kips

(976.8 kN). This maximum is nearly identical to the maximums

measured in B7 and B8 at equivalent deformation

load corresponds to a nominal shear stress of vmax
(0.95 Jf' MPa). The design shear capacity using 1971c
ing Code ,equations (11-13} and (11-33) wasl48 kips (658.3 kN)

which corresponds to a nominal shear stress ofv = 7.7~ psi)c
(0.64 .Jf~ MPa).

As the specimen was being loaded, to a pe~k negative load. ,
in Cycle 2, an indication'of crushing;.' 'was noted in a com-

~-'...1-f " ':;. - _ )

pression strut on the left side . of the web approximately 2 ft

(0.61 m) above therb~~e.'" First Sp~l-ling al~on9 diagonal cracks
'.' 'f '.

occurred. Also, spalling from open'i'ng' of crosstie end hooks

was noted in the lower 3 ft {D. 91 m)of~ the compression face.,
The crack pattern at the peak negative" load is shown in Fig.

B-90.
, -.; ~

No significant changes occurred in the wall during Cycle 3.

A significant increase in spalling occurred along the diagonal

cracks in the web as the specimen was loaded to the peak

positive load of Cycle 4.

As the specimen was' being loaded to the peak negative load

of Cycle 4, several compression struts in the lower left region
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of the web crushed. This crushing was immediately followed by

development of a failure plane along a diagonal crack extending

up from the compression column approximately 2 ft above the

base at about 250 from vertical. Figures B-91 and B-92 show

the wall irnmediatelybefore and after web crushing.

Imposing fu~ther deformations on the wall develop vertical

and horizontal failure planes as shown in Fig. B-93.

Specimen B9 did not sustain its load capacity through the

modified load history at a maximum rotational ductility of

5.0. The load and deformations imposed on Specimen B9 were of

the same magnitude as those for which Specimen B7 sustained its

load capacity through three complete cycles using the

incrementally increasing load history.

Discussion of Results

Moment-Rotation. Moment-rotation data for Specimen B9 are

shown in Fig. B-94. The maximum measured moment was 91% of the

calculated monotonic maximum. This calculated maximum was based

on attainment of an ultimate compressive strain of e = 0.0066u
in the boundary element.

Since the positive load half of Cycle 2 is essentially a

monotonic test up to the maximum rotation placed on B9, Fig.

B-94 provides an opportuni ty to evaluate the calcula ted mono­

tonic curve. As shown in the figures, for rotations' beyond

yield there is less. rotation occurring at a particular load

level than the calculations predict. However, the two curves

tend to converge. Part of the difference is attributed to the

crack distribution. The calculated rotation is based on a

completely cracked section. The actual wall progresses from an

uncracked section at the start of loading to a completely

cracked section near maximum rotations. In general, the

calculated and measured curves show good agreement.

The relationship between the calculated monotonic and mea­

sured rotations at the 3-'ft (0.91 m) and 6-ft (1. 83 m) levels

is similar to that observed in most of the previously reported

reversing load tests. Actual rotations were concentrated in

B-I07
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the lower 3 ft of the wall to a greater extent than was assumed

in the calculations.

Shear Distortion. The shear-d istor t ion curves for B9 are

shown in Fig. B-95. As i~ the previously reported tests with­

out axial load, a shear "yield ing" occurred dur ing the same

cycle in which flexural yielding occurred.

Comparison of Cycles 2 and 4 indicates a significant loss

of ~hear stiffness from just one inelastic reversal.

Comparison of the shear distortion data for SpecimensB9

and B7 shows that for the positive "monotonic" half of Cycle 2

of B9, shear distortions were approximately 15% less than those

in the last stable inelastic cycle of B7. However, wi th one

reversal, shear distortions attained in the negative half of

Cycle 2 were almost identical to those measured in B7 after 12

inelastic cycles. This indicates that the degredation in shear

stiffness is more a function of previous maximum inelastic

deformations than of abrasion and loss of material from

repeated reversals.

Slip at Construct ion Joints. Sl ip at constr Llct ion joi nts

in B9 is shown in Fig. B-96. Slip at CJl exhibits yielding

similar to shear "yielding" during the same cycle that fl~xural

yielding occurred. As shown in Fig. B-97, the slip at CJl

ranged from 10% to 15% of the total shear de flect ion in the

lower 3 ft (0.91 m) •

Slip plots for CJ2, and CJ3 are unsymmetr ica1 •. Measurements

were affected by diagonal cracking.

Deflections. Deflection components and deflected shapes

are shown in Figs. B-98 through B~100. Compar ison of Figs.

B-98 and B-99 shows the increase in the shear component -of

deflection as a result of one large inelastic reversal.

a-Ill
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Reinforcement Strains. Figures B-lOl through B-lll show

reinforcement strains in Specimen B9 at various stages. Many

of the lines in these figures are incomplete, particularly

those f·or negative load. This is because of the large number

of gages that were strained beyond their working range in the

first half of Cycle 2.

Figure B-lOl shows the load versus strain relationship for

the outer reinforcing bars at the base level.

Figure B-l02 shows that yielding occurred up to the 9-ft

(2.75 m) level in Cycle 2.

Figures B-l03 anc::l B-l04 show the strain gradient in the

vertical reinforcement at various levels.

Figures B-l05 through B-l09 show the cyclic strain-load

relationship and the strain gradients in the horizontal bars.

These figures indicate considerable yielding from the l8-in. to

the 9-ft (0.46 m to 2.74 m) level. Figures B-l05 and B-l06 for

gages HH and HA indicate that, although no yielding occurred

near the end hooks, appreciable stresses were present. This

was particular ly evident in the lower 18 in. (0.46 m) because

the boundary elements acting as dowels in this region.

Figures B~110 and 8-111 show the cyclic strain-load

relationship and the vertical ~train gradient in the outer leg

of the confinement hoops. These figures show· that only the

hoops in the lower two feet were stressed significantly.

Strains beyond yield' were observed in the hoops at the peak

loads in Cycle 2.
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Specimen B9R

Test Description

Specimen B9R was a repair of B9 as described in Appendix A.

The repair consisted essentially of replacing the orginal 4-in.

thick web with a 6-in. thick web. Therefore, the nominal shear

stresses were decreased by 33%. For purposes of compar i son,

B9R was tested with the same modified load history as intended

for use on Specimen B9. The 9max for the first inelastic

,cycle of Specimen B9R was taken as five times the measured full

yield rotation for Specimen B7~ The lateral load test for B9R

was conducted similar to the test of Specimen B9. An exception

was that since nearly all strain gages were inoperative at the

end of, the B9 test, no steel strains were monitored or recorded

during the test of B9R.

Specimen B9R was loaded axially during the lateral load

test wi th the same total force as that used on B9. Wi th the

increase in web thickness, the resulting uniform axial stress

was 451 psi (3.11 MPa) which was 83% of that in Specimen B9.

The test consisted of 16 complete loading cycles as shown

in Fig. B-112. The complete load versus top deflection

relationship for Specimen B9R is shown, in Fig. B-113. The

complete deflection and rotation relatio~ships at the 6-ft

level are shown in Figs. B-114 and B-115.

The first load cycle was applied to develop cracking in

both directions. First significant cracking in the web was

observed at a load of 75 kips (334 kN). Prior to web cracking,

Specimen B9R had approximately 35% of the effective lateral

stiffness measured in B9 prior to cracking. After significant

cracking in the web, B9R had approximately 60% of the effective

la teral st i ffness measured in B9 wi th a comparable amount of

cracking.

In the first half of Cycle 2, B9R was loaded to the maximum

rotation at the 6-ft level that was measured in B9. In this

cycle with the load equal to measured full yield load of B9,

the effective initial lateral stiffness in B9R was 50% of that
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at the peak positive and

in Figs.- B-116 and B-ll7.

that which developed in

.-

measured in B9. However, at the peak of Cycle 2, the maximum

loads, rotations and deflections inB9R were nearly identical

to those measured in Specimen B9.

During the positive half of Cycle 2, the patched cover of

the compression column face cracked and spalled and a vertical

crack formed in the lower 3 ft at the interface of the web and

compression column. The maximum measured diagonal crack width·

was 0.25 in. (6.35 rom) at the peak load in Cycle 2. However u

neither the compression strut system nor the compression column

core exhibited any signs of distress.

Upon reversal of loading in the negative half of Cycle 2,

Specimen B9R exhibited load-defo~mation relationships very

similar to those measured in the second half of Cycle 2 for B9.

In this negative half cycle, the patched cover on the

compression column face spalled and cracked and again a

vertical crack formed in the lower 3 ft at the interface of the

web and compression column. In addi tion, a slight amount of

spalling was noted along the diagonal cracks in the lower 6 ft

of the web. In addition, a horizontal crack approximately

16-in. (0.41 m) long formed along the construction joint at the

3-ft level.

Crack patterns that developed

neg~tive loads in Cycle 2 are shown

This cracking was very similar to

Specimen B9.

Except for a small increase in the spall ing and flak ing

along diagonal web cracks, no significant changes occurred in

Cycles 3, 4 or 5.

In Cycle 6 apparent crushing of one of the lower compres­

sion struts was noted approximately 10 in. (254 mm) above the

base in the center of the web. There was no loss of load capa­

city associated with this crushing. It was determined during

Cycle 12 that the crushing was initiated by buckling of a

vertical bar which pushed- off the concrete cover. Photographs

of this crushing and 'buckling are shown in Figs. B-118 and

B-119. Except for continually increasing spalling and flaking
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Fig. B-116 Cracking Pattern 'at Maximum Positive .
Load in Cycle 2 for Specimen.B9R

---- -- ~~~---~
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Fig. B-1l? Cracking Pattern at Maximum Negative
Load in Cycle 2 for Specimen B9R
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Fig. B-ll9 Spalling in the Web of Specimen B9R Caused
by Buckling of Vertical Reinforcement
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along diagonal web cracks, no other significant changes occurred

in Cycles 6 through 13. This completed the planned modified

load history for a maximum rotational ductility of 5.0 (based

on the full yield rotation measured in B9). The lower 3 ft of

the wall at this stage is shown in Fig. B-118.

Despite the spalling and crushing in the web by the end of

Cycle 13, the load ca~acity of the wall was not impaired. It

was therefore decided to use an incrementally increasing load

history for the remainder of, the test. The wall was to be

loaded with three cycles at each ,increasing multiples of the B9

full yield rotation until it was destroyed. The first loading

increment was at six times the B9 full yield rotation.

Except for increased spalling in the web, no significant

changes occurred in Cycles 14, 15 and the positive half of 16.

Upon approaching the peak load in the negative half of Cycle

16, several compression struts crushed in the lower left region

of the w~b. Figures B-120 and B-12l show the specimen prior to

and after web crushing.

The maximum load measured was 218.7 kips (972.8 kN) in

Cycle 2. This maximum is nearly identical to the maximums mea­

sured in B7, B8 and B9 at equivalent deformation levels. The

load corresponds to a nominal shear stress of v = 7.0 Jf'max c
(0.58 .jf~ MPa). The maximum load measured in Cycle 16 was 205.8

kips (915 kN) which was 94% of that in Cycle 2.

Specimen B9R sustained its load capacity through the com­

plete modified load history with a maximum rotation correspond­

ing to what w~uld hav~ b$eh a ductility of 5 in Specimen 89.

It also sustained two cycles at what would bave been a duc­

tility of 6.0..Therefore,· lowering the nomina'lmaxirnum shear,
stress by increasing the web thickness enhanced inelastic

performance considerably.

Discussion of Results

Moment-Rotation.· The moment-rotation data for Specimen

B9R ar~ shown in Fig. B-122. Envelopes for B9 data are

included. At the peak load in Cycle 2, the load and rotations
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Fig. B-120 Specimen B9R Prior to Web Crushing

Fig 8-121 Specimen B9R After Web Crushing
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Comparison of

shear component

at the 3-ft and 6-ft (0.91 m and 1.83 m) levels where very

similar to those in B9. Maximum rotation at the base level was

somewhat less in B9R at the peak load for Cycle 2.

Shear Distortion. Shear-distortion curves for B9R are

shown in Fig. B-123~ The curves do not exhibit a well defined

yielding region. Tnis was also the case for the moment­

rotation curves. The continual decrease in the shear stiffness

with repeated cycling can be see in Fig. B-123.

Specimen B9R had 15% and 30% less shear distortion than

did B9 in the positive and, negative halves of Cycle 2. This

was the effect of increased web thickness. However-, by Cycle

15, Specimen B9R had 40% more shear distortion than the maximum

measured in B9.

Slip at Construction Joints. Slip at construction joints

in B9R is shown in Fig. B-124. Th is slip plot for CJl is

similar to that for shear distortions. showing a continual

decrease in shear-slip stiffness. The slip plots for CJ2 and

CJ3 are unsymmetr ical. Measured slips were affected by

diagonal cracking.

Figure B-125 shows the slip at CJl as a percentage of

shear deflections in Zone 1 for the positive and negative

loading portioA~"~Of Cycles 2 and 14. This figure shows that

slip at CJl',·contributed a relatively large portion of the

diffr~ction during the first load stages of a cycle, but

decreased to 10% to 15% at peak loads.

Deflections. The deflection components and deflected

shapes are shown in Figs. B-126 through B-128.

Figs. B~l26 and B-127 shows ,the increase in the

of deflection between Cycle 2 and 14.

The deflected shapes for Cycle 2, Load Stages 20 and 30,

and Cycle 12, Load Stages 98 and 103, indicate the change in

sti f fness dur ing the modi f ied load history at a max imum rota­

tion of five times yield.
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Specimen BID

Test Description

Specimen BIO was a barbell shaped wall with 1.97% vertical

reinforcement in each column and confinement reinforcement in

the lower 6 ft of the boundary elements. It was constructed to

investigate the influence of shear stress on inelastic behavior

in the mid shear range. Prior to Specimen BID, the test program

had included several specimens with v < 3 ~ several with amax - c
v > 7 ~ without axial load and several with a v > 10 JfImax - c .. . max· c
with axial load. Two distinct types of behavior were 6bserved

depending on the level of shear.

The program included one spec imen with a vmax = 7";f~ wi th

axial load. However, this was a repaired specimen, B9R.

Specimen BID was designed to have a v = SVf' with axial loadmax c
to investigate the type of behavior that would predominate.

Also, Specimen BID was designed to have a moment capacity with

axial load applied equal to the measured moment capaci ty of

Specimen B5 without axial load.

Unfortunately, a construction problem developed in Speci­

men BID. Figures B-129 and B-130 show honeycombing in the

lower 9 in. (0.23 m) of one of the boundary elements. The

honeycombing was the result of insufficient consolidation with­

in. the congested confinement reinforcement. Although the pos­

sibility of honeycombing exists in full scale structures, the

problem is increased in reduced scale models.

The honeycombed cover was chipped down to what appeared to

be solid core concrete and then patched with a sand cement

mortar prior to the start of the lateral load test.

Since B9R had sustained the modified load history at a

maximum rotation corresponding to a ductility of 5.0 ·it was

anticipated that BID would also sustain this load history. For

purposes of comparison with B9R, the BID test was started with

the modified load history at a maximum rotational ductility of

5.0. It was anticipated that, upon completion of this modified

load history, the incrementally increasing history would be

used for the remainder of the test to failure.
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The test consisted of 14 complete loading cycles as shown

in Fig. B-13!. The complete load versus top deflection rela­

tionship for Specimen BIO is shown in Fig. B-132. Complete

load versus deflection and rotation relationships at the 6-ft

level are shown in Figs. B-133 and B-134.

The first load cycle was applied to develop cracking in

both directions. First significant cracking was observed at a

load of 75 kips (334 kN).

First yielding occurred in Cycle 2, Load Stage 13, at a

load of 120.0 kips (533.8 kN). Full yielding occurred in Cycle

2, Load Stage 14, at a load of 139.7 kips (621. 4 kN). The

maximum measured crack widths at this stage were 0.011 in.

(0.'28 nun) in the tension column and 0.019 in. (0.48 mm) across

a diagonal crack in the web.

First indication of crushing in the concrete cover of the

outer face of the compression column was noted at Load Stage

15, corresponding to a rotation of two times yield. The

compression column for the positive half of Cycle 2 was not the

column with the patched concrete. Crushing progressively

increased as the wall was loaded to a top deflect ion of +4.91

in., a 6-ft level rotation of 0.02392 rad. and a maximum load

of 159.0 kips (707.2 kN).

Except for the crushing at the compression face, the wall

exhibi ted no signs of distress in the posi tive half of Cycle

2. The maximum measured crack widths at the peak were 0.036

in. (0.91 mm) in the tension column and 0.095 in. (2.41 rom}

across a diagonal crack in the web.

In the negative load half of Cycle 2, the patched cover on

the compression column started to spall at Load Stage 21

corresponding to a rotational ductility of one times yield.

The patched cover continued to crush and spall as the load

increased, however, the confined core appeared to be in good

condition. The load attained was 148.3 kips (659.6 kN}r which

was 93% of that attained in the positive half of Cycle 2.
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The crack pattern that developed was similar to that in

the spec imens subj ected to high shea r. A comple te diagonal

comp~ession strut system formed for each direction of loading.

Figures B-135 and B-136 show the spec imen a t max imum pos i t i ve

and negative loading in Cycle 2.

No signif ica'nt changes occurred in Cycles 3, 4, 5, or in

the positive half of Cycle 6. A few 90 0 end hooks on

confinement crossties near the base of the repaired column

started to open slightly when this column was in compression.

In the negative half of Cycle 6 the two corner bars in the

outer pair of the compression column started to buckle between

confinement hoop. The 90 0 end hooks of horizontal shear

reinforcement started to op~n near the base. Also, crushing of

concrete was observed within the confined core. Apparently

honey-combed concrete was not completely repaired.

No significant changes occurred in Cycle 7. However, in

the negative half of Cycle 8, the outer two rows of compression

column vertical bars buckled. Some buckled sideways within the

hoop as honeycombed core concrete was lost. Others buckled

outward bowing the corifinement hoops.

In the positive half of Cycle 9 one of the previously

buckled corner bars fractured. Another outer bar fractured in

the positive half, of Cycle 10. However, the load reached at

the positive peak of Cycle 10 was 92% of that at the positive

peak of Cycle 4.

There was increased buckling and crushing in
compression column during the negative half of Cycle 10.

load reached at the negative peak of Cycle 10 was 94% of

at the positive peak of Cycle 4.

Three more previously buckled' bars fractured before the

peak load in Cycle 12 was~ reached. The maximum load reached in

the positive half of Cycle 12 was 76% of the maximum in Cycle 2.

There was no significant change during Cycle 13. This

completed the mod if ied load history at a maximum rotat lonal

ductility of 5.0 Figlire B-137 shows the wall at this stage.
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Fig. B-135 Cracking Pattern at Maximum Positive
Load in Cycle 2 for Specimen BlO

-~ ---------_._------._----.

Fig~ B-136· Cracking Pattern at Maximum Negative
Load in Cycle 2 for Specimen BlO
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Fig. B-13? Specimen BIO After Completion
of Modified Load History
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. Fig. B-139 Right Column After
Completion of Modified
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Figures B-138 and B-139 show details of the left and right

columns, respect i vely. It should be noted tha t the right hand

column and the wall web showed very little sign of distress at

this stage. The damage in the left column was attributed to

poor quali ty construction. Howeyer, even with the honeycombed
,

concrete and resulting bar buckling and fracture, the specimen

susta ined 76 % of its ini tial strength throughout the mod i f ied

load history. ..

Sinc~ loading to larger positive rotations would have

caused additional bar fractures, it was. decided at this stage

to load to a positive ductility of four then to a negative

ductility of six for three cycles.

During the negative half of the first cycle of this

increment, Cycle 14 ,the' compress ion' boundary element crushed

completely and all remaining bars i~ this column buckled. The

compression zone then moved into the web which immediately

crushed. The drop in load capaci ty was sudden. Figures B-140

and B-14l show the wall and the left column at the end of the

test.

Discussion of Results

Moment-Rotation. Moment-rotation data for Specimen BIO

are shown in Fig.' B-142. The maximum measured moment was 95%

of the calculated monotonic maximum. This calculated maximum

was based on attainment of an ultimate compressive strain of

e =0.0067 in the boundary element.u
As in the test of Specimen B9, the positive half of Cycle

2 was essentially a monotonic test up to the maximum rotation

applied. The - ~elationship between the calculated monotonic

curves and the measured curves is similar to that observed in

the test of B9.

The nonsymmetry of the plot of 81 , one occurs because of

the crushing of honeycombed concrete at the base of one

boundary element.

Shear Distortion. The shear-distortion loops" for BIO are

shown in Fig 0 B-143. As in the previously reported tests a

shear "yielding" occurred during the same cycle in which

flexural yielding occurred. Nonsymmetry of the plot for Y1'

indicates the effect of the honeycombed concrete.
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Fig. B-140 Specimen BID at End of Test
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Fig. B-141 Boundary Element with Unconsolidated
Conc~ete at End of Test
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The positive half of Cycle 2 provides data for comparing

the monoton ically loaded behavior of BIO wi th that of B9. At

the peak positive load of 159.0 kips (707.23 kN), in Cycle 2
I

Y3' in BIO was O. 00869 rad. At a similar point for Specimen

B9, the load was 219.6 kips (976.8 kN) and Y3 was 0.01113

rad. These peaks occur red at equivalent rotations at the 6-ft

level. The load versus shear distortion ratios show that the

effective shear stiffnesses were approximately equal in B9 and

BlO at equal rotations.

Slip at Construction Joints. Slip at construction joints

in BlO is shown in Fig • B-144. Slip at CJl exhibits yielding

similar to shear "yielding" during the same cycle that flexural

yielding occurred.

Figure B-144 also demonstrates the effect of the

honeycombed concrete in that significantly larger slippage

occurred under negative load. Figure B-145 shows. that slip was

about 5% of the positive shear deflections in the lower 3 ft

(0.91 m). It was 15% of the negative shear deflections.

Deflections. Deflection components and deflected shapes

are shown in Figs. B-146 through B-148.' Compar ison of Figs.

B-146 and B-147 shows a relati vely small change in the shear

component of deflection between Cycle 2 and Cycle 8. ThIS is

also demonstrated by compar ison of deflected shapes for Cycle

2, Load Stages 18 and 25, and the deflected shapes for Cycle 8.

Reinforcement Strains. Figures B-149 through B-159 show

reinforcement strains in the specimen at various stages.

Figure B-149. shows the cyclic load versus strain relationship

for the outer vertical reinforcing bars at the base level.

Figure B-150 shows that yielding occurred up to the 9-ft

(2.75 m) level in Cycle 2. Figures B-151 and B-152 show the

strain gradient in the vertical reinforcement at various levels.

Figures B-153 through B-lS7 show the cyclic strain-load

relationship and the strain gradients in the horizontal bars.

These figures ind icatethat the yield strain was approached

between the 18 in. (0.46 m) and 9-ft (2.74 m) levels and was

exceeded at the 3-ft level (0.91 m).
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Figures B-158 and B-159 show the cyclic strain-load

relationship and the vertical strain gradient in the outer leg

of the confinement hoops. These figures show that only hoops

in the lower two feet were stressed significantly. Strains

near yield were observed in the hoops wi thin the lower 1 ft

.(0.30 m) of the right boundary element. Plots for the left

boundary element show strains when out of range in the· region

of the honeycombed concrete.
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Specimen F2

Test Description

Specimen F2 'was a flanged shaped wall designed to contain

confined boundary elements within the intersecting regions of

the web and flanges. The obj ecti ve of the test of F2 was to

investigate the effectiveness of these stiffened boundary

elements in dowel action as compared to the' confined boundary

elements of a barbell section. ACI design moment and shear,

and calculated maximum moment capacities of Specimen F2 were

very similar to those for Specimen B7.

Specimen F2 was loaded axially at a uniform stress of 482

psi (3.32 MPa) during the lateral load test. The axial force

was equal to that applied to Specimen B7.

The test consisted of 28 loading cycles as shown in Fig.

B-160. < The complete load versus top deflection relationship

for Specimen 87 is shown in Figs. 8-161 and B-162. Complete

load versus deflection and rotation relationships at the 6-ft

level are shown in Figs. B-163 and B-164.

First significant cracking was observed in Cycle 10 at a

load of 75 kips (334 kN). First yielding occurred in Cycle 13

at a load of 156.0 'kips (693.9 kN). The maximum measured crack

widths at this stage were 0.012 in. (0.30 mm) in the tension

flange and 0.012 in. (0.30 rom) across a diagonal crack in the

web.

The crack pattern that developed was similar to patterns

in the other specimens subjected to high shear stresses. The

cracks started as horizontal flexural cracks in the flanges

that progressed into diagonal shear cracks in the web. These

cracks were small and finely distributed in the confined

boundary element regions of the flange and web. They converged

into larger more coarsely distr ibuted cracks in the unconfined

portions of the web and flanges. The cracks directed toward

the outer compression face at the base of the wall were at an

angle of approximately 40° from vertical. The crack pattern

at +3-in. (76.2 mm) and -3-in. deflections are shown in Figs.

B-165 and 8-166.
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The behavior of Specimen F2 in the initial inelastic

loading cycles did not differ significantly from that of

Specimen B7. First indication of spalling and flaking along

diagonal cracks was noted in Cycle 19. First indication of

crushing in the unconfined portion the web occurred in Cycle

22. Also, spalling caused by opening of crosstie end hooks was

noted in the confined portion of the web in Cycle 22. Crushing

and spalling progressively increased as more and larger load

cycles were applied to the specimen.

Dur ing Cycle 25 a predominately hor izontal crack started

to form in the web approximately 5 in. above the base block.

Also, significant crushing was noted in lower left confined

region of the web in Cycle 25. A reverse curvature in the

lower 1 ft (0.3 m) level of the flanges was noted. Ver tical

cracks were observed in the lower 2 ft-6 in. (0.76 m) of the

flange. These cracks were caused by bowing as the flanged

restra ined the web from slipping. Load capaci ty continued to

increase with increased deflection.

The maximum load measured, 199.5 kips (887.4 kN) occurred

in Cycle 25 at a +4-in. (101.6 mm) deflection. This' load

corresponds to a nominal shear stress of v ; 10.2~ (0.85max c
~, MPa). The design shear capacity using 1971 ACI Buildingc
Code Equations (11-13) and (11-33) was 148 kips (658.3 kN).

This corresponds to a nominal shear stress of v = 7.7 .Jf~ (0.64

.JfI MPa) .c
As the specimen was being loaded to a +5-in. deflection in

Cycle 28, significant crushing of the unconfined portion of the

flange occurred. However, the confined portion was in good

condition and the maximum load observed was 197.5 kips (878.5

kN), which was 98% of the maximum measured in Cycle 25.

As the specimen was being loaded to a -5-in. deflection in

Cycle 28, several compression struts in the lower left portion

of the web crushed simultaneously. Immediately after crushing

the compress ion flange shear ed, and a hor i zontal fa i lure plane

through the web developed. One horizontal reinforcing bar

crossing this plane fractured. The failure was sudden and the

load dropped to 20% of the maximum measured load before the
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deflection control hydraulic valve was closed. Figures B-167

and 8-168 show Spec imen F2 immed ia tely pr ior to and after web

crushing.

The specimen sustained at least 80% of the maximum

measured load capacity through nine inelastic cycles. The last

inelastic loading increment in which the load was sustained at

or above 80% of the maximum for all three cycles was at ±4 in.

(101. 6 rnm). A significant difference between the behavior of

F2 and B7 was the extent of damage to the boundary element. At

the end of the test of B7 the columns were in good cond i tion

and the wall could have been repaired by replacing the web. At

the end of the test of F2 the boundary elements were

extensively· damaged and repairs would have been considerably

more difficult.

Discussion of Results

Moment-Rotation. Moment-rotation data for Specimen F2 is

shown in Fig. B-169. The maximum measured moment was 82% of

the calculated monotonic maximum. The calculated maximum was

limited by an unstable equilibrium condition in balancing

tension and compression forces in the section. The instability

results when the strain corresponding to maximum compressive

strength of the concrete is exceeded at the extreme compression

face. After this stage, the neutral axis must move away from

the outer face to produce equilibrium. Because of the large

width ava ilable in the flange, the depth of the compress ion

zone is very small. As the neutral axis moves into the web,

the available width of the compression zone decreases

drastically. Therefore, the depth of the compression zone

cannot be increased sufficiently to ·attain enough concrete in

compression to balance the tension. The instability

corresponds to a sudden and complete loss Of load capacity from

crushing of the compression boundary element and web. This

type of sudden failure can occur in specimens that have large

relatively shallow boundary elements, thin webs and a high

percentage of vert ical re inforcemen t. In the test of Spec imen

F2, web crUShing occurred before this unstable situation was

reached.
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The relationship between the calculated monotonic and

measured rotations at the 3-ft (0.91 m) and 6-ft (l~83 m)·

levels is similar to that observed in most of the previous

tests. Actual rotations were concentrated in the lower 3 ft of

the wall to a greater extent than was assumed in the

calculations. Pinching of the loops is evident after Cycle 22.

The maximum rotation at the 6-ft level in a stable

increment of the F2 test was 0.0179 rad. This corresponds to a

rotational ductility of 4.9. For comparison, this maximum

rotational ductili ty was 5.2 in Specimen B7.. Therefore, the '"

inelastic rotation of the flanged section with a special

coni ined boundary elements nearly matched that for a barbell

section.

Shear Distortion. Shear-distortion loops for F2 are shown

in Fig. B-170. As in the previously reported tests, shear

"yielding" occurrea aur ing the same cycle in which flexural

yielding occurred. A major portion of the shear distortions

occurred in the lower 3 ft (0.91 m).

A comparison of peak loads and shear distortions in Cycle

27 for Specimens F2 and B7 shows that the effective shear

stiffness in F2 was 76% of the effective shear stiffness in B7.

Slip at Construction Joints. Slip at construction joints

in F2 is shown in Fig. 8-171. The slip at CJl exhibits

yielaing similar to shear "yielaing" during the same cycle that

flexural yielding occurred •. As shown in Fig. 8-172, slip at

CJl was a approximate 15% of the total shear deflection in the

lower 3 it (0.91 m).

A comparison of peak loads ana slip at CJl in Cycle 27 for

Specimens F2 and 87 shows that the effective stiffness in F2

was actually 13% higher than that in 87.

Deflections. Deflection components ana deflected shapes

are shown in Figs. 8-173 and B-174. These figures show tha t

shear aeflections were a relatively constant throughout most of

the test and increased slightly near the end of the test.

A comparison of the portion of deflections attributed to·

shear for Specimens F2 and B7 shows that the shear deflections

were a significantly higher percentage of the total in F2.
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Deflected shapes for Cycles 22 and 24 show only a very

slight decrease in shear stiffness during the 3-in. (76.2 mm)

increment.

Reinforcement Strains. Figures B-175 through B-185 show

reinforcement strains in the specimen at various stages.

Figure B-175 shows the cyclic Ibad versus strain,
relationship for the outer reinforcing bars at the base level.

Figure B-176 shows that yielding occurred up to the 9-ft

(2.75 m) level in Cycle 28.

Figures B-177 and B-178 show the strain gradient in the

vertical reinforcement at various levels.

Figures B-179 through B-183 show the cyclic strain-:-1oad

relationship and the strain gradients in the horizontal bars.

These figures indicate considerable yielding between the IS-in.

to l2-ft (0.46 m to 3.65 m) levels. Figures B-180 and B-181

indicate that yielding occurred near the end hooks at the 3 ft

level for location HA and appreciable stresses were present in

the lower 3-ft (0.91 m) for location HJ. This occurs because

the boundary elements act as dowels in this region.

Figures B-184 through B-185 show the cyclic strain-load

relationship and the vertical strain gradient in the

confinement hoops. These figures differ from similar figures

for the barbell specimens because the gages used were on a

longitudinal leg of the hoops parallel to the plane of the

web. Therefore, these strain are influenced significantly by

shear stresses in the confined boundary element.

B-197



Goge vas I

Load,
Kips

200
19

13

100

- 20000 -10000

..

20000

SI,ain, Millionths

22

VJT..-"

VISV ;/,VGS

I'-VAT

-20000

Gage VIS I

-10000

200

Lood,
Kips

100

-100

25

20000

Sl,ain. Millionlhs

I kip = 4.448 kN

Fig. B-l75 Measured Strains on Vertical Reinforcement
at Base of Specimen F2

B-198



"'~.".

'"

GoQI IIJT'" VI!'--2-

4 10 13

.,
a) Average of VJT and VIS

~t,ft

IS

12

c) Strain Gage VGS

.....;tIt. I•.

'"

VlloT .... vBS
~.---•

--~
10000

b) Average VAT and VBS

~.h...

"

d) Strain Gage VDS

Fig. B-l76 Vertical Reinforcement Strains at
Maximum Loads for Specimen F2

B-l99



"
..

,

l, , ;d\
I I

~I~
Ift.• 0.30S m

I000O

Stroin,
I\.M~jhs

Ca.;.'I:JNGl'
Fw;cl'lJI'!'O'Iq·

0 C 50

"
-SO

GCl'il~ L.:IO;; ~ lion

a) At 6 ft Level

-sao
b) At 3 ft Level

..
F 'I. EJ I H G

<,t"\. -----'''1--

..
js:r'

Mill:oofh'5 ~

5000

.!5COO

-10000

c) At Base Level

Fig. B-177 vertical Reinforcement Strains at
Maximum positive Loads for Specimen F2

B-200



·.
•

I I

111.·0.305 "'

ooסס1

5000

10000

Strci",

M'~tll:Jn1tts ,i,2e

5000

ooסס1

Strcin,

~1I!Iionrh'S

5000

Level

F \ E

b) At 3'ft Level

s,
I

F .. E

"
o

o C SA

\,.
\.---"

D C aA

e'
I
1"'..

o

o C SA

·5000

Fib. B-178

c) At Base Level

Vertical Reinforcement Strains at
Maximum Negative Loads for Specimen F2

B-201



-BOOO

200 19 2225 28
Load, 13
Kips

Gage HE3 100

4

-4000

4

-100

-200 28

4000

Strain, Millionths

BOOO

HE~

@--~
• I"

I II Ii -
®---.

I~ . I Ii ~
';'

II \lIi Il~ Il 11'-
"-HE2

I in.= 25.4 mm
I kip =4.448 kN

-8000

Gage HE2

-4000

200
Load,
Kips

-100

19 ___22

Ey 4000

Strain, Millionths

8000

-200 19

Fig. B-179 Measured Strains on Horizontal Reinforce­
ment for Specimen F2

B-202



L..

""OM I. H,IUI'II, H,llIfil• HIIgl'll, H.i~hl.

" " " " "",

"I
,., " , "

Gill" HJ
(;DO' HG

121 [;jOgl H[ 121 Gogt HO "I GOal tlA121 12

'I~~ooo

5ho,n. ""illl~l1lh.

.,-2"'".000
5hoin, ",,1I1l.nlb."·:?~oo

111.·0,305 m

'000

SI.O'". "',II"~IlIII.

.,,,,,,10000'OOCJ

5 11 0"...., 11I0 11 1'"'.

..
rt",2'

~,~/
.,= <f ~OQO -,"'"

5IUIIII. I.lJllIotlIIlI

to
I

N
o
W

Fig. B-180 Horizontal Reinforcement Strains at
Maximum Positive Loads for Specimen F2



""pl,

"I>

MR1on
'
•,..,

H"Q",I.

"I>

rtl;~hl.

.,
H,I'jIM,,.
I>

GIIOI HA

t'f -:JOOO

SII,,'n, •.1"11101"11"

10
..lj,l"

. ;~.;

.- ··~,~~~~i8

,z

-l~O

'--l~

G''il HD

,; :11000 10000

51101 .. , MiIIlG.. '1l1

_,_ ... 28

"

IfI;O]O~m

_.22:

~QOO -2:.00

51'1111', LtJII,oll'nl

000' HE

"-2')0011.1000

·'-, ........ 2!!1

';H

"

~"IlII .. , .... ILoa"tll.

GaOl ttG

"GIIQI "'J
"

~'~'-"
"-I~

-1:'00 e,:.ooo
S"alll. U'1II1III11l1

til
I

N
a
,p.

Fig. B-18l Horizontal Reinforcement Strains at
Maximum Negative Loads for Specimen F2



12500

S1rain,

"

-2~OO

12500

a) At 9 ft Level

J

A

Galle LoCOlioli

111.°0.305 m

2.2

,'ij

" ~\10

G E 0 A

-2500
Gat;e L cecllon

b) At 6 ft Level

12500

Strain,
M,llionlhs

-2500
c) At 3 ft Level

Cet~eo Loc C1,iol'll

Fig. B-182 Horizontal Reinforcement Strains in Web
at Maximum positive Loads for Specimen F2

B-205



1
I

12500

Sire,"

MiWo. "

Cora_ HA3

t~~~~~~~~~~~~~=-~":a.~,:,.:",~,",:",
<,

E 0 A

<y

D A

Gai;lc LQcation
-25':'~

a) 9 ft LevelAt.
<5

125::10

.'11.'0.305 m
Strain

Mil:;o.
~

\

'~,.
-, r" I

13 \
G E D A

·2500 Ga"e L.oca1ion

b) At 6 ft Level

12500

Strein,

-2500
c) At 3. ft Level

Fig. B-183 Horizontal Reinforcement Strains in Web
at Maximum Negative Loads for Specimen F2

B-206



-4000

Gage TH 8

-2000

Load,
Kips

2

100

922

I ,­
"
,i

4

Strain, Millionths

4000

T.

(j) I I ~

®
I I I -

.. ~- TC •• ~

IT Ii
It I

I 0-
I

-4000

Gage TCB

-2000

Load,
Kips

22

Ey

2000

Strain, Millionths

lin.=25.4mm

I kip= 4.448 kN

4000

-100 10

13

-20 25 22

Fig. B-184 Measured Strains on Confinement Hoop
Reinforcement for Specimen F2

B-207



'"
~

~ 1: _'"

T;7

Heighl,

" +5 5
Helghl,

II.

25

,-/~ \ /II / / V ._~

4000 Ey 2000 0 0 2000 Ey 4000 '. i

Tensile Slloin, Millionlhs Tensile Strain, Millionths

ttl
I

IV
o
00

Fig. B-185 Confinement Hoop Reinforcement Strains at
Maximum Loads for Specimen F2


