
• ..... I •• -
'0'3-1'91.. 1

f
~

REPORT NO.
Uc.a/EERC·82/18
OCTOBER 1982

EARTHQUAKE ENGINEERING RESEARCH CENTER

MECHANICAL BEHAVIOR OF SHEAR WALL
VERTICAL BOUNDARY MEMBERS:
AN EXPERIMENTAL INVESTIGATION

by

MARYANN T. WAGNER

VITELMO V. BERTERO

Report to National Science Foundation

COLLEGE OF ENGINEERING

UNIVERSITY OF CALIFORNIA· Berkeley, California
.fIOlIlIClD ty

NATIONAL TECHNICAL
It-:FORMAnON SERVICE

u. DIPAII••' Of CIIIII(lCI
.'''1110, VA. n.51--- ---------_.__ ._-_._-_ _ _------



For sale by the National Technical Informa­
tion Service. U.S. Department of Commerce,
Springfield. Virginia 22161

See back of report for up to date listing of
EERC repo"s.

DISCLAIMER
Any opinions. findings. and conclusions or
recommendations expressed in this publica­
tion are those of the authors and do not
necessarily reflect the views of the National
Science Foundation or the Earthquake En­
gin841ring Research Center, Univllrsity of
California. Berkeley



..211.-
IIIPGIIr DOQMIITATIOIt IL ........ IL L ·11"'.101'8"....... ....

PM! tI~:F/CEE-82067 PBS 3 159764
.. TlIIe .......... L ..........

Mechanical Behavior of Shear Wall Vertical Boundary Members: October 1982

An Experimental Investigation L

7.~ ........ ·eO .....".........
Maryann T, Wagner ~nd Vitelmo V. Bertero UCB/EERC-82118

.............. a.a" l' ........... -..- ... ......-neeloJWwll UooIt ....

Earthquake Engineering Researc~ Center
University of California. Berkeley .LCIa...lCQ ............

47th Street &Hoffman Blvd. eo
Richmond, Calif. 94804 • PFR-7908984

1& ....,..... 0IIla.'..11: .......... AM-. IL T..-" __ .. PMM e.-M

National Science Foundation
1800 G. Street, N.W.
Washington, D.C. 20550 ...

.L 8u"IIW I .OJ ....
-

1.. -..- (Uooole: 100 __

An experimental program ~as been formulated to examine the behavior of confined edge
members in reinforced concrete wall systems subjected to seismic excitations. This report
describes the design and construction of the testing facility required to conduct such a
program and discusses the first series of experiments and results.

Eight specially shaped concrete specimens were tested to assess the mechanical character
istics of edge members. These specimens were designed to simulate one-third scale models
of t~~ edge members in a prototype 15-story, barbell-shaped wall. Four of the specimens
were cast with circular spiral reinforcement while the remainder were unreinforced. None
of the specimens were longitudinally reinforced.

Both monotonic and ~yclic shear loading were applied in combination with axial forces
to the study of both monotonic and hysteretic responses of the specimens to shear loading.
The effect of transverse cracks, whose widths were axially restrained, on both of the
above responses, was also investigated.

Experimental results indicated that high compressive forces lead to high shear
resistance accompanied by large shear stiffness. The ~esirability of avoiding the
formation of wide cracks that remain open became apparent.

Recommendations are given for further research,

.7. IloalIii..a~ .. Dr ......

b. ..........,OINft IIillN T_

c. COlAn "-llII/a-

'.LA~"""-· ... ......., ea- (nIlS Re-o 11..... ., ......, .
75

! Release Unlimited .. ......, CIMe CTIIIt: '-eel ft. I'riu
: ... .....-........-- 0Pn0RM. fOMlI PI (~7n

(1'..-1, '""5-35)
..... 1't:rfteM of ConMMfCe



MECHANICAL BEHAVIOR or SHEAR WALL
V[RT ICAL BOUNDARY r'EMBERS:

AN EXPERIMENTAL INVESTIGATION

by

Maryann T. Wagner
Structural Designer

H. J. Degenkolb &Associates
Formerly Graduate Student

University of ~31ifornia, Berkeley

Vite1mo V. Bertero
Professor of Civil Engineering

University of California. 8erke1ey

Report to Sponsor:
National Science Foundation

Report No. UCB/EERC-82/l8
Earthquake Engineering Research Center

College of Engineering
University of California
Berkeley, california

Oc i:ober 1982



ABSTRACT

An experimental program has Deen fonnulate4j to eXlr.1ine the behavior

of confined edge members in reinforced concr2te Nall sy~tems subjected

to seismic excitations. This report describes the design and constr~ction

of the testing tacil ity required to conduct such a program and discusses

the first series of experiments and ~sults.

Eight specially shaped concrete ~pecimens were tested to assess

the mechanical characteristics of edge membe~s. These specimens were

designed to simulate onp-third scale models of the edge members in a p~­

totype 15-story, barbell-shaped wall. Four of the specimens were cast

with circular spiral reinforcement while the remainder were unreinforced.

None of the specimens were longitudinally reinforcpd.

Both monotonic and cyclic shear loading were applied in combination

with axial forces to the study of both monotonic and hysteretic responses

of the specimens to shear loading. The effect of transverse cracks,

whose widths were axially restrained. on both of the above responses,

~s also investigated.

Experimental results iildicated that high compressive forces lead to

high shear resistance accompanied by large shear stiffn~ss. The desira­

bility of avoiding the formation of ~ide cracks that remain open became

apparent.

Recommendations are given for furth2r research.
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1. INTRODUCTION

1.1 General Remarks

Efficient design of earthquake-resistant structures requires the

use of a structural system capable of providing stiffness, strength

and stable hysteretic behavior with large energy dissipation capacity.

Post-earthquake damage observations [1,2] and experimental investiga­

tions [3 - 7] indicate that these characteristics can be met with

properly designed reinforced concrete structural wall systems.

The barbell shape has been found to be a particularly advantageous

shear wall cross section for use in seismic-resistant design. The bar­

bell configuration results from a wall panel between two edge members

greater in thickness than the panel. This geometry enables convenient

placement of flexural steel for increased flexural strength and curva­

ture ductility and increases the out-of-plane wall stiffness, reducing

the tendency for lateral instability. In addition, by selecting edge

members with circular or square cross section, confinement of the con­

crete and lateral restraint of the longitudinal reinforcement in the

edge members is facilitated. Such advantages are not as easily realized

in rectangular walls where the edge members are developed within the

thickness of the wall panel. Barbell-shaped walls consequently exhibit

increased rotation capacity. improved restraint against construction

joint slip. and increased shear strength and deformation capacity.

Circular spiral steel can be efficiently used as transverse con­

fining reinforcement in the edge members. The ease of providing small

spiral pitch and uniform radial confi nement makes its use particularly

attractive. Strong and ductile edge members result from this confinement.

1



The addition of well-confined edge members significantly improves

the seismic-resistant behavior of reinforced concrete walls. This

becomes evident from consideration of the possible failure mechanisms

of walls subjected to seismic actions (Fig. 1.1). An efficient seismic­

resistant design requires the shear-types of failure to be avoided or

delayed until sufficient energy is dissipated through flexural yield­

ing. An analysis of the different shear mechanisms clearly indicates

that because of their required confinement the shear wall vertical bound­

ary members (edge members) can act as large diameter dowels or short

ductile columns, thus they can be a significant factor in achieving

the desired response of barbell-shaped walls. Unfortunately, there is

a lack of data regarding the behavior of confined concrete subjected

to high shear and axial loads, and consequently, it is impossible to

acrlJrately predict the response of these edge members to these extreme

combined loadiny conditions. This in turn prohibits an understanding

of wall panel and edge member interaction. To provide the required

information. it was decided to 'investigate the behavior of these con­

fined edge members.

1.2 Objectives and Scope

The objective of this study is to gain an understanding of edge

member behavior under seismic-type excitations. A test program has

been designed to experimentally examine the behavior of confined edg2

members. The ultimate goal is to use the information of this investiga­

tion to develop a rational basis for designing barbell-shaped walls

against the effects of severe earthquake ground motions.
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The sco~e of this report is limited to the initial phase of the

experimental program which consi sted of the design and construction of

the testing facility and the first series of experiments. Only edge

members confined with circular spiral reinforcement were investigated

in this test series. The general experimental setup and testing pro­

cedure as well as the test results and conclusions from the first set

of specimens are pre~ented herein.

3



2. TEST SPECIMENS

2.1 Selection of Test Specimens

The simplest test specimen capable of duplicating prototype edge

member behavior was sought. In addition, a scale suitable for accurately

modeling this behavior was required. The factors governing the selection

of both specimen form and scale are described below.

2.1.1 Seal e

Difficulties in accurately reproducing prototype behavior on small

scale models prompted the use of a test specimen on the largest feasible

scale. It was also desired to correlate test results with one-third

scale coupled shear wall tests performed at the University of California,

Berkeley [8]. Since available testing capacities prohibited the use

of a full-size specimen, a model of the same scale and configuration

a~ that used in the coupled shear wall tests was adopted.

2.1.2 Basic Sl'bassemblage

Several factOtS govp.rned the selection of a subassemblage. First,

tests have shown that crushing of edge member cover has little effect

on the strength and ductility of barbell shear walls [4]. Thus, only

the core was modeled. A nine-inch (229 mm) diameter core was used for

the test specimen. Second, shear wall failure res~:ting from diagonal

tension or sliding s~ear tends to concentrate inelastic behavior in the

edge member over a limited height. To investigate the response of edge

members under such conditions, the core height was selected 3S one of

the main parameters to be studied. For the series of test) reported

herein, the core height was one inch (25.4 mm). To ensure -ailure over

this height, the specimen was specially shaped and strengthened above

5
Prececlng page blank



and below the core by post-tensioning. A square section wa~ adopted

at these locations to facilitate post-tensioning of the concrete and

loading of the specimen. Figure 2.1 illustrates the test specimen

geometry.

To compare and COlltrast the behavior of confined and unconfined

edge members. half of the test specimens were confined with 1/4-inch

(6.4 mm) diameter spiral at 3/4-inch (19.1 rnm) pitch. The selected

pitch permitted one complete revolution of the spiral within the I-inch

(25.4 rnm) core height.

Longicudinal steel was omitted from all specimens in this test

~eries to isolate behavior of the concrete.

2.2 Materials

2.2.1 Concrete

The mix design used in this study was based on a specified 2B-day

strength of 5000 psi (34.5 MPa). Portland cement Type I, coarse and

fine sand, and 3/B-inch (9.5 mm) Inaximum size ag~regate constituted the

~e1ected mix. The same mix design was used f~i' all specimens. minor

modifications of the water-cement ratio adjusted the slump at the time

of casting. Table 2.1 ~hows the mix design.

Although 5000 psi 28-~ay strength was specified. cy1in~~r strengths

at 2B days ranged from 4669 to 5199 psi. On the days of testing (48-69

days after casting) average cylinder strengths ranged from 5022 to 5330

psi. In addition to compression tests, splitting tensile and flexural

(beam) tests were performed on concrete samples for each specimen. The

results of these tests are summarized in Table 2.2.

Additional 6 x 12-in. cylinders were tested for four of the eight

speCime"5 to evaluate the elastic modulus of concrete, Ec ' A stress-strain

6



curve typical of those obtained is given in Figure 2.2. The average

secant modulus at 0.45 fc was 2770 ksi (19.10G MPa). Experimental

secant moduli and those computed from the ACI equation: Ec = 57.000~

[9] are compared in Table 2.2. In all cases the experimental moduli are

considerably lower than the ACI theoretical values. Results obtained by

other researchers suggest that the low experimental values were a conse-

quence cf the sm~ll aggregate size used [10].

Poisson's ratio. v. was also measured experimentally in one of the

cylinder tests. Avalue of 0.15 was obtained at 0.45 f~.

2.2.2 Steel

Deformed #2 steel bars with a nominal diameter of 0.25-in. (6.4 mm)

were used as circ::ular spiral reinfo.'cement. Figure 2.3 shows an av~rage

stress-strain diagram for the bars. The steel yielded at a nominal

stress of 69 k~ i (476 MPa) and att3ined a maximum stress of 92 ksi (634

MPa). Rupt" e of the bar occurred at 24 percent elongation.

2.3 fabrication and Casting of Specimens

A total of 8 specimen3 were fabricated. They were cast fOUf at a

time in a vertical position. Reusable wood forms made of h"jgh density

overlay plywood were used. Figure 2.4 illustrates the procedure followed

in assembling the formwork,

Special care was taken in designing the formwork to be used to cast

thE' core test region (Fig. 2.1). TheselectedformwasradiallytaperE:dfrom

a 2-; nch (5.00 1l1I1) thickness at the outs ide of the spec imen to l-inch (~. 54 n:rl)

at the core. The taper reduced the possibil ity of trapping air in the bottom half

of the specimen while ca!:>ting. facil itated removal of the fonn after casting.

ancl reduced the stress concentration betwpen the core and the post-ten­

sioned concrete above and below it. Modification of this formwork piece

7



permits reuse of the forms in future tests for specimens with cores

up to 10 inches (254 mm) in height.

High strer.gth ~490 threaded rod was used to provide the desired

post-tensioning in the conc~ete adjacent to the core. Conduits were

cast in the specimens to provide ducts for the threaded rods. The

conduits were held in place as detailed in Fig. 2.5. Wooden dowels

glued and nailed to the inside of the forms positioned the conduits

within the formwork. Closed-cell ethafoam was used to seal the conduit

from the wet concrete.

Steel rods 1/4-inch (o.4 mm) in diameter were cast in each specimen

tc attach instrumentation. The arrangement of these fixtures is illus­

trated in Fig. 2.f.

The four confined specimens had identical spiral and pitch. Three­

Quarter inch spiral pitch was maintained with tie wire positioned at

third points along the circumference of the spiral. Anchorage of the

spiral was provided by extending it approximately 5 inches (127 mm)

above and below the C~~e with two udditional turns at each end.

Casting was facilitated by the use of a high frequency hand vibrator.

After casting, the specimens were covered with wet burlap and plastic

for seven days. The forms were stripped on the seventh day. The specimens

were stored in the laboratory at approximately 70°F (21°e) until the

dates of testing. The ages of the specimens at the times of testing

ranged from 48 to 69 days.

8



3. EXPERIMENTAL SETUP AND TESTING PROCEDURE

3.1 General Setup

The experimental setup. including test specimen and testing facility,

is shown in Fig. 3.1. As illustrated. the specimen wzs tested in a vertical

position. The testing facility consisted of a te~t;ng frame. loading

devices. ancillary apparatus. instrumentation. and a data acquisition

system. Each is described below.

3.2 Testing Frame

The testing frame was fabricated from structural steei members.

It was designed to resist forces of 600 kips (2670 kN) axial compression.

200 kips (890 kN) axial tension. and 235 kips (1050 kN) shear on the

5pecimen. A horizontally oriented reaction frame resisted the shear

force applied to the specimen. Figure 3.2 illustrates this framework.

Axial forces were resisted by a cross-head (Fig. 3.1) consisting of

ldrge girders arranged in a g~id. ~he cross-head was supported by four

columns anchored by prestressed rods to the laboratory floor. A beam

and two additional columns supported the weight of the lateral loading

jack.

3.3 Loading Devices

The loads applied to a typical specimen included both axial and

shear loads. The loading systems used for each load type were indepen­

dent of one another. Each is describ~d subsequently.

3.3.1 Shear loading System

The shear load wa~ ap~lied with a double-acting hydraulic jack.

Operating at 3000 psi (20.7 MPa) oil pressure. its maximum load capacity

is 235 kips (1050 kN) push and 176 kips (780 kN) pull. The jack has a

9



stroke of 24 inches (610 mm). The force app1ied by this jack was dirp.ctly

measured by a 200 kip (890 kN) capacity load cell connected be~ween ~he

jack cylinder and the test specimen.

The shear jack was operated by an electrically-controlled servo-valve.

The servo-valve was controlled by an MTS controller. The electricai output

from the loa~ cell measuring the shear force and from ~n LVDT mounted on

the jack measuring the movement of the ram were used as input to the con­

troller transdur.er conditioners. After receiving these sianals. the feed­

back selector determined which would be used as input to the servo-controller.

In this way. the shear loading jack could be operated under load or dis­

placement control. To improve the accuracy of the measurements taken and

to avoid the danger of a sudden collapse resulting from deformation soften­

ing. displacement control was used exclusively in all tests.

3.3.2 Axial Loading System

lack of experimentai data regarding the behavior of concrete subjected

to shear and axial tension led to the development of an axial loading

system with the capability of applying both tension and comp~ession. An

existing 600-kip (2670 kN) capacity single-acting hydrau1ic jack was

capable of applying the required compressive force. The jack has a stroke

of 6 inches (152 mm) and was manually controlled with an air-operated

booster pump. Acompression transducer was mounted directly on top of

the jack. "h~ jack was supported by a heavy movable cart which rode on

large roller bearings on ground rails. permitting unrestrained lateral

displacement of the bottom half of the specimen relative to the top.

To modif~' this system for applying tension. a loading platform con­

sisting of a gr!d of welded heavy structural steel members was used. A

10



pin and clevis connected the platform to the axial jack. Four 1-1/8-in.

(28.6 mm) diameter prestressing rod; were connected to the platform and

inserted through tie-down holes in the laboratory floor slab. The plat­

fonn, rods. and jack are illustl'ated in Fig. 3.3. Beneath the floor. the

rods were connected in pairs by heavy box section beams. A 20D-kip

(890 kN) capacity jack was placed between each beam and the floor slab.

This setup is shown in Fig. 3.4.

A 50-kip (222 kN) capacity load cell was connected to each rod on

top of the loading platform. The net force on the specimen was equal

to the difference of the forces measured by the load cells on the rods

and the axial jack. The signals fro~ the five axial load cells were sent

to an analog computer which produced a single signal of the net axial

force on the specimen.

This loading system provided the capability of applying tenslon,

compression or alternating axial loads to the specimen. To apply com­

pre~sion, the rods were pretensioned against the axial jack for stability.

Each rod was loaded to approximately 5 kips (22 kN). A self-equilibrated

system consisting of the rods, jack, loadlng platform and laboratory

floor results prior to connection of the specimen. After connection,

the axial jack was used to apply the desired compression.

To apply tension, the specimen was first connected to the axial

loading system and subjected to a compressive force of about 1 kip (4.4 kN).

The rods were subsequently tensioned to a total force in excess of the

axial load desired on the specimen during testinq. Retraction of the

axial jack cylinder produced a net tensile force on the specimen.

11



3.4 Ancillary Apparatus

Steel plates encased the specimen and were part of the post­

tensioning apparatus providing biaxial confinement of the concrete

adjacent to the core. The plat~s on the east and west faces of the

specimen were also used to transfer the shear force to the specimen.

These were connected to "ear-shaped" steel plates which were in turn

attached to the shear loading jack at the west side and lateral reaction

bracing at the east. Figure 3.5 illustrates the apparatus.

Proper alignment of the plates penmitted application of pure shear

through the mid-height of the core. The plates were desig~ed to allow

for future modifications in the test specimen so that Cjre heights up to

10 inches (254 mm) can be tested with shear through the center by repo~i­

tioning of the steel plates.

3.5 Specimen Instrumentation

3.5.1 Measurement of Shear Deformations

Shearing deformations are typically given in terms of th~ angular

change between two faces of an element, y. To evaluate the shear defor­

mation of the test core, the relative displac~nt of the top and bottom

of the core in the direction of the apPlied shear force was measured.

Figure 3.6 illustrates the shear deformation quantities.

The expected magnftu~e of the relative elastic shear displacement

was on the order of 0.001 inr.h (0.025 mm), however. large deformation

behavior was also of interest; therefore. an accurate study of the complete

shear deformation res~nse required instrumentation sensitive over a

large range. Linear variable differential transfonner~. LVOT's. were

selected for use because of th~ sensitivity they could provide.

12



It was impossible to ~tilize the test frame itself or an auxiliary

frame as a reference fnJm which to take absolute measurements of the

displacements of the top and bottom of the core as the slightest movement

of either reference would invalidate measurements ta~en in the elastic

range. In addition, the geometry of the setup made it practically impos­

sible to devise a reliable referencing scheme since this required relative

displacement measurements to be taken directly.

The l-inch (25.4 mm) core height limited the space available for

instrumentation and difficulties in reliably mounting the LVOT's wi~hin

this space prompted the use of two different schemes to measure the

average relative shear displacement of the test s~ecimen.

The first arrangement is illustrated in Fig. 3.7 and consisted of:

1) An LVDT holder, designed to slip over the 1/4-inch diameter pin cast

in the top half of the specimen; and 2) An LVrT, mounted in the holder and

measuring the relative shear displacement agai~st the bar cast in the bot­

tom half of t~ specimen (two LVOT's with ranges of ~O.l inch (+2.54 mm)

were mounted in this fashion).

A second system measured the shear displacement at the center of the

specimen. Figure 3.8 illustrates this instrumentation setup, which con­

sisted of: 1) Two 1/4-inch diameter steel bars cast parallel to each other

directly above and below the test section; 2) LVOT holders. connected to

opposite ~nds of the top bar within 1/2 inch (12.7 mm) of the ~ore; 3) Two

small plates, fabricated to fit on the bottom bar; and 4) LVDT's with ranges

of ~O.l inch mounted in the holders and measuring against the plates. The

average of these readings provided a secord measur€ of the shear displacement.

After several cycles of l03ding, the integrity of the core is reduced

by crackipg and/or crushing of the concrete and the reliebility of the
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measurements obtained using the schemes presented at~ve is reduced once

this stage is reached. Alternate schemes were aeveloped to circumvent this

problem. Tw LVOT's with :to.l-inch (±2.54-nm) rangE' were mounted on the

steel plates post-tensioned to the specimens to mea!.ure the relative

displacement of the steel plates.

Two additional LVOT's with ±l-inch (±2.54-nlu) range were also

mounted or. the steel plates, illustrated in Fig. 3.9. These instruments

provided data regarding the specimen response to large displacement cyclic

shear loading. At large displacements, the ±O.l-inch (±2.S4-mm) LVOT's

were disengaged.

3.5.2 Measurement of Axial Defonmations

The axial defonnation of the l-inch (25.4-mm) ~ore was mea­

sured with two LV01's, having ranges of :1:1/2 inch (±12.7 mm),

mounted in holders attached to the steel plates post-tensioned to the

specimen. The LVDT's mea~urcd directly against specially prepared sur­

faces on the plates opposite them. Figure 3.10 illustrates the place­

ment of this instrumentation.

3.5.3 Measurement of Spiral Strain

The confining pressure on the core is directly proportional to

the stress in the spiral. To measure the associated spiral strain,

two weldable strain gages were attached at diametrically opposed p~ints

on the o~tside of the spiral within the exposed test core.

3.6 Data Acquisition System

All transducers used for testing were read at selected stages of

the test directly through a high-speed data acquisitio~ system. Two

X-V-V' recorders were used during testing to provide continuous plots
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of the shear force versus axial load, axial displacement, shear displace­

ment and feedback displacement.

3.7 Testing Procedure and Loading Sequence

At the commencement of testing, a predeten1ined axial load was applied

to each specimen. A summary of the applied axial loads is given in

Table 3.1. The selected stresses of 0.45 f~ and 0.7 f~ correspond to

static and dynamic service level stresses. respectively. In six of the

eight specimens tested, the prescribed axial load was manually held

constant with an air pump. The shear force versus axial load recorder

plot served as a guide for maintaining a constant axial load. Shear

displacements were generally applied according to the loading history

shown in Fig. 3.11.

After specimens SlU4 ar.J S1C4 were initially cracked, the crack

width rather than axial load was maintained constant for the duration

of the test by making manual adjustments of the axial load according to

the recorder pl~t of shear force versus axial displacement.

3.8 Perfonnanc~_~f Test_i_~Jaci1 i.-~

In general, the performance of the testing facility was excellent.

Only minor problems arose during testing of the first specimens which led

to the introduction of slight modifications. Several o{ the bolted friction

connections slipped during application of the shear force. so to eliminate

the f'esul tant "raise" in the test data. ~UIfIl::! of the \,;onnections were welded.

Rotation of the bottom half of the specimen about the pin and clevis con­

nection directly beneath it was also noted and screw jacks were positioned

in the connection to restrain its rotational freedom.
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After the modifications mentioned, the testing facility was proven

to be capable of applying a shear force of 212 k (943 kN), which is

close to the maximum load capacity of the jack used for such a purpose

[235 kips (1050 KN)].
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4. TEST RESULTS AND THEIR EVALUATION

4.1 General Remarks

To facilitate the presentation of experimental results, the discussion

is divided into two parts. Those results obtained under monotonically

increasing displacements are discussed under the heading of Monotonic

Behavior. The results obtained under repeated cycles of deform~tion

reversals are presented under the denoloination of Hysteretic Behavior.

4.2 Monotonic Behavior

4.2.1 Under Constant Axial LOdd

I~jtia~tiff~ess. The initial shear stress. v (obtained dividing the

total applied shear load by the gross area of the core), versus shear

deflection. c • response was linear for all specimens tested under constantv

axial load. as can be seen from the plots of v vs. (,v for four of t1P

Jpecimens shown in Figs. 4.1 and 4.2. Acomparison of these plots indicates

that the initial tange~t stiffness is related to the axial load and a trend

of increasing stiffness with increasing compressive normal stress is suq-

gested.

The dependency of initial stiffness on normal stress is contrary to

the concept of linear elastic behavior. Althouqh concrete is not 3 linear

elastic material. its behavior under low stress levels can be approximated

as ~uch and its elac;tic modulu5. f c ' and Poisson's ratio. \J. remain nearly

constant below a stress 1evel of approximately 0.45 fO, conse~uently. thec

initial shear stiffnes,> should remain constant accordin'l to the l:'(jlJatinn:

EC
G ~ i(l" "+--;:)

Average experiMental values for E and \' yield an averaqe theoreticalc
shear modulus of 1200 ks; (8274 MPa). Experimt?ntZilly deriVf~d shear
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moduli are computed from the equation:

G

where

\v

I

~ form factor (~O for circular cross section)

v = shear stress

y = shear angle (rad)

Experimental and theoretical sheur moduli are compared in Table 4.1.

In all cases the experimental moduli are significantly less than the

vd1ue predicted by linear elastic theory. This inconsistency between

the measured and theoretically computed shear moduli can be attributed

to several factors. Of particular significance is microcrar.king

initiated during curing of the specimens which influences the

linearity of the V-6 response and reduces the measured stiffness.
v

More extensive cracking within the core resulting from handling of th~

specimens is also a possibility which must be acknowledged. Cracking

would result in a significantly reduced initial stiffness. Additionally.

the flexibility of the conduits cast in the specimens near the test

s~ction should be considered as a possible source of deformation tending

to de~rease experimental shear stiffnesses.

The magnitudes ot the elastic shear displacements were near the

level of electronic noise in the data acquisition system in some cases.

The loss of significance which results coupled with the uncertain

internal state of 1eformation require. first. that the results presented

for the linear elastic range ~f behavior he considered approximate. and

second. that this prob1em bf further investigated.
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Initial Strengt~. The average initial shear strengths of the specimens

based on gross cross-sectional properties are listed in Table 4.2. The

experimehtal strengths are compared with shear strengths obtained using

analytically derived expr.2ssions. In 1110St cases the experimental strengths

exceeded the anolytical values, particularly for the specimens subjected

to hi~h axial loads. There is an extreme discrepancy oetween the ACT

values [9] and the experimental result~ because the ACI equation predicts

the diagonal tensile strength of concr~te and not the punching shear

strength associ~ted with high axial loads. The Bresler-Pister equation [11]

was also derived from experimental res lJ1ts where <,hear failure was initiated

by diagonal tension cracking in the concrete.

The deoendency of the experimental shear strengths on the applied

nonnal stress is illustrated in Fiq. 4.3. The general trend of the curve

indicates increased shear strength with normal stress but reduced rate

of increase under high axial loads. It should be noted that for ~implicity

the direct contribution of the spiral to the shear strength of the confined

specimens was hot deducted from the recorded strengths. The contribution

is dependent on the precise nature of cracking in the core and the maximum

possible contributi0n of the spiral steel to thE shear strength is ohly

50 psi (0.34 MPa).

The nonlinear ~h~ar strength versus normal stress relationship was

substantiated by observations made duriry testing. Three general types

of failure were observed: diagonal tension. crushing, and a combination

of the two. Failure under zero normal stres<. was sudden -- a single

diaqonal tension crack fonned ac.ross the specimen. Under a nannal stress

of 0.45 fl. failure was less sudden -- a zone of crushed concrete connected
c

with diagonal cracks provided the failure 5urface. Under an axial stress



of 0.7 f~, the first visible cracks were n~ar1yvertical. The presence

of high shear stress reduced the effective compressive strength of the

concrete, resulting in a crushed zone across the entire core.

Figure 4.4 illustrates the three observed failure modes.

In general. spiral reinforcement will strengthen a concrete core

by providing radial confining pressure that can also help maintain the

integrity of the core by restraining the near vertical ~racking observed

under high axiai loads. In this test series, however, little difference

in strength or behavior was noted between the confined and unconfined

specimens. due largely to two factors. First, the nonma1 stress

levels were not hig~ enough to produce significant confining pressure

by the spiral. The maximum spiral stress produced by the axial stress

on the core was 10 k~i (69 MPa) resulting in 3n average peak confining pres­

sure of 1~0 psi (1.0 MPa). Second. and perhaps the more important

factor. was the post-tensioned concrete ab~Ye and below the test core.

The post-tensior:,ng precompressed the test section prior to testing and

restrained 1~tera1 expansion of the core during testing.

4.2.2 Under Constant Crack Width

Specimen S:C4 was initially loaded in shear while subjected to

constant axial tension. When the maximum shear resistance was reached.

a crack formed across the test section dnd shear loading was continued

while a constant average crack ~idth of 0.02 inch (0.51 mm) was maintained.

The initial shear stiffness measured after cracking F~S 2200 k/in. (385

kN/mm) • approximately one-eighth of the stiffness measured during

initial loading of the specimen in its uncracked state. Specimen

StU4 was subjected to one cycle of shear loading with a constant average

crack width of 0.05 inch (1.3 mm). An initial cracked shear- stiffness of
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600 k/in. (105 kN/mm) was found.

These results indicate .narked1y reduced stiffness for cracked edge

members where crack closure is restrained.

4.3 Hysteretic Behavior

4.3.1 Under Constant Axial Load

The specimens cycled in shear while subjected to a constant axial

load exhibited sihli1ar shear stress versus shear displacement relation­

ships. A typical plot is shown in Fig. 4.5. The load-deflection behavior

is characterized by initially linear response, as discussed previously,

with a subsequent reduction in resistance after maximum shear strength is

reached. In all cases, after two cycles of shear loadinq with shear

displacements of approximate"ly 0.3 inch (7.6 mm), i.e., exceedinQ that

cJrresponding to maximum shear resistance, the shear resistance became

nearly constant. This inelastic behavior represented frictional resist­

ance to she~r. Test results indicate that the frictional shear resistance

increases linearly with normal stress. This relationship is illustrated

in Fig. 4.6.

These results can be un~arstood in terms of the Coulomb-Mohr failure

theory which is expressed by the equation:

v = ptan~ + c

where ~ is the internal friction angle. c is the cohesive strength, p

is the normal stress, and v is the shear strength. If a fully cracked

failure surface has been fr~d, the cohesion is zero. The equation:

Vf = ptan~

fully defines the frictional sheat strength in this caSf.

21



The experimentally derived internal friction angle, ~, was 32D
•

This correlates very well with the average friction angle obtained by

other researchers [12].

Constant frictional resistance was attainable because axial short­

ening of the specimens was unrestrained. Each cycle of shear loading

was accompanied by axial shortening of the specimen du~ to ab,'asion and

grinding of adjacent concrete surfaces. Figur~ 4.7 i11ustrates the

relationship between axial shortening and shear displacement for two

specimens subjected to different axial loads. After small displacement

cycles, the grinding failure was accompanied by near constant axial

distortion per unit shear displacement, independent of the absolute

shear displacement. Under a normal stress of 0.7 f~, Specimen S1C3

exhibited an average axial displacement of 0.07 inch per inch of shear

displacement; Specimen S1C4 under a nonmal stress of 0.3 f~ shortened

an average of 0.03 inch axially for each inch of shear displacement.

Although sufficient data is not available to generalize these results,

a direct proportionality between axial shortening and nonmal stress is

suggested for the range of axial stresses used in this study.

4.3.2 Under Constant Crack Width

Specimen S1C4 was cycled in shear while a constant average

crack width of 0.02 inch (0.51 mm) was maintained. A dramatic

difference in the shear force versus shear displacement relationship

was seen for this specimen. Rather than exhibiting stable hysteretic

behavio~ as did the specimens under constant axial load, the hysteretic

load-deflection c~rve for this specimen showed degrading strength and

stiffness, in addition, the hysteretic loops were highly pinched.
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Similar test results have been found by other researchers [13J. The

shear stress versus shedr displacement response accompanied by the

corresponding axi~l stress versus shear displacement rel~tionship is

shown in Fig. 4.8. The shear stress-sh~ar deflection behavior illustrated

was highly dependent on the normal forces developed during cycling.

Shear resistance was proportional to th~ average axial stress developed

over the cross section by local bearing of aggregate from adjac~nt crack

faces.
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5. APPLICATION OF EXPERIMENTAL RESULTS TO SHEAR WALL BEHAVIOR

5.1 General

The experimentdl results presented in Chapter 4 have limited

applicability. They cannot be directly r'elated to the strength or

deformation characteristics of barbell-shaped walls because testing

was limited to longitudinally unreinforced concrete. The data obtained

can, however. be used to provide insight into th~ pa~ticipation of edge

members in the shear resistance of laterally loaded shear walls. The

potential effect of edge members will be discussed according to the

load history of isolated shear walls.

5.2 Monotonic Loading

Under low shear and axial loads, an elastic distribution of shear

stress will develop across a wall. Elastic theory dictates that the

shear force at this stage is resisted primarily by the wall panel, as

loading increases. however. cracking in the tensile edge member and in

thp wall panel modifies the shear distribut~on. Four static shear

failure modes have been observed.

Web Crushing. This failure mode is common in walls with relatively

thin panels. Flexural cracking along the tensile edge of the wall pro­

pagates diagonally across the wall panel due to the presence of high

shear. The shear force must be transferred across the wall through the

inclined struts between these cracks which results in a small zone of

high compressive stres~es leaain9 to panel splitting and/or crushing.

F1gure 1.1(a)(i) illustrates this failure mode.

The confined compression edge member core is generally sound when

the panel crushes since the effective compressive strength of the core
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is greater than the strength of the unconfined panel. At this sta~e.

the edge members act as short columns to resist the shear and associated

bending and axial forces. No experimentdl data has yet been collected

to predict the shear strength under this situation.

Diagonal Tension. If a wall panel has not been adequately designed to

re~ist shear or if the shear span to depth ratio is small. a sudden

diagonal tension crack can form across the panel resulting in a

sudden transfer of shear to the compression edge me~ber. This failure

mode is illustrated in Fig. 1.I(a)(ii).

The c~pression edge member ultimately fails in punc~i~g shear or

diagonal tension depending on the magnitude nf its axial force. The

data given in Fig. 4.3 provides an estimate of the maximum concrete shear

resistance of the edge member.

Sliding Shear. It is possible to conceive of snear failure due to sliding

at a construction joint. A poor quality ccnstruction joint provides a

plane of weakness susceptible to sliding. Figure 1.1(a)(iii) illustrates

this mode of failure.

Experimental results have indicated. however. that the resistance ut

edg~ members to punching shear is very great. Large shear forces would

be required to deform both edge members sufficiently to pern,~t sliding and

it is likely that the required shear force is in excess of that causing

web crushinq in typically proportirned barbell-shaped ~'jlls. confirming

the lack of sliding shear failures observed in such walls.

Combined Diagonal Tension and Sliding Shear. Under relatively low loads

it is common for a horizontal flexlJral crack to form near the base of a

wall across the width of the panel. Sliding may occur along this crack

26



surfac~. but the strength and stiffness of the compression edge member

prevents the crack from propagating into it. the lateral force on the

wall is consequently permitted to increase. Excessive shear in the panel

can lead to diagonal cracking. Dependiny on the magnitude of the axial

force in the compression edge member and the arrangement of the pan~l

cracks. failure ot the edge member win result from pUf\~hing shear or

diagonal tension. The rnaxil"um corKrete resistance of the edge member

is given in Fig. 4.3.

5.3 "Elastic" eycl ing

Elastic cycling of a shear wall will typica1ly cau~e its ~dge members

to crack in tension. and additi,)nally. a horizontal flexurdl cril...:k. will

likely form acros,; the wall pane. near the base. Since cycl ing is

restricted to the elastic range, the longitudinal steel in the edge

members will not have yielded. Cracks in the tensile edge member will

(except for the effects of volumetric changes) tend to close upon load

reversal. After a few small shear displacement cycles. a lower bound

on the shear resistance of the concrete in the edge member will be given

by the frictional resistance summ~rize~ 1n Fig. 4.6. however as the num­

b~r of cycles increases. the concrete will abrade. An effective

widening of the edge member cracks will result from the abrasion and

grinding since longitudinal steel restrains the axial d1stortion of the

concrete. The steel in the edge members resists most of the lateral

force at this stage. Since the concrete within the cor~ is generally

intdct and confined \'/ith closely-spaced lateral reinforcement. bucklin~

of the longitudinal bars in the edge ffiembers will be restrained, This

will permit the edge member cores to act as large dowels in resisting

27



shear. Experimental data must be collected to estimate this final shear

strength.

Lower bound estimates of the shear strength of edge members are

available from other researchers [4-G]. Tests have been performed on

~3rbel1-~haped shear wall models consisting of square edge members with

cores equal in diameter. similar in concrete strength. and similar in

confinement type and spacin~ to those ',sed in the investigation reported

herein. Pseudo-static. seismic-type excitations were applied to these

wall models according to vario~s load histories. In generd1. flexural

cracks in the te~sion edge member. diagonal cra~ks in the wall pan~l.

and p~rtia1 crushing of the com~ression edge member cover preceded web

crush~ng failure of these specimens. In one specimen which was cycled

elastically and subsequently loaded monotonically to failure [4]. a

maximum shear force of 248 kips (1103 kN) ~as resisted prior to panel

crushing. The loss of the panel as a significdnt shear resisting element

caused the lateral force to sUddenly drop to 180 kips (801 kN). The

axial force on the compression edge member was 380 kips (1690 kN) at

this stage and this edge member remained as the primary shear resisting

element in the wall.

The high axial compression to which the edge member was subjected

likely reduced its shear strength relative to the specimens tested under

225 kips (1000 kN).reported on in this investigation. The average of

the initial shear strengths of Specimens SlU3 and SIC3 was 205 ki~s

(910 kN). ihe apparent reduction in shear strength under higher exiai

loads correlates well with the trend suggested in Fig. 4.3.
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5.4 Inelastic Cycling

Wide cracking in the tension edge member will result from yielding

of the longitudinal steel therein. Upon load reversal, these cracks

will remain open until comparable yielding occurs in the opposite direction.

Resistance from the concrete in the edge member is available only at

large displacements since the shear stiffness of concrete with a finite

crar~ wi~th is greatly reduced. At large displacements, however, the

edge member reinforcement is capable of effectively resisting applied

lateral forces.
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6. CONCLUSIONS AND RECOMMEHDATIOHS

6.1 Conclusions

From observations made during testing and an evaluation of the

experimental results obtained, several conclusions have been drawn.

They are grouped into tireecategories. First, conclusions regarding the

performance of the testing facility are presented. Second, conclusions

concerning the behavior of the test specimens are given. Finally,

implications relating to the overall behavior of barbell-shaped walls

are listed.

6.1.1. Performance of Testing Facility

(1) The test frame has been proven to be capable of applying a

shear force of 212 kips (943 kN). The design load of 235 kips (1045 kN)

shear is likely attainable. but perhapc; insufficient to test 5pecilllens·subjected

to axial stresses in excess of 0.7 f~ and/or those reinforced with longi­

tudinal steel if the height of the core is kept equal to one inch.

(2) Frictional losses in the test frame likely reduced the shear

forces applied to the specimens. The magnitude of these reductions

could not be measure~ with the given testing facility.

6.1.2 Behavior of Tested Edge Member Specimens

The specimens tested provided data on edge members subjected to

axial stresses ranging from 0.02 f~ tension to 0.7 f~ compression.

The conclusions drawn from an evaluation of the test results follow.

(1) The magnitudes of the ~xperimenta1 shear moduli, G. were

smaller than that generally assumed.

(2) The shear strength of all specimens was sensitive to the

applied normal stres~. Increased axial stresses resulted in larger
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shear strengths. The shear strength increased less rapidly at axial

stresses above a se~~ice level of 0.45 f~ when crushing preceded shear

failure. Because punching shear rather than diagonal tension failure

results under the combination of high axial compression and shear, the

ACI equation is too conservative to predict the shear strength of edge

members.

(3) When axial distortion of the specimens was unrestrained, a

constant frictional resistance was obtained under cyclic shear loading.

This corresponded to a concrete internal friction angle, ~, of approxi­

mately 32°.

(4) The monotonic behavior of cracked specimens with crack widths

maintained constant during shear loading was markedly different from

that of uncracked specimens tested under a constant axial load. Maximum

shear resistallce of the cracked specimens was attained at considerably

larger displacements than for the uncracked specimens. An average crack

width of 0.02 inch (0.51 mm) reduced the initial stiffness of Specimen

51C4 to one-eighth of that computed for uncracked Specimen SlUl tested

under zero axial load. The maximum shear resistance of Specimen SlC4 was

only about one-tenth of that measured for the specimens loaded with an

axial stress of 0.7 f~.

(5) The shear stress versus shear displacement behavior of the

specimens cycled in shear under constant crack widths resulted in

strength and stiffness degrading pinched hysteretic loops.

6.1.3 Behavior of Barbell-Shaped Isolated Shear Walls

(1) The high shear strength and stiffness of edge members under

axial compression limits the likelihood of sliding shear failure in
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barbell-shaped walls. Web crushing must first occur to sufficiently

increase the height of the sliding region in the panel. only then will

short column behavior of the edge members be ~nduced.

(2) Tension in an edge member producing yielding of the longitudinal

steel and wide cracking of the concrete will reduce the overall shear

strength and stiffness of the wall as it is cycled in shear. If cracks

are not closed by compression yielding of the steel, only the reinforce­

ment in the edge members will be capable of resisting lateral loads.

6.2 Recommendations for Future Research

Results of the reported inves~igation suggest modifications and/or

further studies in the following areas.

6.2.1 Testing Facility

(1) To enable the stUdy of specimens subjected to axial stresses

in excess of 0.7 f~ and/or those longitudinally reinforced, the testing

facility should be modified to accommodate the increased shear force

demand. Alternatively, the specimen test secr;on c~uld be decreased in

size to reduce the demand.

(2) To assure accurate measurement of the shear force resisted by

a specimen. the frictional losses in the test frame should be monitored.

A load cell placed on the opposite side of the specimen from the shear

loading jack may be found suitable.

(3) An improved scheme to resist rotation of the bottom half of

the specimen is advisable. Screw jacks were used to block the pinned

connection beneath the specimen for a temporary rotational restraint.

6.2.2 Test Specimen

(I) The reasons for the low experimental shear moduli should be

investigated further.
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(2) The core height should be increased to study the effect of

confinement on the shear strength and stiffness of edge members as well

as to investigate the conditions under which diagonal tension failure

occurs in edge members. The introduction of bending will permit a more

in depth study of dowel action or short column behavior.

(3) Longitudinal steel should be added to the specimens to study

the relative contributions of concrete and steel to the shear st~ength

and stiffness of edge members. This will permit an assessment of their

interaction and an understanding of the overall behavior of edge member~.

(4) Under extreme seismic excitations. edge members will likely

be subjected to axial loads in excess of those applied to the ~pecimens

reported on in this investigation (0.7 f~). Axial loads close to the

compressive strength of the specimens should be applied to provide data

over the entire range of potential compressive forces.

Longitudinally reinforced specimens should also be subjected to

axial loads large enough to cause tensile yielding of the steel and wide

cracking in the concrete.

(5) Additional tests should be performed with a range of crack

widths maintained constant during shear loading.

Once the testing procedure is refined and the basic behavior of

edge members is understood the effects of several additional parameters

should be studied. These include the amount and type of confinement.

load history. rate of loading, concrete strength, and aggregate type.
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TABLE 2.1 - CONCRETE MIX

Material Wt. for 1 cu. yd.* (lbs)**

Cement Type I 6.36

Fine Sand 325

Coarse Sand 1316

Aggregate 1287

Water 326

* 1 cu. yd. = 0.765 m3

** 1 lb. = 4.45 ~
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TABLE 3.1 - AXIAL LOADS APPLIED DURING TESTING

Axial Stress Axial Stress Constant Average
Specimen During Monotonic During Shear Crack Width During

Shear Loading Cycling Cycling

SlUt 0 - -

SlU2 0.45 f~ 0.45 f~ -
SlU3 0.7 fl o 7 fl -C . c

S1U4 - - 0.05" (l cycle)

SICI - 0.16 f' -c

S1C2 0.45 f~ 0.45 f~ -
S1C3 0.7 fl 0.7 fl -c c
SIC4(a) -0.2 f' - 0.02"c

(I») - 0.3 fl -c

(- not included in test)

Specimen Designatiol!

1 in. = 25.4 I1IIl

S I utc 2

II LLspeCimen Number
Qnconfined/~onfined

Test Series Number
Shear Test Series
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TABLE 4.1 - COMPARISON OF EXPERIMENTAL AND
THEORETICAL SHEAR MODULI

--
Axial Experimental AveraQe Theoretical

~pecimen Stress. p Shear Modulus. G Shear Modulus, G
(ksi)* (ksi)

S1C4 -0 2 f' 300 I 1200· c

SlU1 0 310

S1U2 0.45 f~ 330

51C2 0.45 f~ 280

S1U3 o 7 f' 560
• c

S1C3 o 7 f' 540 W
· c

.. 1 ksi 6.895 HPa
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TABLE 4.2 - COMPARISON OF EXPERIMENTAL AND THEORETICAL SHEAR
STRENGTHS OF INITIALLY UNCRACkED SPECIMENS

Axial Shear Strenqth. Vu (psi)·
Specimen Stress Analyticalp (psi)

Experimental
(1) (2)

-~- ----~---

SlC4 -94 318 0 346

SlUl 0 266 143 406

SlU2 2177 2516 300 813

SlC2 2200 2617 303 987

SlU3 3513 3116 395 754

S1C3 3536 3339 404 1234

• 1 psi = 6895 Pa

(1) Vc = 2 (1 + 20:~ Ag)~ b d [Ref. 9]
w

Vu V/Ag

(2) la = 0.949 0a + 0.05 f~ [Ref. 11 ]

where ~
[2 . i

'a = 11 - 31 2)

1
°a = "3 11
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(c) (d)

Fig. 2.4 Formwork Assemblage Procedure
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(e) (f)

(9)

Fig. 2.4 COntinued
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Fig. 2.4 Continlled
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Fig. 3.3 Axial Loading System
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DIRECTION OF
SHEAR LOADING.-- HOLDER

Fig. 3.7 Shear DeforMation Instrumentation - Scheme 1

DIRECTION OF
SHEAR LOADING.---.

Fig. 3.8 Shear DefOrMation Instrumentation - Scheme 2
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Fig. 4.5 Typical Cyclic V-6v Djagram
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