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ABSTRACT

This report presents the results of thirty-one cyclic, in-

plane shear tests on fixed ended masonry piers having a height to

width ratio of 1. These thirty-one tests form part of a test

program consisting of eighty single pier tests. A previous-report

presented the results of fourteen tests of piers having a height

to width ratio of 2 and subsequent reports will present the test

results of the remaining thirty-five tests.

The test setup was designed to simulate insofar as possible

the boundary conditions the piers would experience in a perforated

shear wall of a complete building. Each test specimen was a full

scale pier 56 inches high and 40 inches wide. Three types of masonry

construction were used; hollow concrete block and hollow clay brick,

both with 8 inch wide units, and a double wythe grouted core wall,

10 inches thick, that consisted of two clay brick wythes 3k inches

thick and a 3 inch grouted core. The other variables included in

the investigation were the quantity of reinforcement and the type of

grouting.

The results are presented in the form of hysteresis envelopes,

graphs of stiffness degradation, energy dissipation and shear distor-

tion, and tabulated data on the ultinate strength and hysteresis

indicators. A discussion of the test results is presented but no

definitive conclusions are offered. These will ha included in a

final report at the completion of the eighty tests.
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l. INTRODUCTION

1.1. The Multistory Masonry Building Research Program
(

.

A multistory mascary building research program was initiated at the

Earthquake Engineering Research Center in September 1972, and has continued

*for the past six years. After an extensive review of literature
,

dealing with resistance of masonry to earthquakes, it was concluded that

shear walls penetrated by numerous window openings (Fig. 1.1) were the

cor.ponents of multistory masonry buildings host f requently damaged in past

earthquaAes, and it was decided that an experimental study cf the seismic

behavior of such components was necessary.

Two types of structural components can be identified in the shear

wall of Fig. 1.1, the piers and the spandrel beams. In order to study the

pier behaviar, a testing fixture was designed to subject typical full-

scale double pier specimens to combined static vertical (gravity) and

cyclic lateral (seismic) loads (Fig. 1.2). The results obtained from

,8]
seventeen such specimens have been reported by Mayes et al. These.

results show significant variations in the pier behavior with the various

test parameters including the type of grouting, types of reinforcement and

the rate of loading. The results were not conclusive and demonstrated the

need for more extensive tests to establish definitive parametric

relationships.

The cost of the double pier tests, both in money and time, pre-

cluded carrying out extensive parametric variations with the double pier

test setup and, consequently, a single pier test system was designed

which greatly simplified the investigation (Fig.1.3) . A series of eighty

References are arranged in alphabetical order of the authors names,*

and are listed at the end of the text.
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single pier tests was planned, which included the following test para-

meters: type of masonry construction, height to width ratio of the piers,

type of grouting, and amount and distribution of both vertical and hori-

zontal steel reinforcement. The present report deals with the experi-

mental results of specimens with a height to width ratio of 1.

1.2 Objectives and Scope of the Single Pier Test Program

In determining the shear strength of masonry piers and panels, the

first step is t? evaluate the mode of failure. Because most failures in4

past earthquakes have been characterized by diagonal cracks, many

research programs have concentrated on this type of failure mechanism.

Test techniques used by Blume[1] , Greenley and Cactaneo[21 , and others

induce the diagonal tension or shear mode of failure. Scrivener , Meli ,

Williams [14] and Priestley and Bridgeman recognized that there are

two possible modes of failure for cantilever piers. In addition to the

shear or diagonal tension mode, they recognized that for certain piers, a

flexural failure occur. This mechanism is characterized by yielding**

of the tension s . 1 of the wall, followed by a secondary failure at the

compressive toe, with associated buckling of the reinforcement once con-

finement is lost. Meli described the flexural failure as similar to

that of an under-reinforced concrete beam; i.e., extensive flexural

cracking and strength limited by yielding of the reinforcement with failure

finally due to crushing of the compressive corner or to rupture of the

extreme bars.

Because the double pier tests were the first fixed ended piers to

be tested cyclically, the objective of those tests was to determine the

effect of various parameters and compare the results with those obtained

by others on cantilever piers. Both the shear and flexural modes of

failure were included in that investigation.
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1

One of the main objectives of the single pier test program was to

investigate thoroughly the effects of different parameters on the behavior

shown with the shear mode of failure. It was evident from the double

:
! pier test program that the flexural mode ot' failure in a fixed ended pier
I

has desirable inelastic characteristics, although these are not as
,

desirable as those obtained by Priestley in centilever piers.

Furthermore, it was recognized that for fixed ended pters, with height

to width ratios commonly found in multistory buildings, the amount of

horizontal reinforcenent required to indace a flexural mode of failure is i

i

substantially greater than that required by current codes. Therefore,

it was decided to investigate the effects of lesser amounts of horizontal

reinforcement on the shear mode of failure to determine if desirable

I

inelastic behavior could be obtained.

The thirty-onc tests reported herein are a part of a total program
i

of eighty single pier tests; a matrix characterizing the first sixty-three

tests is shown in Table 1.1. The parameters for the rer ning seventeen

tests will be selected after an evaluation of these six:y-three. The

! test parameters, other than the type of construction and height to width

ratio, include the amount of reinforcement and the effect of partial grout-

ing. Hollow concrete block piers having height to width ratio of 2 were

not included in the single pier test program because such piers were

i investigated in the original double pier tests.

This report presents the results for piers with a height to width

ratio of 1 of which eleven tests were performed on hollow concrete block

specimens (HCBL), thirteen on hollow clay brick specimens (HCBR) and seven

on double wythe grouted core clay brick specimens (CBRC). A previous

report presented the results obtaincd from piers with height to width

. _ _ . _ - . . . .- - . __. - - .. - - - _ ,
-
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ratio of 2, and a subsequent report will present the results obtained from

the sing'e pier specimens with height to width ratio of 0.5. The results

from the series of seventeen specimens which will complete the proposed

research program also will be presented in a separate report. The

organization of the present report is similar to the previous one on

piers with height to width ratio of 2 The general background of the.

single pier test program has been included again in order to make this

report as self-contained as possible.

4

-
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2. TEST SPECIMENS

; 2.1 Design and Construction of Specimens '

The overall dimensions of the test specimens discussed here are

shown in Fig. 2.1. They are the same for all thirty-one piers except for

i
the thickness, which is 7 5/8 inches for the hollow concrete block piers

(HCBL), 7 3/8 inches for the hollow clay brick piers (HCBR) and 10 inches

for the double wythe grouted core clay brick piers (CBRC) .

The HCBL panels were constructed from standard two-core hollow

concrete blocks nominally 8 inches wide x 8 inches high x 16 inches long,

as 'shown in Fig. 2.3(a). The cored area of each block is approximately

50.6 square inches and the ratio of net to gross area is 58%.
.

The HCBR piers were constructed from standard two-core hollow clay

! bricks nominally 8 inches wide x 4 inches high x 12 inches long, as shown

in Fig. 2.3 (b) . The cored area of each brick is approximately 57.4

square inches and the ratio of net to gross area is 67%.
f

{ The CBRC piers were constructed from two wythes of solid clay
i

! bricks nominally 4 inches wide x 4 inches high x 12 inches long, as shown

| in Fig. 2.3 (c) . The grouted space between the wythes was 3 1/2 inches

wide and was filled after the steel reinforcement had been placed in
!

; position.
]
'

The piers were constructed on 0.75 inch thick steel plates as

shown in Fig. 2.2. A similar plate was added on top of the pier after

l the grout was poured. Both plates had holes to permit anchorage of the
;

vertical steel reinforcenent and keys to provide an adequate sheari

transfer between the masonry pier and the steel plate. The plates also
2

had welded bolts and holes to anchor the pier to the test rig.

Seven of the eleven HCBL piers and nine of the thirteen HCBR piers

. _ __ _ _- _ , . _ _ .
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were fully grouted. The remaining fou' piers in each of the FCBL and

HCBR series were partially grouted. Fdrtial grouting consisted of grout-

ing the cores containing vertical reinforcement and the bond beams

containing horizontal reinforcement. All the CBRC piers had the 3 1/2

inch core between the wytbos fully grouted and have been termed " solid

grouted".

Th3 series of tests was planned to determine the effect of the

quantity of steel reinforcement and of partial grouting on the strength

and deformation properties of the piers, considering combinations of

steel and grouting as shown in Table 2.1. Details of the reinforcing bar

arrangements are shown in Fig. 2.4(s) for the HCBL piers, in Fig. 2.4(b)

for the HCBR piers and in Fig. 2.4(c) for the CBRC piers. The actual

position of'the vertical reinforcement is indicated in Fig. 2.1. When

horizontal reinforcement was used, the bars were evenly distributed over the

heicht of the pier.

2.2 Material Properties

Table 2.2 shows the mechanical properties of the materials used in

the construction of the test specimens. The specimens used to determine

the material properties are shown in Figs. 2.3(a), (b) and (c).

The tests of the single masonry units followed the ASTM C67-73

Specification and were based on five samples for each test.

The joint mortar was specified as standard ASTM type M (i.e., 1

2 1/4 - 3 Sand, by volume), with a minimum compressiveCement : 1/4 Lime :

strength of 2,500 psi at 28 days. The grout was specified as 1 Cement :
!

3 Sand : 2 G, where G refers to 10mm maximum size local gravel. Because

the specimens were not constructed or grouted at the same time, the

mortar and grout strength varied according to normal workmanship. A
i

i

I
t

i
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minimun of three samples of both mortar and grout was taken from each

batch used during construction.

ASTM A615 steel was specified for both the vertical and horizontal

steel reinforcement. Yield and ultimate strengths are listed in Table 2.2.
,

Three prisms for uniaxial compression tests (Fig. 2.5) and three

square panels for diagonal tension tests (Fig. 2.7) were constructed from

the same mortar and grout used in each set of wall panels. All the prisms

were fully grouted and had a height-to-thickness ratio of 5. Their com-

pression tests were performed at a loading rate of 12,000 lb/ min, and the

compressive strengths are shown in Table 2.2. In the case of the HCBL

prisms, the compression tests were also used to determine the modulus of

clasticity as shown in Fig. 2.5. The axial deformations were measured

with mechanical gages attached to both sides of the prisms, over a length

of 12 inches. The readings were averaged and plotted as indicated in

Fig. 2.6. The average modulus of elasticity for six samples was 1,140 ksi.

The square panels were tested as shown in Fig. 2.7 at a loading

rate of 8,000 lb/ min, and the ultimate load is shown in Table 2.2. A

modified diagonal tension test setup was also used to duplicate some of

the simplified tests. The modification was intended to provide better

boundary conditions for th, application of the shear load, and is discussed

in detail in reference [8], However the time and cost spent on the
1

modified diagonal tension tests were not worth the small improvement

obtained in the test resuP s when compared with the simplified test setup.

Because of this, the use of the modified diagonal tension test in the

single pier test program was discontinued.

The mortar, grout, prism and square panel samples were cured under

the same normal atmospheric conditions as the piers; also the prism and

.
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TABI2 2.1
i

TEST PROGRAM

Groating Peinforcing steel

Pier General Characteristics Fr ency i (P) Vertical Horizontalg on
(CP8) solid (F)

Masonry typet Hollow Concrete Block HCBL-11-1 1.5 F No No

Pier heights H = 56 in -2 1.5 P No No

Pier widths D = 48 in -3 1.5 P ts5 No

Pier thickness: 7.625 in -4 1.5 F 205 1e5

C_-oss section area: 366 in -5 1.5 P 285 105

Bearing load: 20 kip -6 1.5 F 2s5 485

Bearang stress 55 psi -7 1.5 F 298 No

-8 1.5 P 2s0 No

j -9 1.5 F 208 285

-10 1.5 P 288 245

-11 1.5 r 2e8 de6

I

Masonry typer Hollow Clay Brick HCBR-11-1 0.02 F No No

Pier height H = 56 in -2 0.02 P No No

Pier width: D = 48 in -3 0.02 F 295 No

Pier thickness: 7.375 in -4 0.02 P 245 185

Gross section area: 354 in -5 0.02 P 285 145

Bearing load 20 ..p -6 0.02 F 285 5#5

Bearing stress: 56 psi -7 0.02 F 205 545
,

|-8 0.02 P 298 No

-9 0.02 P 288 No

-10 0.02 F 2#8 2#5

-11 0.02 P 288 2#5

-12 0.02 F 2ss 586

-13 0.02 F 2#8 Se6

J

Masonry type Double Wytbe Grouted CBRC-11-1 0.02 S No Noi

Core Clay Brick -2 0.02 S 285 No

Pier height: H = $6 in -3 0.02 S 245 195

Pier width: D = 48 in -4 0.02 5 245 Se5

Pier thickness: 10 in -5 0.02 s 298 Nc

Gross section area: 480 in -6 0.02 s 2#8 2#5

Bearing load 20 kip -7 0.02 S 2e8 506
;

Bearing stress: 42 psi
,

!

i

- _ _ _ _ . - _ _ _ _ . . _ _ _
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thBLE 2.2

MA7FB1%L PWTEPf1ES

Vertical Densforcement Horisoettal Re&hforeament
Masonry Unit

Gros s het skatter Grout Pesas (5:1) Utt amate

cumpreessee tonsale compromotvo Caspresolve Coopressive Imd of Y1e'd Ultimate field Ul t imate

strengt h Strength Strength Strength St rength Sq. Penel Strength St a ength Strength Strength

Spec imen (peal (psil (pal) (pst) (pell (kip) (kall (ksl) (kst) (kst)

sc3L-11-1 2754. Is3 0. 1330. 58.4 - - - --- --* ---
*

-2 2754, 3810. --- *** --- --- - * - - - -

-3 2965 4020, 1833 64.5 70.81 138.71 --- ---

-4 2 9b5. 4020, 1833. 64.3 70.81 108.71 47.91 75.65

-5 2754. 3 E10. * * * - - - 70.81 108,71 47.91 75.65

-6 2965. 40J 0. 1833. 63.4 70.81 108.71 47.91 75.45

-7 2322. 6845. 1905. 78.1 69.20 105.91 - - - - - -

-8 2942. 6860 --- --- 69.20 105.91 - - - ---

-9 2042. b8 30. 1905. 78.1 69.20 105.91 47.91 75.65

69.20 105. +1 47,91 75.65
'^ 2122. 6e95. - - - , - - -

1

.1 2222. %815. 1330, 62.7 69.JO 105.91 71.85 10J.25
4

-

AveraJe 1800 293 2728, 5263. 1710. 67 69.9 107.2 52.2 80.1

__.

NCB R- 11-1 3040. 4225, 2535, 144.1 --- - - - f --- - - -

-2 3843, 422g, - - . - - - --- --- --- --

-3 3e 50, 4225. 2535. 144.1 75.00 113.00 --- - - -

-4 3044. 4)27, 2722. 185.8 71.34 138.07 70. 'e0 1 09.04

-5 1834, 5740. --- - - - 71.34 108.07 70.00 109.04

-6 4116, 4857 7722. 171.9 71.34 Ite.07 64.20 100.33

-7 1870. 4225. 2 $ 35. 144.1 75.00 113.00 72.60 1 39.7

~8 3080. 4207, 2864. 149.9 69.20 105.91 - - - +--

t' -9 38 18. 5783. - - - --- 69.20 105.91 - - - ---

-10 1044. 4127 2722. 185.8 72.87 112.19 68.71 95.32

all 3044. 412?. --- - - - 72.87 112.19 68.71 95.32

-12 1870. 4225. 2535. 14e .1 76. D0 108.20 73.85 142.25

-il 3;44. 4127 2722. 185.8 72.87 112.19 74.66 109.89s

Avera ge 5816 466 3270. 4543. 2655. 162. 72.5 1 09.1 70.3 103,9

CB RC-11-1 2640 4230. 2507 142.0 --- --- --- - - -

-2 2640, 4230. 2307 142.0 71.72 110.11 - - - ---

|

-1 2640. 4230, 2507 142.0 71.72 110.11 68.28 102.17

-4 264C . 4230. 2507, 352.5 71.72 110.11 68.28 102.37

-5 2640. 4230. 2507 142.0 72.87 112.19 - - - ---

-6 2640. 4210. 2507. 152.5 72 87 112.19 73 87 106.46

-7 2643. 4230. 2507, 152.5 72.87 112.19 74.66 1 D9.89

Average 5443 253 2643. 4210. 2507. 147 72.3 111.2 71.3 105.3

i

.- -
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3. TEST EQUIPMENT AND PROCEDURE
l

j 3.1 Test Equipment
i

The test equipment shown in Figs. 3.1 and 3.2 permits lateral

loads to be applied in the plane of the piers in a manner similar to,

which a floor diaphragm would load the piers during carthquake

excitation. It consists of two 20 feet high, heavily-braced reaction,

:

; frames supporting a pair of horizontally acting hydraulic actuators;
I

a mechanism capable of applying vertical bearing loads similar to the

gravity loads experienced by the piers in an actual structure; a bottom
4

beam composed of a concrete base and a wide flange steel beam which

provides anchorage to the test floor and suitable connection holes to'

the bottom plate of the specimen; and a top beam fabricated from two wide

flange, steel beams as shown in Fig. 3.1. The top and bottom beams

simulate the action of the spandrel beams in actual masonry construction;

they are connected by two steel columns located 10 feet 7 inches apart,

which prevent rotation of the top beam and thus provide approximate

fixed-fixed end conditions during the test.

The maximum dynamic load which may be developed by each of the,

| horizontal actuators is 75 kips, using a hydraulic pressure of 3,000 psi.

The maximum stroke is i 6 inches, the maximum piston velocity is 26 in./sec

and the flow capacity of the servovalves is 200 gpm. Either displacement
I

{ cr load can be controlled with these actuators. Their operational capa-

bilities are limited by the above mentioned force capacity, and also by

a frequency limitation of about 5 Hz. The actuator control consoles are

shown in Fig. 3.5.

A vertical load up to 160 kips can be applied to the pier through

! the springs and rollers shown in Fig. 3.2. The Thomas Dual Roundway

.__ ,. _ _ _ . . , _ . _
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Bearings connecting the springs to the top of the panel allow the panel

to move freely with minimal friction force. The coefficient of friction

of bearings is purported to be 0.007.

An additional vertical, compressive load results from the charac-

teristics of this test setup. As significant lateral displacements are

imposed on the top beam by the hydraulic actuators, the constraint pro-

vided by the side columns forces the top beam to move in a circular arc.

The vertical component of this motion is opposed by the axial stiffness

of the pier, resulting in a compressive load being applied to the pier.

The significance of this additional, cyclic varying compressive load on

the test results is discussed in Chapter 5.

Each pier was constructed on a 0.75 inch thick steel plate and had
:

a similar plate on top, as discussed in Section 2.1. Th.s allowed the

piers to be moved into place before each test and bolted to the bottom

and top steel beams. Prior to the bolting process, hydrostone was

placed between the surfaces of the plates and beam flanges as wall as

between the top plece and the top brick course of the pier.
!

3.2 Loading Sequence

| Each pier was subjected to a series of displacement controlled,

in-plane shear loads. The full sequence of loading consisted of sets of

three sinusoidal cycles of loading at a specified actuator displacement

,
amplitude. The specified amplitude was gradually increased; the full

loading sequence is given in Table 3.1. After each stage, (one set of

three sinusoidal displacements at the same amplitude) , the walls were

visually inspected and the crack pattern identified and photographed.
I

The sinusoidal cycles were applied at the frequency of 1.5 cycles per
,

second during the HOBL pier tests and at 0.02 cycles per second for the

- -. _ _ .- _. _ . - - _ . - - .- . - - - . _ -
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.

remainder of the test program.

The test of each pier had a duration of 2\ to 3 hours. The test

was usually terminated when the shear strength of the pier had dropped

I below one third of the maximum shear strength. At this stage the pier

generally was not capable of supporting significant vertical loads. All

the tests were carried out under a constant primary bearing stress of

55 psi (HCBL piers), 56 psi (HCBR piers) or 42 psi (CBRC piers) . Addi-

; tional cyclic vertical compressive loads were developed during the test,

I as described in Section 3.1 and discussed further in the following

chaptors,

i

Partially grouted piers were subjected to maximum input displace-
i

ment amplitudes of 0.20 inch to 0.45 inch. Fully or solid grouted piers

i failed at input amplitude displacements ranging from 0.30 inch to 0.80

inch.

Because of the flexibility of the reaction frame and other load
!

transferring devices, the lateral displacement actually experienced by
.

the pier was always less than the actuator input displacement, this

'
difference being smaller towards the end of the test when the pier stiff-

,

j ness had attained its lowest values. There was also a slight difference

l
; between the maximum loads developed during the push and pull half cycles

i

due to the different type of stress placed on the bolting system and to

the different pier stiffness associated with non-symmetric crack patterns.

3.3 Instrumentation'

The total horizontal load applied by the hydraulic actuators, as
!

well as the vertical forces developed by the side columns, were measured

! using pre-calibrated load cells. Each pier was instrumented as indicated

i

| in Fig. 3.3,

I

|

_ . _ _ . _ . _ - _ . _ _ _ - . , . - _ _ _ _ __
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DCDT's (direct current differential transformers) H and H w rey 2

attached to an external reference frame in order to measure the lateral

deformation of the pier during each sequence of loading. The difference

between H and H was used to indicate the relative lateral deflection2

of each pier. DCDT's D and D measur d the changes in distance betweeny 2

points along the diagonals of the pier and were used to indicate the

shear distortion of the pier as defined in Fig. 3.4.

3.4 Data Acquisition and Data Processing

Two different data acquisition systems were used during the test

program. The main one consisted of a high speed scanner able to handle

up to 25 channels of information, and the corresponding tape recording

system (Fig. 3.5). Three computer programs were used to read the original

tape, input the calibration values and geometrical data of each pier and

to reduce the response data to their final presentation in computer plots.

The second data acquisition system was used to monitor the progress

of the test and to act as a back-up system in case of any failure in

the main system. It consisted of a tirect writing oscillograph (visi-

corder) and was used only to record the most important data; namely,

forces at the actuators and side columns, actuator stroke and lateral

displacement of the pier. This second data acquisition system proved to

be extremely useful in detecting occasional malfunctions of the actuators

or the instruments attached to the pier and provided excellent visual-

ization of the behavior of the pier as the test progrecsed.

.

_ _ _ _ . _ _ _ _ _ _ _ _ . _ _
- -
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TABLE 3.1

IDADING SEQUENCE

i

INPUT DISPLACEMENT INPUT DISPLACEMENT,
.

STAGE AMPLITUDE STAGE AMPLITUDE

(in) (in)

1 0.02 11 0.35

2 0.04 12 0.40

13 0.45

3 0.08 14 0.50

4 0.10 15 0.55

5 0.12 16 0.60

6 0.14

7 0.16 17 0.70

18 0.80

8 0.20 19 0.90

20 1.00'

9 0.25 21 1.10

10 0.30 22 1.20

*Each stage consists of three sinusoidal cycles at .he
amplitude shown

P

' _ _ _ _ _ . _
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4. TEST RESULTS

4.1 Introduction

i The experimental results for the thirty-one piers having a height

to width ratio of 1 are presented in the form of hysteresis loops,

hysteresis envelopes, stiffness degradation properties, energy dissipation

characteristics, and relative shear distortion. In addition a sequence

of phctographs of the successive crack patterns is given for each test.

An explanation of how each of the graphs was obtained and the meaning

of the terms used above is included in Section 4.3. The complete

presentation of the figures and photographs has been arranged by test

numbers and is included in Appendix A.

In addition, data on the ultimate strength and hysteresis indicators

for each test are listed in Tables 4.l(a), (b) and (c) . A discussion of

the modes of failure observed follows in Section 4.2 and a discussion of

the test results is presented in Chapter 5.

,

4.2 Modes of Failure

All c.he thirty-one piers displayed a shear mode of failure (Fig.

4.1). This is characterized by early flexural cracks at the toes of the

pier (horizontal cracks) and later augmented with diagonal cracks that

extended through a partial zone of the pier. As'the horizontal load

increases, oc a consequence of the increase in the flexural moment

capacity of the sections of the pier the. diagonal tensile stress-reaches

the tensile strength capacity of the masonry with resulting large diagonal

cracks characteristic of the shear Lode of failure (Fig. 4.1) . The

diagonal tensien or shear failure generally coincided with the ultimate

strength of the pier and was followed by a strength degradation character-

ized by the opening of diagonal cracks and the inability of the walls to

, - _ _
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maintain a serviceable condition.

In some of the fully grouted specimens (HCBL-ll-6, HCBR-ll-3, 4,

6 and 7, and CBRC-ll-2, 3, 4, 6 and 7) the shear failure was accompanied

by yielding of the vertical steel reinforcement. This is what has

previously been called a combined shear and flexural mode of failure .

After the first flexural cracks occurred at the toes of the pier and as

the horizontal load increased, the vertical steel began to yield and the

corners of the pier developed high compressive stresses. The additional

compressive load, induced by the test setup with the increase in lateral

deflection, allowed the critical moment sections (top and bottom of the

pier) to increase their flexural moment capacities.. thus enabling the

horizontal load to increase while the vertical reinforcement sustained

further yield deformation. This process continued until the shear

strength of the pier was attained and full diagonal cracks developed as

in the shear mode of failure.

The partially grouted piers (HCBL-ll-2, 5, 8, 30 and HCBR-11-2,

5, 9 and 11) showed a shear mode of failure. These piers required much

less horizontal load to develop the ultimate shear strength and as a

result no yielding of the vertical reinforcement occurred. Correspondingly

the amount of compressive load developed at the ultimate load was generally

smaller than that for the tests of the fully grouted piers.

i
| The solid grouted core clay brick piers displayed a shear failure
:

characterized by a split betveen the grouted core and the brick wythe, as

shown in Fig. 4.1.

I
l

4.3 Load-Displacement Charactaristics

i

As mentioned before, Tables 4.1 (a), (b) and (c) summarize the

strength and hysteresis characteristics of the piers and Appendix A

1

!
,

i
|

__ _ ___
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presents the test results for each of the specimens.

The details of the derivation of each of the figures compiled

in Appendix A is discussed in the following sections.

a) Hysteresis Loops (Shear Force vs. Lateral Deflection Diagram)

This graph was obtained by plotting the horizontal load against

the relative lateral displacement of the pier for the whole duration

of the test. The horizontal shear force was directly obtained from

the load cell readings. The relative lateral displacement was com-

puted from the difference between the lateral deflections at the

top and bottom of the pier (H -H as defined in Fig. 3.3).
2

b) Hysteresis Envelopes

This plot was obtained from the hysteresis loops by averaging

the absolute values of the three extreme positive and the three
b

extreme negative forces and the corresponding absolute values of the

relative lateral displacement, for each stage of the test at a given

input displacement. One point on the hysteresis envelope was obtained

for each stage of 3 cycles of loading. The average lateral displace-

ment obtained in the hysteresis envelope is always less than the input

displacement, as explained in Section 3.2.

The maximum strength obtained from the hysteresis envelope is .in-

dicated in Tables 4.1 (a), (b) and (c) under " average ultimate shear

force or stress", (the stress values are computed by dividing the

horizontal force by the cross section area of the pier) . The " peak

ultimate shear force or stress" values that appear in Tables 4.l(a),
,

1

4 (b) and (c) were obtained from the maximum force (stress) developed in

any one cycle of loading. The average value is always less than the

peak value, varying from 81S. to 98% of the peak value. The

compressive load at ultimate indicated in Tables 4.1 (a), (b) and

_. .
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.

(c) corresponds to the maximum axial compressive load developed

during each of the tests. This maximum value usually occurreda

i at the same time as the peak ultimate shear force, and is computed

from the readings of the load cells located in the vertical columns

plus the bearing load applied prior to each test (Table 2.1).

The last two columns of Tables 4.1 (a), (b) _and (c) correspond

to hysteresis indicators obtained from the hysteresis envelopes and

defined in Fig. 4.2. The 3evel of 0.70P used to define these indi-

cators, where P is the maximum strength indicated by the hysteresis

envelope, was arbitrarily chosen. Indicator h tells how much they

pier has deviated from its initial, theoretical stiffness, and indi-

cator d gives an indication of the deformation capability of the
2

pier. The initial theoretical stiffness of the pier was computed

with the assumption that the piers were fixed against rotation at

both the top and bottom. The moment of inertia was calculated using

the gross, uncracked section, neglecting the effect of steel rein-

forcement; the modulus of elasticity was taken from the measured

valuas (Fig. 2.6 for the HCBL piers, Tables 2.3 (a) and-(b) in

reference [3] for the HCBR and CBRC piers, respectively), and the

I Poisson's ratio was assumed to be 0.15. Further discussion of the

correlation of the theoretical stiffness and the measured stiffness

is presented in Chapter 5.

c) Stiffness Degradation

A cyclic definition of the stiffness, as indicated in Fig. 4.3,

was used to measure the stiffness of the piers throughout each test.

The three cyclic stiffness values obtained from each stage of load-
,

L

( ing were averaged and plotted against the average gross shear stress
,

l

l

!

|

- .
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and the relative lateral displacement.

d) Energy Dissipation

The energy dissipated per cycle of loading was expressed in terms

of an equivalent damping ratio, which can be related to a dimension-

less energy dissipation ratio EDT, as shown in Fig. 4.3. EDT is

defined as the ratio of th3 energy dissipated to the total stored

strain energy per cycle and is diagrammatically shown in Fig. 4.3.

The three damping values obtained for each stage of loading were

averaged and plotted against the average lateral displacement.

e) Shear Distortion

The values of the shear distortion, 6 , were al ulated as
s

indicated in Fig. 3.4. The absolute values of 6 rresPonding to
s

the three extreme positive and three extreme negative forces were

averaged for each stage of the test, and plotted against the

respective average relative lateral displacement, (total deformation

of the pier) , obtained from the hysteresis envelope. The plot

depicts how much of the total deformation of the pier is due to

shear distortion as defined in Fig. 3.4. Since the instruments used

to measure the diagonal deformations were usually removed three or

four stages before the end of the tests, the number of stages used

to plot this graph is usually smaller than the number used for the

previous graphs.

I

r

!

|

|

r
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TABLE 4.1(a)

PIEl< CHARACTERISTICS AND TEST PISULTS - HCBL

(crogs cross section of wall =366 in ,

Not cross section area (bedded plus grouted cell area) = 220 in ) .

Test Grouting Vert, reint. steel Horizontal reinforc3ng steel Fitto of Average Average" Peak Peak * Compressive Bearing *
#*D'"#I * * * "" * ***No. of A No. of Yield AEpecimen Partial (P) y ,y (f c;f Steel tc Shear Shear Shear Shear Ultimate Ultimate,

Solid (S) < * h A Cross Area Force Stress Force Stress h d9 9 g y
of Wall

'PY h (i"}(eps) (ksi) (kip) (k W ysi) W (W nip) (ps0

HCBL-11-1 1.5 F No --- No --- --- --- --- 45.2 123 49.5 135 44.0 120 4.8 0.30

-2 1.5 P No --- No --- --- --- --- 25.2 115(69) 26.3 120(72) 42.2 192(115) 3.9 0.34
-3 1.5 r 2e3 0.D017 No --- --- --- 0.0017 46.3 127 49.1 134 25.1 69 3.7 0.45

-4 1.5 F 295 0.0017 1e5 47.9 0.0008 14.8 0.0025 60.3 165 62.7 171 39.1 107 3.9 0.39
3

-5 1.5 P 285 0.0017 185 47.9 0.0000 14.8 0.0025 46.8 213(128) 49.6 226(136) 30.2 137(83) 3.1 0.31
W

-6 1.5 F 285 0.0017 445 47.9 0.0034 59.4 0.0051 72.8 199 82.7 226 52.7 144 5.6 0.64

-7 1.5 r 2s8 0.0043 No --- -- --- 0.0043 53.6 146 65.8 180 33.3 91 3.4 0.35
-6 1.5 P 2s9 0.0043 No --- --- --- 0.0043 36.8 167(101) 37.9 172(104) 29.2 133(80) 4.2 0.29

-9 1.5 r 2ss 0.0043 2e5 47.9 0.0017 29.7 0.0060 53.6 146 56.9 155 41.9 114 6.1 0.40

-10 1.5 : = 0.0043 285 47.9 0.0017 29.7 0.0060 48.7 222(133) 50.2 228(137) 31.2 142(85) 3.2 0.30

-11 1.5 F 2s0 0.0043 4 e6 73.9 0.0048 130.1 0.0091 84.5 231 87.7 240 50.8 139 4.8 0.62

* Partially grouted p!er stresses computed using net areas, values in parentesis indicate gross area stresses.
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TABLE 4.1tb)

PIF9 CHAMCTERISTICS AND TEST FESL'LTS - HCBR

(Gross cross section of wall = 354 in ).
7Net cross section area (bed 3ed plus grouted all earea) = 18 9 in ) .

Test l'. rout a ng Vert. reinf. steel Herirontal reinforcang steel Ratio of Average Average * Peak Peak * Compressive Fear kg*
Fr w nq Full (U ^ "''' ****** A"'** I* "" * **"*** * ** 8***** ** * * #'No. of vs No. of vield ASpecimen Partial (P) p =p Bars Strength pg =b ha by

e ear er ear a ma 1 mate
Solid (S) g h A Gross Are. Force Stress Force Stress h dy

of Wall

E *P(eps) (ksi) (kip) v h (kip) (pss) (ktp) (pst) (kap) (psil (in)

,icB R- 11-1 0.02 F No --- No --- --- -- --- 90.1 255 98.5 276 116.1 328 8.4 0.36

-2 0.02 P No --- No -- --- --- --- --- --- 26.6 141(75) 76.5 405(216) --- ---

-3 0.02 F 2e5 0.0018 No --- --- --- 0.0010 94.4 267 98.9 273 52.3 148 6.6 0.23

-4 0.02 2e5 0.0018 185 70.0 0.0009 21.7 0.0026 119.3 337 124.8 353 114.3 323 5.5 0.55

-5 0.02 P Je5 0.0018 le5 70.0 0.0009 21.7 0.0026 45.4 240(126) 52.4 278(148) 53.7 2841152) 5.1 0.29 A
N-6 0.02 F 205 0.0018 5#5 64.2 0.0044 99.5 0.0061 116.2 328 122.4 346 61.9 175 8.0 0.52

-7 0.02 F 205 0.0010 $s5 72.6 0.0044 112.5 0.0061 94.6 267 99.2 290 85.3 241 5.3 0.38

-8 0.02 r 2e8 0.0045 No --- --- --- 0.0045 8J.4 227 85.6 242 43.4 123 7.4 0.34

-9 0.02 P 2ss 0.0045 No --- --- --- 0.0045 43.0 228(121) 49.1 260(139) 37.3 198(105) 3.4 0.25

-10 0.02 F 294 0.0045 2e5 68.7 0.0018 42.6 0.0062 101.6 287 104.8 296 54.2 153 7.4 0.52

-11 0.02 P 2#8 0.0045 2e5 68.7 0.0018 42.6 |0.00#2 46.0 244(130) 51.9 275(147) 26.7 141(75) 5.2 0.30

-12 0.02 F 2#8 0.0045 5#6 73.9 0.0062 162.6 0.0107 94.3 266 97.2 275 65.0 240 4.9 0.45

-13 0.02 F 2#8 0.0045 5#6 74.7 0.0062 164.3 0.0107 113.3 320 116.3 329 110.6 312 5.9 0.38

|

* Partially grouted pier stresses comimted using net areas. Values in parenthesis indicat cross area stresses.
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i TABLE 4.1(c)
'

PIE 9 CHARACTT9ISTICS AND TEST REST 1TS - CBRC
,

(Gross cross sect 1on of wall * 480 in') k
I
l

Test Grouting Vert. reinf. steel Horizontal reinforcing steel Ratio of Average Average Peak Peak Compressive Be' ting Hysteresis imiteators
Frequency Full (F) Total Area Ultimate Citimate Ultimate Ultimate Load at Stress at

Partial (P) K4. of A No. of Yield of Steel to Shsar Shear Shear Shear Ultimate Ultimate h d t"( fSpecimen Solids (S) Bars p =7 Bars strength p 7 hs hy Gross Area Force Stress Force Stress (
9 9 Of Wall

g
(eps) (ksi) (kip) p +p

) ,
4

i'

CBRC-11-1 0.02 s No --- No --- ~~- --- --- 114.9 239 118.6 247 141.9 296 6.3 0.43 6

| I
-2 0.02 S 285 0.0013 No --- --- --- 0.0013 106.0 221 117.0 244 92.7 193 4.8 0.28 -)

f
'

E-3 0.02 S 2e5 C.0013 is5 66.3 0.2006 21.2 0.0019 106.7 222 114.5 239 89.5 186 5.4 0.38.

A i-4 0.02 S 2a5 0.0013 545 68.3 0.0032 105.9 0.0045 114.4 259 128.6 268 132.5 276 6.2 0.63 LJ
-

! ~5 0.02 S 288 0.0033 No --- --- --- 0.0033 102.0 213 104.3 217 76.4 159 4.0 0.26

-6 0.02 S ano o.003) 25 73.9 0 00t3 45.s 0.0o46 128.3 267 130.4 272 100.3 209 4.1 0.32 |i

1 .
~7 0.02 S 2e8 0.0033 5e6 74.7 0.3046 164.3 0.0079 115.7 241 123.3 257 80.9 169 4.4 0.39 !

!
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dLOAD

HYSTERESIS
ENVELOPE.p _

K| o

'O 70 P ~
. u.,

J /
/ h, =

I e i -,

| do d d DISPLACEMEsti 2

DEFINITION OF HYSTERESIS INDICATORS h AND d

4

COMPUTATION OF INITIAL STIFFNESS K
o

L = height of pier-

; E = modulus of elasticity

= + 1.2 shear modulusK
G = 2 GW)
D = width of pier

t = thickness of pier

l'

^'SPECIMEN 4 O
: (in) (in) (in) (in ) (in~) (Ksi) (Kip /in)
|

56 48 7.625 70272 366.0 1140 0.15 1808uting

56 48 7.625 59303 219.8 1140 0.15 1200
P 1 grouting

; HCBR-ll
. 56 48 7.375 67968 354.0 2450 0.15 3759Full grouting

56 48 7.375 48355 188.8 2450 0.15 2185a grouting

56 48 10.0 92160 480.0 1720 0.15 3577
; d routing

* Bedded plus grouted cell' area considered
"

.

FIG. 4.2 DEFINITION OF HYSTERESIS INDICATORS AND COMPUTATION OF
INITIAL STIFFNESS4

,
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FORCE a

[i d=A

p' _ _ _ _

}yf/) =B

2

I d DEFLECTION ~[ i

n
P
2

I

ENERGY DISSIPATION RATIO:

DISSIPATED ENERGY A
*

TOTAL STORED ENERGY A+B

EQUIVALENT DAMPING RATIO:

EQ 2 7r ' A+B 2 7r
|

|

PIER STIFFNESS:

K = || d - d |
P| P ,P ,d,,d MUST BE TAKEN2

2 a
i 2 WITH THEIR OWN SIGN

FIG. 4.3 DEFINITIONS OF ENERGY DISSIPATION AND PIER STIFFNESS



.

47

5. DISCUSSION OF TEST RESULTS

b

5.1 Introduction

The test results presented in A;pendix A and Tables 4.1 (a), (b)

and (c) are discussed in this chapter with reference to the three

parameters that were varied during these thirty-one tests; namely, the

amount of vertical reinforcement, the amount of horizontal reinforcement

and the type of grouting. Other parameters, such as the initial bearing

stress and the test cyclic frequency, which were varied in the first

seventeen double pier tests , were held constant during these

thirty-one tests. The test frequency was not originally intended to be 1

held constant during these tests. However, after the HCBL pier tests

were performed using a test frequency of 1.5 cycles per second, it was

i observed that the anchorage of the vertical bars, (provided by the top

and bottom steel girders) , became precarious as soon as the vertical
,

reinforcement began to yield. For this reason the test frequency was

changed to 0.02 cycles per second fc_ che HCBR and the CBRC pier tests.

It is also important to note that the results presented herein

were obtained from a particular loading sequence. The choice of this

loading sequence has been discussed previously[7] Other types of load
'

; .

I

sequences are to be used in some of the additional thirty-five tests that

j complete the single pier test program.
i
' In considering the results of C.ese thirty-one tests on 1:1 piers

it is important to realize that conclusions which appear valid for these

tests may not hold for tests on piers with other height to width ratios.

The complexity of the problem requires the completion of the test program

(eighty tests) before valid conclusions concerning an adequate design
,

'

of masonry structural elements can be made.

_
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Finally, it is important to recall that all of the thirty-one

piers showed a shear mode of failure, sometimes combined with flexural

yielding of the vertical reinforcement. The ultimate strength always

occurred when diagonal cracks developed over the full height of the

pier in both directions of hor'.zontal loading.

5.2 Ultimate Strength
,

5.2.1 Effect of Vertical Reinforcement

No significant difference was observed in the ultimate strengths

of the HCBL, HCBR and CBRC piers as the amount of vertical steel was

incrcased from two No. 5 to two No. 8 steel bars (reinforcement ratios

and ultimate strengths are shown in Tables 4.1 (a) , (b) and (c)). The

reason for this result'is that the ultimate strength is determined by

the shear strength of the piers which is not influenced by the vertical

steel. It was expected before the tests that the piers with
4

two No. 5 steel bars as vertical reinforcement would have their strength

controlled by the yielding strength of the vertical bars, (flexural mode
j

j of failure) , as opposed to the shear mode of failure expected from the

piers with two No. 8 steel bars. However, the presence of the additional
,

i compressive load, discussed in Sections 3.1 and 4.2, produced an increase

in the horizontal load capacity of the piers and suppressed the flexural
i

mode of failure. (see Section 5.6 in reference [3]) , thus of fsetting the

effect of reducing the amount of vertical reinforcement.
j

!

l
5.2.2 Effect of Horizontal Reinforcement

*
i

The results obtained'for the average ultimate shear stresses of'

fully grouted piers (Tables 4.1 (a) , (b) and (c)) indicate no corsistent
t
' relation between the amount of horizontal reinforcement and the ultimate
|

| strength of the piers. In all cases, the piers with horizontal

i

1
. ._ - -. . - . -
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reinforcement lad equal or more strength than the corresponding piers

with no horizontal reinforcement. However, this increase does not

appear to be. a function of the amount of horizontal reinforcement. For

instance, for the HCBR piers with two No. 5 bars as vertical reinforcement,

specimens with one or five No. 5 horizontal bars (HCBR-ll-4 and 6) had

the same strength which was 25% more than the specimen with no horizontal

reinforcement (HCBR-ll-3); nevertheless the other specimen with five No.

5 horizontal bars (HCBR-ll-7) ha d the same strength as the nonreinforced

specimen (HCBR-11-3). Similar inconsistencies can be found for the HCBR

piers with two No. 8 vertical bars and the CBRC piers with two No. 5 or

two No. 8 vertical bars. The only case where some consistent trend is

observed is that of the HCBL piers; in this case the specimens with four

No. S or four No. 6 (HCBL-ll-6 and 11) horizontal bars had 58% higher

strength than the corresponding piers with no horizontal reinforcement

(HCBL-ll-3 and 7). However, while the pier with one No. 5 horizontal

bar (HCBL-ll-4) had 30% higher strength than the corresponding non-

reinforced pier (HCBL-11-3), the specimen with two No. 5 horizontal bars

(HCBL-ll-9) had the same strength as the nonreinforced one (HCBL-ll-7) .

The average ultimate shear stress values obtained for the fully

; grouted specimens was 162 psi for the HCBL piers, 284 psi for the HCBR

piers and 237 psi for the CBRC piers.

5.2.3 Effect of Partial Grouting

The ultimate shear stress of partially grouted HCBL piers, computed

using net areas, was about 22% higher.than the stress of comparable fully

grouted piers. In the case of the HCBR piers the partially grouted

specimens had an average ultimate shear stress about 23% less than the

value obtained for comparable fully grouted piers.

i
,

|
_ _ _ _ . _ _ _ _ _ _ - _ - _ . - _ _ _ _ _ _ _ - - - _ - _ _ _ _ - -
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5.3 Inelastic Behavior
:

The hysteresis envelopes (average maximum force-deflection curves)

are used as a frame of reference to discuss the inelastic behavior' of the

) piers. The question of what can be considered a desirable hysteresis

envelope has been discussed in reference [7] pp. 68-70 in qualitative
i

terms. It is appropriate to recall that the usefulness of the hysteresis
-

envelopes is that they provide visual comparisons of ductility and ultimate
'

i

strength; however, they give no indication of the energy dissipated per

!
cycle and consideration of this parameter in conjunction with the

,

ultimate strength, the deformation capacity and comparison of crack

patterns at equal displacements is necessary to evaluate completely the
,

inelastic characteristics of the pier behavior.

In order to quantify the .ieformation capabilities of the piers,

:

hysteresis indicators defined in Section 4.3 are listed in the last

two columnc of Tables 4.1 (a) , (b) and (c).

i 5.3.1 Effect of Vertical Reinforcement
.

No difference can be observed in the hysteresis envelopes of the

HCBL, HCBR and CBPC piers (Figs. 5.1, 5.2 and 5.3, respectively) ao the

amount of vartical reinforcement increases from two No. 5 to two No. 8,

,

bars. The came can be said for the inelastic behavior as reflected by the'

hysteresis indicators h and d . It is clear, however, that the
2

ability of the vercical reinforcement to control the inelastic behavior-

; -

of a masonry pier is not well reflected by these results because of the4

effect of the additional compressive load developed during the tests,
3

'

as explained in Section 5.2.1.

1

. _ _ _ _ _ _ . _ _- _ .- . _ _
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5.3.2 Effect of Horizontal Reinforcement

Figures 5.1, 5.2 and 5.3 show the changes'in tha hysteresis

envelopes as the amount of horizontal reint'orcement varies. The influener

of the amount of horizontal reinforcement on the inelastic behavior of

the piers is not well defined and although there is a trend indicating

a positive correlation between them, this trend is not consistent as

some of the specimens w'.th a large amount of horizontal reinforcement,

(i.e. HCBR-ll-7 and HCBR-11-13) , display less desirable irelastic be-

havior than specimens with considerably less horizontal reinforcement,

(i.e. HCBR-ll-4 and HCBR-ll-10) . Hysteresis indicator h has valuesy

ranging from 3.4 to 8.0 and d fr m 0.23 inch to 0.64 inch; piers with
2

the largest amount of horizontal reinforcement, (over four No. 5 steel

bars), generally present the largest inelastic deformation capacities,

as indicated by d '
2

The strength degradation charac eristics, after the ultimate

strength is attained, are more favorable for the HCBL piers than for the

HCBR and CBRC plers. However, the amount of horizontal reinforcement

appears to have no influence in controlling this strength degradation.

5.3.3 Effect of Partial Grouting
:

Figure 5.4 shaws the comparison of hysteresis envelopes of fully

and partially grouted HCBL piers using both gross and nat shear stresses.

i

Figure 5.5 does the same for the HCBR piers. For the HCBL series, the

inelastic behavior of the partially grouted piers based on not stresses

is better (particularly in the piers with horizontal reinforcement) than
i

; the fully grouted piers. For the HCBR series, the fully grouted piers have

better (particularly with horizontal reinforcement) inelastic behavior than

i

i

I

.
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the partially grouted piers. For both the HCBL and HCBR tests partial

grouting reduces the deformation capability of the piers. The

hysteresis indicator, d , f the partially grouted specimens has an
2

average value only 82% of that of the fully grouted piers in the case

of the HCBL piers and 62% in the case of the HCBR piers. As was true

of the ultimate strength, the effect of partial grouting is detrimental

to the inelastic behavior of HCBR piers but does not significantly affect

the inelastic behavior of HCBL piers.

5.4 Stiffness Degradation
;

All the piers suffered substantial stiffness degradation when

subjected to gradually increasing lateral. displacements. Table 5.1

summarizes this effect and shows two sets of results. The first is a

comparison between the theoretical initial stiffness and the maximum

stiffness measured during the early stages of the test. Tae theoretical

initial stiffness has been computed in Fig. 4.2 and the assumptions used

are indicated in Section 4.3(b) . The measured value is almost always

smaller than the theoretical value and it ranges from 38% to 102% for .e
;

HCBL partially grouted piers, from 34% tc 65% for the HCBL fully grouted

I piers, from 25% to 115% for the HCBR partially grouted piers, from 23s
!

~

l

to 46% for the HCBR fully grouted piers and from 36% to 52% for the

CBRC piers. These-large differences in the two values are attributed to

the flexibility of the boundary conditions at small lateral displacements,

as discussed in Section 5.8 of reference [3]. Unlike the double pier test

results the assumed fixed-fixed rotation conditions at the top and
,

bottom of the pier do not appear to be achieved for small lateral dis-
~

placements and hence the discrepancy between the calculated and measured
i

values.

- _ . ._. . _ . _ .
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The second set of results presented in Table 5.1 provides a

comparison of the measured stiffnesses of all piers at applied shear

stresses of 50 psi and 100 psi, and also shows the percentage decreases in

stiffness at these stress levels with respect to-the maximum initial

measured value. The average percentage decreases at 50 psi were 24%, 16%

and 19% for the HCBL, HCBR and CBRC piers, respectively. The corresponding

average percentage decreases at 100 psi were 51%, 35% and 33%.

It must be noted that all the stiffness degradation results have

been obtained using displacement increments that gradually increase. Later

tests will determine if the type of degradation observed is similar under

a more random type of loading sequence.

5.4.1 Effect of Reinforcement

Figures 5.6, 5.7 and 5.8 present the stiffness degradation curves

for different amounts of vertical and horizontal reinforcement in the

HCBL, HCBR and CBRC piers, respectively. It is difficult to identify any

consistent relation betwecn the amount of vertical or horizontal reinforce-

4

ment and the rate at which stiffness degrades.

5.4.2 Effect of Partial Gr,uting

Figures 5.9 and 5.10 compare the stiffness degradation curves for

fully and partially grouted HCBL and HCBR piers, respectively. The trend

of these degradation results is similar and appears to be independent of

the type of grouting.

5.5 Energy Dissipation

The effect of reinforcement on the equivalent damping or energy

dissipation ratio is shown in Figs. 5.11, 5.12 and 3.13 for the HCBL,

- . _ - - _ _ _ - _ -
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HCBR and CBRC piers, respectively. The effect of partial grouting is

shown in Figs. 5.14 (HCBL piers) and 5.15 (HCBR, piers) .

Results show that the energy dissipation capacity of all the piers

increases as the lateral displacement increases.This is attributed to the
i

effect of progressive cracking. However, the amount of both vertical

and horizontal reinforcement and the type of grouting appear to have

little effect on the rate at which the energy is dissipated, except for

the partially grouted HCBR piers (Fig. 5.15) which show a sudden increase

in the energy dissipation at the 0.10 inch lateral displacement level,

relative to the corresponding fully grouted piers.,

As with the stiffness degrada': ion property, investigation of the

energy dissipation characteristics of the piers under a more random load

sequence is necessary before analytical models based on the results are

formulated.

5.6 Effect of Compressive Load on Inelastic Behavior

The additional compressive load imposed by the columns during the

tests has been briefly mentioned in Sections 3.1 and 4.2 and has been

discussed and analyzed in detail in Section 5.6 of reference [3].

Therefore, only the specific results from the thirty-one piers with height.

to width ratio of 1 will be presented here.

Even though the Unitial bearing stress for all the tests was set at

50 psi, the additional compressive load resulting from the test fixture'

caused this bearing stress to increase to 150 psi for the HCBL piers, to

325 psi for the HCBR piers and to 275 psi for t he CBRC piers. As

expected, these maximum values are lower than the maximum bearing stresses

obtained for the piers with height to width ratio of 2, because of the

smaller value of lateral displacement st which these maximum bearing

.

_m _ _
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P

stresses were recorded. As was observed before, (piert with height

to width-ratio of 2), the piers with no reinforcement at all developed

larger maximum bearing stresses than the values obtained for the rest

of the piers, which are indicated above.

Figure 5.16 shows a free-body diagram at the bottom section of
4

i
' the pier and the necessary equations to determine the amount of

horizontal load that can be associated with the additional compressive

load. This analysis, which is subject to the limitations established

in Section 5.6 of reference [3], permits prediction of the pier behavior
f

if this additional vertical load were not present. The results for

specimens HCBL-ll-6 and HCBR-ll-6 are indicated in Fig. 5.17. The
i

procedure followed to obtain the hysteresis envelopes shown in Fig. 5.17

is explained in detail in reference [3], the only difference being in

the determination of the commencement of yielding in the tension vertical

reinforcement; static equilibrium equations and experimental yield

stresses for the vertical reinforcement were used instead of strain gage

readings and experimental yield strains.
|

| The onset of yield in the vertical reinforcement from Fig. 5.17

!
shows that the lateral force required to produce yield was 70 kip for

specimen HCBL-ll-6 and 81 kip for HCBR-ll-6. If only the initial

compressive load were considered, the theoretical yielding lateral force
|

[
for HCBL-ll-6 and HCBR-ll-6 would be 52.5 kip. Future tests, with a

|

modified test setup to remove this axial force effect, will be performedt ,

to validate these theoretical estimates.

.

4

|
'
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5.7 Correlation Between Critical Tensile Strengths of Square Panels

and Piers

i This correlation is presented in Table 5.2 ano is discussed in

more detail in reference [8]. The purpose of this investigation was

to evaluate an alternative and more rational test procedure for

establishing the code allowable shear strength of masonry walls. Currently,,

the code allowable strength is based on the compressive strength of a

masonry prism.

The square panel measure of critical tensile strength was determined

from a study made by Blume , who proposed the expression shown in Table

5.2. The ultimate load P was taken from the experimental values indicated

in Table 2.2.

The critical tensile strength indicated by the pier tests was

computed at the neutral axis of the pier sections, following the simple

beam theory for a section under combined flexure, shear and axial force.

A parabolic distribution of shear stresses over the cross section was

assumed. The piers developed shear cracks at the same time the ultimate

; shear strength was attained; therefore, the peak shear force and the

corresponding compressive load from Tables 4.1 (a), (b) and (c) were used

to evaluate the pier critical tensile strength.

The square panels were all fully grouted; for this reason the

correlation only considers fully grouted HC3L and MCBR piers and all the

CBRC piers. The correlation is considered to be reasonable. This type

of analysis will continue to be performed throughout the pier test

program. The consideration of the whole set of results will permit a

better assessment of this test method in predicting the shear strength of

masonry walls.

.
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5.8 Op1r Test Results

The last graph in the test results (Appendix A) shows a comparison

1
between the lateral displacement of the piers and the percentage of this

i

displacement that can be attributed to shear distortion as defined in

Fig. 3.'4. -These results reflect the amount of diagonal cracking present
f

at each stage of the test. It is interesting to note that in the

initial stiffness computed in Fig. 4.2, the flexural and shear components

of the deformation are in the ratio of 1:2 for fully or solid grouted piers

while the ratio is 1:2.8 for the partially grouted HCBL and HCBR piers.

1

.

4

i
s

i

!

|

|

1

4

0

.

|
'
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i

h

j TAat.E 5.1

j EFFECT OF SHEAR STRESS, STTEL RE4NFORCFMFNT AND TYPE OF GROUTING CF STIFFNESS DEGRADATION
(Net areas used for partially grooted piers)

Grouting Vertical Horisontal Theoretical Measured Stiffne at 50 psi Stiffness at 100 poi

FulltF) Steel Steel Initial Maximum ,
Specimen Partial tP) Reinforcement Reinforcement Stiffness initial ,

Solid (S) Stiffness
(kip /in) - (kip /in) (kip /in) (t) (kip /in) it)

I HCBL-11-1 F M No 1808 916 534 42 324 .65

-2 P No No 1200 455 124 73 - -

,,

1 -3 F 2e5 No 1808 646 620 4 466 28

-4 F 2e5 le5 180s 1071 952 11 540 50

-5 P 285 105 1200 905 630 29 470 48

~6 F 245 4e5 1808 927 840 9 564 39

-7 F 2e8 No 1808 610 472 23 290 53

i ~8 P 288 No 1200 1066 770 28 274 74

) -9 F 2e8 285 1808 637 514 19 298 53

-10 P 288 285 1200 1227 1102 10 486 60

-11 F . 2e8 4e6 1808 1176 1050 11 606 42

I

HCBR-11-1 F No No 3759 1046 1015 3 595 43

-2 P Ho No 2185 2523 204 92 - -

-3 F 285 no 3759 1240 1070 14 714 42

-4 F 285 105 3759 1717 1530 11 2006 41

-5 P 2e5 le5 2185 554 54 3 2 474 ?4

-6 Y 2e5 5e5 3759 855 828 3 612 28

-7 F 205 5s5 3759 1611 1448 10 607 50

-8 r Joe no 3759 1156 1140 1 636 45

-9 P 26% no 2185 807 780 3 b30 22

+10 F 248 2e5 3759 1170 924 21 618 47

-11 P 248 245 2185 7 06 * * 654 7

-12 F 2e8 5e6 3759 1494 1377 8 1004 33
,

-13 F 2e8 Se6 3759 1262 900 29 600 53

a

CBac-11-1 5 No No 3577 1798 1208 33 778 57

-2 S 205 No 3577 1554 1353 1) 1027 34

-3 S 285 105 3577 1802 1143 37 912 49

-4 8 2e5 585 3577 1354 1140 16 96 3 29

I -5 5 .e8 No 3577 1281 1224 4 1140 11

-6 S 2e8 2e5 3577 1861 1515 19 1236 34

-7 S 288 Se6 3577 1406 1287 8 1143 19

: 'Maxisum initiaA stif fness obtained after 50 psi.

T

J

J.

- .. , . -. _ , - - - ..n.- , , - . , , - . , . _ . . , , . . - - -- , - . .
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TABLE 5.2

78tRTIATf N PFTWETM 57ARE PANFL AND FIER CRITICA:. TEN 5 f12 STFf 47T'M

PIER' ,SQUARE FANEL

Bl.mma's Ultanate C(orres sive Cross L'I t imate Bear t rwg Cr i t ical
Ult tumat e Side P F rm61a S hea r Le .e at Sect ion Shear Stress at St rength O

7= o E e r e ss t Wte OSFwc tmen load Area 4g =0. ? )4 T tcr 0~
2)

t (pst) A (pos) (psi)

###
2

F(kapi Alan 3 (pail (psil P(kign N(karl A ( En A

HCBL- 11 - 1 59.4 244 169.2 124.2 49.5 I 44.3 st+ 1 115.2 120.2 151.4 0. SJ

-3 64.5 186.9 137.2 49.1 25.1 134.2 h8 . 6 169.9 0.81

-4 64.1 186.1 136.8 62.7 39.1 * 1 ~ 1. 3 I Dn. s 209.0 0.65

-6 63.4 181.7 134. 9 82.7 52.7 226.0 144.0 274.6 0.49
|

' 79.1 '
I 226.3 It6.1 $5.4 33.3 | 179.9 91.0 225.0 0.73

.

4 78.1 ! 226.3 166.1 56.9 41.9 1%.5 114.5 182.9 0.91

-11 62.7 1d 1. 7 131.4 87.7 50.8 234.6 1.38 . 8 296.6 0.45

i l

| 116.1
t

2'8. 2 328.0 294.4 0.99
|

h''P R-11- 1 144.1 2 b 5. 5 163.8 291.7 4*4. 5 354 3

$ i
-3 144.1 3dl.3 281.7 96. 9 r 52.3 279.4 147,7 351.7 0.30

-4 185.8 4'M . 9 3h 3. 2 124.8 114.3 152.5 322.9 191.4 0.43
,

-6 171.9 [ 457.4 I lo . i 122.4 61.9 345.9 174.9 438.1 0.77

. -7 144.1 j 193.0 261.I 99.2 85.3 281.2 241.0 316.7 0.99
i

| -e 149.9 ! 194.2 251.0 8'; . 6 43.4 I 241.6 122.6 14.5 D. %
}.

-13 185.s 4 =4. 9 16 1.2 104.8 54.2
|

2*.o m.1 374.0 0.97
|
i -1J 144.1 383.0 241.7 97. B 5. 0 I 274.6 440.1 309.0 0.91

-11 185.9 4 +4. 8 is l . 4 116.3 110.6 149.5 112.4 leo . 7 1.01

CD ec- 11 - 1 '142.0 14 0 2 7d . 9 204 7 114.6 141.9 490 J4 7.1 2%,6 251.2 D.81

-2 142.0 274. 9 2 74 . 7 117.0 92.7 241. a 193.1 J a 1. 7 0.73

j 114.5 H+ 5 238.5 18t. 5 276.5 0.74-3 142.0 D4. 9 M4. 7
'

-4 152.5 294.5 214.9
'

128.6 132.5 J6 7. 4 276.0 28t .9 0.77

-5 142.0 279.9 2N.7 , i t'4. 3 76.4 217.1 159.2 255.9 ') . 80
I

-6 152.5 191.5 219.9 13).4 100.3 271.7 209.0 316.2 0.70

-7 152.5 2 ?9. 5 219.9 123.1 &J. 9 2% 9 14.d . 5 310.2 0.71
,

I
,

1
118 Sq4.are Panel : st ical Tensile St reem h (21 Faer Cr it ical Tenstle St rer.oth

c / 2

-f+ f 4.M4B l ame 's f oran21 a 0 , = -0 . 5d J *O Assuaang a paralmlac dtstr almation of sheer stristes

P

!! e$we 3 ressure O e G. T * 0.734 - 0,., [ 3 2
| ,YA S ~ # '

'j#
*

tc r \ /

"
e, ; , at:12*a cwressive .t ress

T = P : everage shear st ress
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APPENDIX A

CATALOG OF TEST RESULTS

The experimental results are arranged in three pages for each test,

containing six photographs of the successive crack patterns and six graphs

obtained from the data collected during the test. These graphs include

the hysteresis loops, the hysteresis envelope, stiffness degradation,

equivalent damping ratio and amonnt of shear distortion as compared with

total deformation.

In order to show the relation between the photographs of the crack

patterns and the diagrams showing the results, a black dot has been drawn

on the graphs and next to the corresponding picture of the crack pattern.

The details on how each of the diagrams was obtained are presented

in Chapter 4.
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' EARTHQUAKE ENGINEFRING RESEARCH CENTER REPORTS
'

I

WIT : Nambers in parent heRis are Accession Number s assigned by the National Technical Information Servtres t he se are
follow,.4 by a price code. Copies of the reports may be ordered from the National Technical Information Service, 52M
Port Royal Road, Springfield, Virginia, 22161. Accession Nunbers should be quoted on orders for report s (M --- --- I
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