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ABSTRACT 

, This report presents the results of fourteen cyclic, in-plane 

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

ratio of 2. These fourteen tests form part of a test program con-

sisting of eighty single pier tests. Subsequent reports will present 

test results of the additional sixty-six tests. Each subsequent 

report will be based on the height to width ratio of the piers. 

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 80 inches high and 40 inches wide. Two types of masonry 

construction were used; a hollow clay brick type, that used an 8 inch 

wide unit, and a double wythe grouted core clay brick, 10 inch thick 

wall, that consisted of two wythes 3~ inches thick and a 3 inch grouted 

core. The 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 dis­

tortion, and tabulated data on the ultimate strength and hysteresis 

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

definitive conclusions are offered. These will be included in a final 

report at the completion of the eighty tests. 
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1. INTRODUCTION 

1.1. The Multistory Masonry Building Research Program 

A multistory masonry 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 

the literature[3,4]* dealing with resistance of masonry to earthquakes, 

it was concluded that shear walls penetrated by numerous window open-

ings (Fig. 1.1) were the components of multistory masonry buildings 

most frequently damaged in past earthquakes, and it was decided that 

an experimental study of the seismic behavior of such components was 

necessary. 

Two 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 behavior, 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 seventeen such specimens have been reported by Mayes et alrs]. 

These results show significant variations in the pier behavior with 

various test parameters: type of grouting, types of reinforcement, 

rate of loading, etc. The results are not conclusive and demonstrate 

the need for more extensive tests to establish definite parametric 

relationships. 

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

precluded carrying out by this procedure the extensive parametric 

* References are arra~ged in alphabetical order of the authors' names, 

and are listed at the end of the text. 
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variations that are needed, and consequently, a single pier test system 

was designed which greatly simplified the investigation (Fig. 1.3). 

A serie~ of ~ighty single pier tests was programmed, which considers 

the following test parameters: type of masonry construction, height to 

width ratio of the piers, type of grouting, and amount and distribution 

of both vertical and horizontal steel reinforcement. The present re-

port deals with the experimental results of specimens with a height to 

width ratio of 2. 

1.2 Objectives and Scope of the Single Pier Test Program 

In determining the strength of masonry piers and panels, the 

first step is tq evaluate the mode of failure. Because most failures 

in past earthquakes have been characterized by diagonal cracks, many 

research programs have concentrated on this type of failure mechanism. 

Test techniques used by Blume[lJ, Greenley and cattaneo[2 J , and others 

induce the diagonal tension or shear mode of failure. 

Meli[9J, Williams[13J and Priestley and Bridgeman[loJ 

. [12J Scrlvener , 

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 could occur. This mechanism is 

characterized by yielding of the tension steel of the wall, followed by 

a secondary failure at the compressive toe, with associated buckling 

of the reinforcement once confinement is lost. Meli[9] 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 either to crushing of the 

compressive corner or to rupture of the extreme bars. 

Because the double pier tests were the first fixed ended piers 
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to be tested cyclically, the objective of those tests was to determine 

the effect of various parameters and compare the results with those 

already known for cantilever piers. Both the shear and flexural 

modes of failure were included in that investigation. 

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

to investigate thoroughly the effects of different parameters in the 

shear mode of failure. It was evident from the double pier test pro-

gram that the flexural mode of failure in a fixed-ended pier has 

desirable inelastic characteristics, although these are not as desir­

able as those obtained by priestley[ll] in cantilever piers. Further-

more, it was recognized that for fixed-ended piers, with height to 

width ratios commonly found in multistory buildings, the amount of 

horizontal reinforcement required to force a flexural mode of failure 

is substantially greater than required by current codes. Therefore, 

it was decided to investigate the effects of lesser amounts of hori-

zontal reinforcement on the shear mode of failure to determine if 

desirable inelastic behavior could be obtained. 

The fourteen tests reported herein are a part of a total program 

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

three tests is shown in Table 1.1. The parameters for the remainder 

of the tests (seventeen) will be selected after an evaluation of these 

sixty-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 grouting. Hollow concrete block piers having height 

to width ratio of 2 were not included in the single pier test program 

because such piers were investigated in the seventeen double pier tests. 

This report presents the results for piers with a height to 

width ratio of 2,of which nine tests were performed on hollow clay brick 
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specimens (HCBR) and five on double wythe grouted core clay brick 

specimens (CBRC). Two subsequent reports will present the results 

obtained from the single pier specimens with height to width ratios of 

1 and O.S. The results on the series of seventeen specimens which 

will co~plete the proposed research program will be presented in a 

separate report. 
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FIG. 1.3 SINGLE PIER TEST SETUP 
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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 fourteen piers except 

for the thickness, which is 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 HCBR panels 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(a). The cored area of each brick is approximately 

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

The CBRC piers were constructed from two wythes of "solid" clay 

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

in Fig. 2.3(b). The grouted space between the wythes was 3 inches wide 

and was filled after the steel reinforcement had been placed in posi­

tion. The bricks have a core (hollow) area slightly less than 25% of 

the gross area. The Uniform Building Code definition of a "solid brick" 

is one with 25% or less coring. 

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

of the vertical steel reinforcement and keys to provide an adequate 

shear transfer between the masonry pier and the steel plate. The 

plates also had welded bolts and holes to anchor the pier to the test 

rig. 

six of the nine HCBR piers were fully grouted. The other three 
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were partially grouted. Partial grouting consists of grouting the 

cores containing the vertical reinforcement and the bond beams con-

taining the horizontal reinforcement. All the CBRC piers had the 3 

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

grouted" • 

The 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 arrangement are shown in Fig. 2.4(a) for the HCBR piers and in 

Fig. 2.4(b) 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 height of the pier. 

The HCBR piers were tested six months after construction. The 

first of the CBRC piers (No.5) was tested 42 days, the last (No.1) 

70 days after the grout was poured. 

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 Fig. 2.3(a) and 2.3(b). 

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

'f' . [8] d b d' f h Spec1 1cat1on an were ase on f1ve samples or eac test. 

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

Cement: 1/4 Lime: 2 1/4 - 3 Sand). The grout was specified as 1 Cement: 

3 Sand: 2G, where G refers to 10 rom 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 
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minimum of four samples of mortar or of both mortar and grout was 

taken from each batch used during construction. 

ASTM A6l5 Grade 40 steel was specified for both the vertical 

and horizontal steel reinforcement. Three samples of each bar size 

were tested to determine the properties listed in Table 2.2. 

Six prisms for uniaxial compression tests and three square 

panels for diagonal tension tests were constructed from the same mortar 

and grout used in each set of wall panels. Three of the six prisms had 

a height to thickness ratio of 5. The other three had a height to 

thickness ratio of 1.5 for the HCBR piers and equal to 2.0 for the CBRC 

piers. All prism tests were performed at a loading rate of 100,000 

lb/min. The compressive strengths are shown in Table 2.2. 

The compression test of the prisms having a height to thickness 

ratio of 5 was also used to determine the modulus of elasticity of the 

HCBR and the CBRC types of masonry (Fig. 2.5). The axial deformations 

were measured with mechanical gages attached to both sides of the 

prism, over a length of 20 inches. The readings were averaged and the 

modulus of elasticity computed; results are shown in Table 2.3(a) for 

the HCBR and Table 2.3(b) for the CBRC type of masonry. 

The square panels were tested as shown in Fig. 2.6 at a loading 

rate of 20,000 lb/min. The ultimate load for the square panel tests 

is also shown in Table 2.2. 

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

under the same normal atmospheric conditions as the piers; also the 

prism and square panel tests were performed during the tests of the 

corresponding piers. 
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TABLE 2.2 

MATERIAL PROPERTIES 

(Average values. Number in parenthesis indicate the 
standard deviation as percent of average value) 

HCBR-21 CBRC-21 

Masonry unit gross 5816 9422 
compressive strength (psi) (6%) (4%) 

Masonry unit net 466 303 
tensile strength (psi) (19%) (24%) 

Mortar compressive 4380 4438 
strength (psi) (10%) (10%) 

Grout compressive 5175 4088 
strength (psi) (17%) (19%) 

Prism (2:1) compressive(*) 4806 3384 
strength (psi) (3%) (5%) 

Prism (5:1) compressive (*) 
4502 3315 

strength (psi) (8%) (5%) 

Ultimate load of(*) 192 197 
square panel (kip) (8%) (9%) 

Yield strength (ksi) 47.3 47.3 
(1%) (1%) 

+l 
~ 81.0 81.0 (]) Ultimate strength (ksi) r-l El (2%) (2%) cU (]) 

() () 
.r-! 10-1 
+l 0 Modulus of elasticity (ksi) 30580 30580 10-14-1 
(]) ~ 
:> .r-! 

(J) yield strain (in/in) 0.0017 0.0017 10-1 

Strain hardening strain (in/in) 0.0101 0.0101 

Yield strength (ksi) 49.7 49.7 
(3%) (3%) 

+l 
~ 75.4 75.4 r-l (J) 

Ultimate strength (ksi) cU e (1%) (1%) +l (J) 
~ () 
0'10-1 
N 0 Modulus of elasticity (ksi) 29720 29720 .r-! 4-1 
10-1 ~ o .r-I 

::::: (J) 
Yield strain (in/in) 0.00175 0.00175 10-1 

St:r;'&in.nardening strain (in/in) 0.0126 0.0126 

(*) 
Only fully grouted specimens considered 
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TABLE 2.3(a) 

MODULUS OF ELASTICITY MEASUREMENTS FOR HOLLOW CLAY BRICK WALLS 
(Area of prism = 85.73 in2) 

LOAD P STRESS a b.a STRAIN e: b.e: E = b.a 
b.e: 

(kip) (ksi) (ksi) (in/in) (in/in) (ksi) 

SPECIMEN 1. Gage length = 19.6 in El = 2695 ksi 

50 0.583 0 2.17 x 10-4 
0 -

100 1.166 0.583 4.08 1.91 x 10-4 
3054 

150 1. 750 1.166 6.62 4.45 2621 

200 2.333 1. 750 9.43 7.26 2410 

SPECIMEN 2. Gage length = 19.5 in E = 2362 ksi 
2 

50 0.583 0 2.18 x 10-4 
0 -

100 1.166 0.583 4.62 2.44 x 10-4 
2390 

150 1. 750 1.166 7.18 5.00 2333 

SPECIMEN 3. Gage length = 20.1 in E = 3 
2285 ksi 

50 0.583 0 2.11 x 10-4 
0 -

100 1.166 0.583 4.48 2.37 x 10-4 
2461 

150 1. 750 1.166 7.34 5.23 2230 

200 2.333 1. 750 10.20 8.09 2163 

Average value for HCBR piers: E = 2450 ksi 
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TABLE 2.3(b) 

MODULUS OF ELASTICITY MEASUREMENTS FOR GROUTED CORE BRICK WALLS 
(Area of prism = 116.25 in2 ) 

LOAD P STRESS (J b.(J STRAIN £ b.£ E = b.(J 

M:. 
(kip) (ksi) (ksi) (in/in) (in/in) (ksi) 

SPECIMEN 1. Gage length = 19.6 in E1 = 2248 ksi 

50 0.430 0 1. 78 x 10 
-4 

0 

75 0.645 0.215 2.80 1.02 x 10-4 
2108 

100 0.860 0.430 3.82 2.04 2108 

125 1.075 0.645 5.10 3.32 1943 

150 1.290 0.860 5.61 3.83 2246 

175 1.505 1.075 5.99 4.21 2554 

200 1. 720 1.290 6.88 5.10 2530 

SPECIMEN 2. Gage length = 20.0 in E = 2 
1391 ksi 

50 0.430 0 2.00 x 10-4 
0 

75 0.645 0.215 3.50 1.50 x 10-4 
1434 

100 0.860 0.430 4.88 2.88 1493 

125 1.075 0.645 6.00 4.00 1613 

150 1.290 0.860 8.63 6.63 1297 

175 1.505 1.075 10.50 8.50 1265 

200 1. 720 1.290 12.38 10.38 1243 

SPECIMEN 3. Gage length = 19.1 in E = 3 
1535 ksi 

50 0.430 0 2.24 x 10-4 
0 

75 0.645 0.215 3.68 1.44 x 10-4 
1493 

100 0.860 0.430 4.88 2.64 1629 

125 1.075 0.645 6.19 3.95 1633 

150 1.290 0.860 7.63 5.39 1596 

175 1.505 1.075 9.73 7.49 1436 

200 1. 720 1.290 11.29 9.05 1426 

Average value for CBRC piers: E 1720 ksi 
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6" 3'-6" 6" 

6'-a" 

a" 

FIG. 2.1 PIER DIMENSIONS 
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FIG . 2 . 2 CONSTRUCTION OF TEST SPEC IMENS 
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FIG . 2 . 5 PRISM TEST AND MODULUS OF ELASTICITY MEASUREMENT 
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3. TEST EQUIPMENT AND PROCEDURE 

3.1 Test Equipment 

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 earthquake excitation. It 

consist s of two twenty-feet high , heavily-braced reaction frames sup­

porting a pair of hydraulic actuators which act horizontally; a 

mechanism capable of applying vertical bearing loads simil ar to the 

gravit y loads experienced by the piers in an actual structure; a 

bottom beam composed of a concrete base and a wide flang e ste el beam 

which provides anchorage to the test floor and suitable connection 

hol es to the bottom plate of the specimen ; and a top beam fabricated 

from two wide flange , steel beams as shown in Fig . 3.2. The top a nd 

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 deve l oped by each of the 

horizontal actuators is 75 kips , using an hydraulic pressure of 3000 psi. 

The maximum stroke is ± 6 inches, the maximum piston vel ocity is 

26 in/sec and the f low capacity of the servovalves is 200 gpm . Either 

displ acement or load can be controlled with these actuators. Their 

operational capabilities are limited by the above mentioned force 

capacit y , and also by a frequency limitation of about 5 Hz. The 

actuator control conso l es 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 Thomson Dual Roundway 
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Bearings connecting the springs t o the top of the panel allow the panel 

t o move freely with minimal friction force . The coefficient of friction 

of bearings i s purported t o be 0 . 007 . 

An additional v e rtical , compressive l oad results from the 

characte ri s tics of this te s t setup . As significant lateral displace­

ments are imposed on the top beam by the hydraulic actuators , the con­

straint provided by the side co l umn s forces the t op beam to move in a 

circular arc. The vertical component of this motion is opposed by the 

axial s tiffness of the pier , resulting in a compressive load being 

applied to the pier . The significance of this additional, cyclic 

varying compressive load on the t est results is discussed in Chapter 5. 

Each p i er was constructed on a 0.75 inch thick steel plate and 

had a s imi lar plate on top , as discussed in Section 2 . 1. This allowed 

the piers to be moved into place before each tes t and bolted t o the 

bottom and top s t ee l beams . Prior to the bolting process , hydrostone 

was placed between the sur faces of the plates and beam flanges as well 

as between the top plate and the top brick course of the pier . 

3 . 2 Loading Sequence 

Each p i er was subj ect ed t o a series of displacement controlled, 

i n- plane shear loads. The full sequence of l oading consisted of set s 

of three s inusoidal cycles of loading at a specified actuator displace­

ment ampl itude . The specified amplitude was gradually increased; the 

fu l l loading sequence is given in Table 3 .1. After each stage , (one 

set of t hree sinusoidal displacements at the same amplitude), the walls 

were visually inspec t ed and the crack pattern identified and photo­

graphed. The sinusoidal cycles were applied a t a f r equency of 0.02 

cycles per second throughout the test program . 
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The test of each pier had a duration of 2~ t o 3 hours. The t est 

was usually t erminated when the shear str ength of the pier had dropped 

below o ne third of the maximum shear s tre ngth . At thi s s tage the pier 

was gene rally no t capable of supporting sign i ficant vertical l oads . 

All of the tes t s were carried out under a constant primary bearing 

stress of 60 psi . Additional cyclic vertic al compress ive loads were 

deve loped during the test, as indicated in Section 3.1 , and discussed 

further in the following chapters. 

Partially grouted piers were subjected t o maximum input displace­

ments of 0 . 60 inch to 0 . 70 inch. Fully grout ed pier tests failed at 

input displacements rangi ng f r om 1. 00 inch to 2 . 00 inches. 

Because of the flexibility of the reaction f rame and other l oad 

transferring devices, the lateral displ acement actually e xper i e nced by 

the pier was always l ess than the actuator input displacement , this 

difference being smalle r towards the end of the test when the pier 

stiffness had attained its lowest values . There was also a s light 

difference between the maximum loads devel oped during the push a nd pull 

half cycl es due t o the different type of stress pl aced on t he bolting 

system and to the different pier stiffness associat ed with non-symmetric 

crack patt ern s . 

3.3 Instrumentation 

The total horizontal l oad applied by the hydraulic ac tuators , 

as we ll as the vertical forces developed b y the side columns, were 

meas ured using pr e -calibra t ed load cells. Each pier was instrumented 

as indicated in Fig. 3 . 3 . 

DCDT ' s (direct current differential transformers) HI' H
2

, H3 and 

H4 were attached to an e xternal reference frame and were intended t o 
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measur e t he l ateral deformation of the pier during each sequence of 

loading . The differ ence bet ween Hl and H4 was used to i nd i cate the 

rel at ive l a t eral defl ection of each pier . DCDT ' s 01 , O2 , 03 , and 04 

measured the changes in d i stance between points a l ong the diagonals of 

the p i er a nd were used t o indicate the shear distortion of t he pier as 

defined i n Fig . 3 . 4 . OCDT' s VI and V
2 

were also attached to the 

externa l reference frame and measured the rotation at the top of the 

pier . This provided a measurement of how well the side co l umns pre­

vented t he rot ation of t he t op section of the pier . 

Final l y , strain gages were attached by epoxy glue to the 

vert i cal reinforcing bars at the top and bottom sections of the pier , 

in order to measure t he s t eel strain at the sections that were expected 

to crack f i rst during a test . 

3 . 4 Data Acqui sition and Dat a Processing 

Two different data acquisition systems were used duri ng the test 

p r ogram. The main one con s i sted of a high speed scanner abl e t o handl e 

up to 25 channels of informa t ion , and the corresponding tape recording 

syst em (Fi g . 3 . 5) . Al l the data were acquired and stored on tape aft er 

be ing scanned at a rate of 1 point per second per channel . (No higher 

rat e was necessary because of the l ow frequency used to run the test). 

Thr ee computer programs were used to read the original tape data, to 

i np ut t he cal ibrati o n va l ues and geometrical data of each pier and to 

reduce the data to t heir final presentation in computer plot s . 

The second dat a acquisition system was used to mon itor the 

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

failure in t he main system . It consisted of a direct writing 

oscillograph (visicorder ) and was used only to record the mos t important 
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data ; namel y , forces at the actuators and side columns , actuator stroke 

and l ateral displacement of the p ier . This second data acquisition 

system proved to be extremely useful in detecting occasional malfunc­

tions of the actuators or the instruments attached to the piers and 

provided excellent visualization of the behavior of the piers as the 

tes t progressed. 
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TABLE 3 . 1 

LOADING SEQUENCE 

INPUT DISPLACEMENT INPUT DISPLACEMENT 
STAGE ' AMPLI TUDE STAGE' AMPLITUDE 

, 

( in) (in) 

1 0 . 02 14 0 . 60 

2 0 . 04 15 0 . 70 

3 0 . 06 16 0 . 80 

4 0 . 08 17 0 . 90 

18 1. 00 

5 0 . 1 2 19 1.10 

6 0 .16 20 1.20 

7 0 . 20 21 1. 30 

22 1.40 

8 0 . 25 23 1.50 

9 0 . 30 24 1.60 

10 0 . 35 25 1. 70 

11 0 . 40 26 1.80 

1 2 0 . 45 27 1.90 

13 0.50 28 2 . 00 

Each s t age consists of three sinusoidal cycles at the amplitude 
shown 
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FIG . 3 . 2 OVERVIEW OF SINGLE PIER TEST 
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L=27.5" 

o..c:J INSTRUMENTATION ATTACHED TO PIER 

+---t INSTRUMENTATION ATTACHED TO REFERENCE FRAME 

- STRAIN GAGES · 

FIG. 3 . 3 PIER INSTRUMENTATION 
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H 

d, , b, , h, = AVERAGE TOP PI ER DIMENS IONS 

db ,bb, hb = AVERAGE BOTTOM PI ER DI MEN SIONS 

/:; i = L ENGTH CHANGE IN DIAGONAL Di 

Yi = SHEAR ROTATION 

YtiVG,= AVERAGE SHEAR ROTATION 

SS =AVERAGE SH EAR DISTORTION 
d, 

Y; = I/:; I I ·b,'h, i =I,2 

j = 3 ,4 

FIG . 3. 4 MEASUREMENT OF AVERAGE SHEAR DISTORTION 
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4 . TEST RESULTS 

4.1 Introduction 

The experimental results of the fourteen piers having a height 

to width ratio of 2 are present ed in the form of hysteresis loops, 

hysteresis envelopes , stiffness degradation properties , ener gy 

dissipation characteristics , and relative shear distortion. In 

addition , a sequence of photographs 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 order to 

indicate the loading stage at which major diagonal cracking occurred, 

a black dot has been placed at the appropriate location on all of the 

figures and photographs in Appendix A. 

In addition, data on the ultimate strength and hysteresis 

indicators for each test a r e listed in Table 4.1. A discussion of the 

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

the t est r esults is presented in Chapter 5. 

4 . 2 Modes of Failure 

Mo s t of the piers (HCBR-21-2, 4 , 6, 8 and 9) displayed a com­

bined shear and flexural[6 ] mode of fai l ure (Fig . 4 .1a). This is 

characterized by early flexural cracks at the toes of the pier 

(horizontal cracks) and later augmented with diagonal cracks that 

extend through only a partial zone on the pier . As the l oad increased 

the vertical steel began to yie l d and the corners of the pier developed 

high compressive stresses . The additional compressive load induced b¥ 
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the test setup with the increase in lateral deflection allowed the 

critical moment sections (top and bottom of the piers) to increase 

their flexural moment capacities, thus enabling the horizontal l oad to 

increase while the vertical reinforcement substained further yield 

deformation and the compressive toe showed evidence of crushing . This 

process continued until the shear strength of the pier was attained and 

full diagonal cracks developed. The diagonal tension or shear failure 

generally coincided with the ultimate strength of the pier and was 

followed by a strength degradation characterized by the opening of 

diagonal cracks and the inability of the walls to maintain a serviceable 

condition. 

The partially grouted piers (HCBR-2l-3, 5 and 7) showed a similar 

behavior to that described above, the only difference being a lower 

shear load capacity than that of the fully grouted piers. As a con­

sequence of this fact , the vertical reinforcement showed only a mild 

yield deformation (pier No.5) or no yielding at all (piers No . 3 and 7) 

at the time the ultimate shear strength was attained. 

The solid grouted core clay brick piers (CBRC-2l-2, 3 , 4 and 5) 

fol l owed the same type of failure as the fully grouted hollow clay 

brick walls, showing a more drastic strength degradation after the shear 

failure , charact erized by a split between the grouted core and the brick 

wythe , as shown in Fig. 4.1b. 

Two of the specimens (HCBR- 21-1 and CBRC- 2l-1) had no steel rein­

forcement at a ll. HCBR-21-l showed a mode of failure similar to the 

fully grouted hollow clay brick piers. However, it is clear that the 

additional vertical load imposed by the columns had a significant effect 

in that it prevented s liding and rotation of the top and bottom of the 
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pier , thus permitting the horizontal load to increase until a shear 

failure was produced . Photographs in Fig. A.l (Appendix A) show that 

until stage 16 the f l exural type of cracks was confined to the top and 

bottom courses of the pier with no diagonal cracks at all . Pier 

CBRC- 21-1 showed a similar behavior except that in this case crushing 

at the toes of the pier became so severe that the shear strength was 

not attained. This mode of failure is illustrated in Fig. 4.1c and has 

been termed as a flexural mode of failure, although there is no vertical 

reinforcement and the compressive failure of the toes was not due to 

substantial yielding of the vertical steel in tension. 

4.3 Load-Displacement Characteristics 

As mentioned above, Table 4.1 summarizes the strength and 

hysteresis characteristics of the piers and Appendix A presents the 

test results for each of the specimens . In order to indicate the 

l oading stage at which major diagonal cracking occurred , a black dot 

ha s been placed at the appropriate location on all figures and photo­

graphs in Appendix A. 

The details of the derivation of each of the figures in Appendix 

A are discussed in the following sec tions . 

a) Hysteresis Loops . (Shear Stress VS. Lateral Deflection Diagram) . 

This graph was obtained by plotting the gross shear stress 

against the re l ative lateral displacement of the pier for the 

duration of the test. The gross shear stress is computed by 

dividing the measured horizontal force by the gross cross section 

area of the pier , (the thickness multiplied by the width) , as 

i ndicated in Table 2 . 1 (310 in
2 

for the HCBR piers and 420 in
2 

for 

the CBRC piers) . The relative lateral displacement is computed 

from the difference between the lateral deflections at the top and 
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bottom of the pier (Hl - H4 as defined in Fig . 3 . 3) , for the CBRC 

piers; in the case of the HCBR piers , only the displacement at the 

top of the pier is considered because of probl ems with the measure­

ment of H4" The hysteresis loops are not smooth lines because of 

the electronic noise associated with the ± 2.0 inch DCDT used to 

record the displacement at the top of the pier (Hl ). This problem 

was sol ved for future tests by using a filter that eliminates the 

electronic noise. 

b) Hysteresis Envelopes 

This p l ot was obtained from the hysteresis l oops by averaging 

the absolute values of the three e xtreme positive and the three 

extreme negative forces (or gross shear s tresses) and the corres ­

ponding absolute values of the relative lateral displacement, for 

each stage of the test at a given input displ acement . One point on 

the hysteresis enve lope was obtained for each stage of 3 cycles of 

l oading . The average lateral displacement obtained in the hysteresis 

e nve lope is always less than the input displacement, as e xplained in 

Section 3 . 2 . 

The black dot indicated on this graph generally correspcnds to 

the stage at which the diagonal crack occurred, as observed in the 

corresponding phot ographs. This shear crack usually developed 

during the first of the three cycles and coincided with the maximum 

strength of the pier. Nevertheless, the black dot is almost always 

below and following the peak of the curve. This is due to the fact 

that the l oad usually drops in the cyc l es fo l lowing the one where 

the shear crack occurs and the average maximum load computed for 

this stage is smaller than the average value for the previous stage . 
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The maximum strength obtained from the hysteresis envelope is 

indicated in Table 4.1 under "average ultimate shear force or 

stress ll
• The "peak ultimate shear force or stress" values that 

appear in Tabl e 4 . 1 were obtained from the maximum force (stress) 

developed in anyone cycle of loading . The average value is always 

less than the peak value, varying from 85% to 95% of the peak value . 

The compressive load at ultimate indicated in Table 4 . 1 corresponds 

to the maximum axial compressive load developed during each of the 

tests. This maximum value always occurred 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 co lumns of Table 4.1 correspond to hysteresis 

indicators obtained from the hysteresis enve l opes and defined in 

Fig . 4.2. The l evel of 0.70 P used to define these indicators , 
u 

where P is the maximum strength indicated by the hysteresis 
u 

envelope, was arbitrarily chosen. Indicator hI tells how much the 

p i er has deviated from its initial, theoretical stiffness , and 

indicator d2 gives an indication of the deformation capability of 

the pier . The initial theoretical stiffness of the pier was com-

puted assuming 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 reinforce-

ment; the modulus of elast i city was taken from the measured values 

(Tables 2 . 3a and 2.3b) and the Poisson's ratio was assumed to be 

0 . 15 . Further discussion on the corr e l ation of the theoretical 

stiffness and the measured stiffness is presented in Chapter 5 . 
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c) Stiffness Degradation 

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

was used t o measure the s tiff ness of the piers throughout each 

test. The three cyclic s ti ffness values obtained from each s tage 

of loading were averaged and plotted against the average gross 

shear s tress and the relative l a t eral d i splacement. 

d) Energy Dissipation 

The e nergy dissipated per cyc l e of l oading was expressed in 

t e rms of a dimens i onl ess ratio EDT . EDT is defined as the ratio of 

the energy dissipated t o the total stored strain energy per cyc l e 

and is diagrammatically shown in Fig . 4 . 3 . The three EDT values 

obtained for each s tage of l oading were averaged and plotted 

against the average lateral displacement . 

e ) Shear Dis tortion 

The values of the shear dist ortion 6 were calculated as indicated 
s 

in Fig. 3 .4. The absolute values of 6 corresponding to t he t hree 
s 

e xtre me posit i ve and three extreme negative forces were averaged 

f or each stage of the test, and plotted against the r espective 

average relative l ateral displacement , (total deformation of t he 

pier) , obtained from the hysteresis e nve l ope . The plot depicts how 

much of the t o tal deformation of the pier is due to shear distortion 

as defined in Fig . 3.4. Since the ins trument s used to measure the 

diagonal deformations were usually removed t hree or four stages 

before the end of the t ests, the number of stages used to pl ot this 

graph is u s ua lly smalle r t han the number used for the previous 

graphs. 
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(b) CORE SPLIT IN GROUTED 
CORE BRICK I-IALLS 

FIG . 4 . 1 MODES OF FAILURE 
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d, 
h - ­, - do 

HYSTERESIS 
ENVELOPE 

d z DISPLACEMENT 

DEFINITION OF HYSTERESIS INDICATORS hI AND d
2 

-1 
K 

o 
I? 

= --+ 
12EI 

SPECIMEN 

HCRB-21 
Full grouting 

HCBR- 21 (*) 

1. 2 

Partial grouting 

CERC-21 
Solid grouting 

COMPUTATI ON OF INITIAL STIFFNESS K 
o 

L 

AG 

L 

(in) 

80 ' 

80 

80 

D 

(in) 

42 

42 

4 2 

t I 

( in) (in 4) 

7 . 375 45533 

7.375 33864 

10 . 0 617 4 0 

L height of pier 

E modulus of elasticity 

G 
E 

shear modulu s 
2(1+") 

D width of p i er 

t thickness of pier 

A E " K 

(in 2) 
0 

(Ksi) (kip/in) 

309.75 2450 0 .15 1485 

170.84 2450 0 .15 960 

420 . 0 1720 0.15 1 414 

(*) Bedded plus grouted cell area considered 

FIG . 4 . 2 DEFINITION OF HYSTERESIS INDI CATORS AND COMPUTATION OF 
I NITIAL STI FFNESS 
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FORCE 

.'::: -'. -' . 

ENERGY DI SS IPATION RATIO: 

EDT= DISSIPATED ENERGY 
TOTAL STORED ENERGY 

= 

IZZ'l = B 

d I DEFLECTION 

A 
A+B 

~ ,~ A ,d2 MUST BE TAKEN 

WITH THEIR OWN SIGN 

FIG. 4.3 DEFINITIONS OF ENERGY DISSIPATION RATIO AND PIER STIFFNESS 
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5 . DISCUSSI ON OF TEST RESULTS 

5. 1 Introduction 

The test results presented in Appendix A and Table 4 . 1 are 

discus sed in this chapter with r eference to the two parameters that 

were varied during these fourteen t ests , name l y , the amount of horizon­

tal reinforcement and the type of grouting . Othe r parameter s , such as 

the initial bearing stress and the cyclic frequency , which were varied 

in the fi rst sevent een double p i er t ests [6) , were held constant during 

these fourteen tests . It i s a l so important to note that the results 

presented herein were obtained from a particular l oading sequence . The 

choice of this loading sequence has been discussed previously [6) . Ot her 

types of load sequences a r e used in some of the additional sixty- s ix 

t ests that compl ete the s ingle p i e r test pr ogram. 

In considering the r esults of these fourteen tests on 2 t o 1 

piers it is important to realize that conclusions which appear valid 

for these t ests may not hold for tests on piers with other height t o 

width ratios . The complexity of the probl em requires the compl etion 

of t he test pr ogram (e i ghty tests) before valid conclusions concerning 

an adequate design of masonry struc t ural e l ements can be made. 

Finally , it is important t o recall that all of the fourteen 

p iers e xcept CBRC- 21 - 1 showed a shear mode of failur e combined with 

f l exural yielding of the vertical reinforcement . The ultimate s trength 

always occurred when diagonal cracks deve l oped in both dir ections of 

horizontal l oading over the full height of the pier . 
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5.2 Ultimate Strength 

5.2 . 1 Effec t of Horizontal Reinforcement 

In the hollow clay brick tests (HCBR- 21 ) no increase in the 

ultimate shear s trength of the fully grout ed piers was observed when 

the amount of horizontal reinforcement was increased over three No. 5 

s teel bars , (a reinforcement ratio of 0 . 0030) . Piers with three, four 

or five No. 5 bars e xhibited an average ultimate shear stress of the 

order of 315 psi (Table 4.1). The ultimate strength decreased from 

this value by 1 3% and 35% as the amount of horizontal reinforcement was 

reduced t o t wo No. 5 bars (reinforcement ratio of 0.0020) and to none , 

respective ly. This increase in the ultimate shear s trength with 

incre asing amounts of horizontal reinforcement (up to a certain point) 

was not observed in the double wythe , grouted core c lay brick piers 

(CBRC- 21). In this case , the p i ers attained an average ultimate shear 

stress of the order of 250 psi (Table 4.1), independent of the amount 

of horizontal reinforcement. 

5 . 2 . 2 Effect of Partial Grouting 

The ultimate shear stress of partially grouted piers , computed 

using net areas, was of the order of 90% of the stress of comparabl e 

fully grouted piers (Table 4 . 1). It should be noted that the partially 

grouted piers r equired much l ess horizontal load to develop the ultimate 

shear strength, and as a r esul t practica lly no yielding of the vertical 

reinforcement occurred . Correspondingl y , t he amount of compressive 

load developed at ultimate was considerably smal l e r than that for 

the tests of the fully gr outed piers. 
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5 . 3 Inel astic Behavi or 

The hyster es i s envel opes (average maximum force-deflect ion 

curves ) are used as a f rame of reference to discuss the i ne l asti c 

behavi or of the p i e r s. The question as to what can be considered a 

desi rab l e hysteresis envelope has been discussed in reference [6] 

pp . 68- 70 i n qual itative terms . It is appropriate to recal l that the 

usefulness of the hyster esis e nvelopes is that t hey provide visual 

comparisons of duct ility and ultimate strength ; however, they give no 

indi cation of the energy dissipated per cycle , and consideration of 

t his parameter in conj unction with the ultimate strength , the defor­

ma t ion capacity and a compari son of crac k patte rns at equal displaceme nts 

is necessary to eval uate compl etely the inelastic characteristics of 

t he pier behavior . 

The problem of making mathematical models to predict the 

hysteretic behavior reveal ed in the data has recently been explored . 

Such a model includes not only the hysteresis loops themselves, but 

a l so the hysteresis envel ope . 

In order to quantify the deformation capabi l ities of t he pier3 , 

hysteresis indicators , defined in Section 4.3, are listed in the last 

two col umns of Tabl e 4 . 1 . 

5 . 3.1 Effect of Horizontal Reinforcement 

Fi gures 5 . 1 and 5 . 2 show the changes in the hysteresis envelopes 

as the amount of horizontal reinforcement varies. The observations 

of Section 5 . 2 with respect to ultimate strength also are evident in 

these figures. In addi tion the form of the hysteresis envelopes of 

the HeBR piers improves as the amount of horizontal reinforcement 

increases from none to three No . 5 bars . However, there is no 
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significant difference in the hysteresis envelopes of the piers as the 

horizontal reinforcement increases from three to four to five No. 5 

reinforcing bars (Fig . 5.1). Hysteresis indicator hI has a constant 

value around 7 . 0 and d2 increases from 0 . 61 inch for no horizontal 

reinforcement to 0.95 inch for three, four or five No . 5 steel bars. 

I n the case of the CBRe piers, there is no significant difference in 

t he hyst eresis envelopes as the amount of horizontal reinforcement 

increases from none to five No. 5 horizontal reinforcing bars (Fig. 

5 . 2). Hysteresis indicator hl has a constant value around 6 . 0 and d2 

shows a decrease (from 1.0 inch to 0 . 68 inch) as the amount of 

hori zontal reinforcement is increased (from none to five No. 5 s teel 

bars) . Therefore, the use of increasing amounts of horizontal rein­

forcement has a slight detrimental effect on the deformation 

capabil i t ies of the CBRC piers . 

A heavy dot has been drawn on a ll figures at t he loading stage 

where the major diagonal crack first developed. It can be observed 

that a l l the CBRC piers , as well as the HCBR piers with horizontal 

reinforcement less than three No.5 bars , have a sharp degradation of 

strengt h fo l lowing the formation of major diagonal cracking. As the 

horizontal reinforcement of the HCBR piers is increased to three No. 5 

bars or more, the strength degradation is less pronounced after the 

format ion of the major diagonal cracks. 

The piers with no vertical or horizontal reinforcement (HCBR-2l - l 

and CBR- 2l- l) have not been included in the above discussion and their 

characteristics are not compared with others. It was clear to the 

investigators that the behavior of the nonreinforced piers wa s 

significantly influenced by the presence of the additional compressive 
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axial load imposed by the columns and discussed in Section 4 . 2. 

Accordingly, these te s ts will be r epeat ed in a later sequence where 

the t est setup will be modified to exc lude this increase in com­

pressive load. 

5. 3 . 2 Effect of Partial Grouting 

Figure 5 . 3 shows the comparison of hyster esis e nvelopes of fully 

and partially grouted HeBR pier s based on gross shear stress . Figur e 

5.4 shows t he same comparison using the net shear stress (net area 

based on bedded plus grouted cell area). Although the effect of 

partial grouting was not s i gnif icant as far as ultimate strength was 

concerned, i t definitely reduced the deformational capability of t he 

piers ; the hy steres i s enve l opes of the f ully grouted p i e r s have a much 

more desirable s hape . The hysteresis indi cator d
2 

of the partia lly 

grouted piers dropped to between 0 . 30 inch and 0.40 inch. The post 

cracking behavior of t he partially grouted piers displayed more 

brittle characteristics compared with that of the corresponding f ully 

grouted p iers . 

5.4 Stiffness Degradation 

It is apparent f rom the test results that the piers suffer sub­

s tantial s tiffness degradation when subjected to gradually increasing 

lateral displacements. Table 5.1 s umma rizes this effect and shows two 

types of results . The firs t is a comparison between the theoretical 

initial stiffness and the maximum s ti f. fness measured during the earl y 

s tages of the test . The theore tical initial s tiffness has been com­

puted in Fig. 4~2 and the assumptions used are indicated in Secti on 

4.3(b). The measured value is a l ways smaller than the theoretical 

value and it ranges from 32% to 74% of the theoretical value for the 
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HCBR fully grouted piers , from 43% to 75% for the HCBR partially 

grouted piers, and from 37% to 79% 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. 
[7J 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 physically for small displacements and hence 

the discrepancy in the calculated and measured values. 

The second set of results presented in Table 5.1 is a comparison 

of the measured stiffnesses of all piers at applied shear stresses of 

50 psi and 100 psi, and the percentage decrease s in stiffness at these 

stress l evels with respect to the maximum initial measured val ue. The 

applied stress level of 50 psi generally corresponds to the shear 

stress at which the first visible cracks occur (usually flexural cracks) . 

Because the maximum initial stiffness developed at a shear stress close 

to 50 psi for some of the tests, the percentage of stiffness degradation 

i s more uniform for the 100 psi level than for the 50 psi level. 

5.4.1 Effect of Horizontal Reinforcement 

Figures 5 . 5 and 5.6 present the stiffness degradation curves 

for different amounts of horizontal reinforcement for HCBR and CBRC 

piers , respectively. It can be seen from the figures that there 

appears to be no relationship between the amount of horizontal rein-

forcement and the rate at which the stiffness degrades. Specimens 4 

and 6 show a lower s ti ffness degradation with respect to the initial 

measured stiffness . However, these results are attributed to the 

particularly flexible boundary conditions during the early stages of 

the test, which produced very low initial measured sti ffness values 

(Table 5.1) . 
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5.4.2 Effect of Partial Grouting 

Figure 5 . 7 shows a comparison of the stiffness degradation 

curves for fully and partially grouted HCBR piers based on gross areas. 

Figure 5 . 8 is similar but uses the net area to compute the shear 

stress of the partially grouted pi ers. The trend of these results for 

both types of grouting is similar, and so it appears that degradation 

is independent of the type of grouting . However , it must be noted 

that these results were obtained under displacement increments that 

gradually increase. Later tests will determine if the type of 

degradation observed is similar for both grouting conditions under a 

more random type of loading sequence. 

5 . 5 Energy Dissipation 

The effect of horizontal reinforcement on the EDT ratio i s 

shown in Fig. 5 .9 for the HCBR piers and in Fig. 5 .10 for the CBRC 

piers . The effect of partial grouting is shown in Fig. 5 .11. It can 

be concluded from these graphs that the energy dissipation capacity of 

the piers appears to be independent of the amount of horizontal rein­

forcement and the type of grouting. For all piers the EDT ratio 

increases linearly as a function of the imposed displacement until a 

major crack forms. At this point the re is a significant increase in 

the EDT ratio as further increases in lateral displacement occur. As 

with s ti ffness degradation , investigation of the EDT ratio under a 

more random load sequence is important before analytical models based 

on the results are formula t ed. 

5 . 6 Effect of Compressive Load on Inelastic Behavior 

The additional compressive load imposed by the columns during 

the tests has been di scussed briefly in Sections 3 .1 and 4.2 . The 
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magnitude of the load appears to be directly proportional to the axial 

stiffness of the pier and to the square of the late ral displacement, 

and inversely proportional to the height of the vertical columns that 

restrain the t op beam from rotation . The presence of thi s compr essive 

axial load i s generally de tected as soon as an applied ac tuator 

amplitude displacement of 0. 1 0 inch i s achieved and reaches maximum 

values close t o 150 kip (484 psi) i n the HCBR p i ers and 200 kip 

(476 psi) in t he CBRC piers , (See Table 4.1). Specimens HCBR- 21- 1 and 

CBRC- 21- 1 sust a ined larger lateral deformations at their maximum 

lateral l oads and consequently deve l oped compressive s t resses l a r ger 

than 500 psi . On the other hand , partially grouted piers have a lower 

deformation capability at their ultimate load and therefore devel op 

l ower compressive loads than the fully grouted specimens . The 

additional imposed compressive load began t o decrease immediately after 

the maximum shear str e ngth was attained coincident with the occurrence 

of major d i agonal c r acking . This decrease is attributed to the 

reduction in the axi a l stiffness of the specimens . 

Although this increasing compressive load is not uncommon in 

multistory buildings subjected to the overturning effects of 

earthquake excitation , it forces the piers t o fa il i n the shear mode 

even t hough they e~hibit a f l exural type of behavi or as explained below, 

this may affect the desirability of the hysteresis envel opes (see [6J, 

pp . 68- 70). Desirable inel astic behavior can generally be characterized 

in two ways~ It is desirable for the p i e r to s ustain a sizabl e 

horizontal load for l arge amplitude of deflection and also for t he 

pier to absorb and d i ss i pate as much energy as possibl e before this 

horizontal load drops off. Both of these properties are reflected in 

the hyst eresis enve l ope derived for a particular pier . 
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If the hor izontal load , together with a moderate vertical l oad, 

imposes more demands on the pier in flexure than in s hear, the 

verti cal reinforcing on the tension side can be made to yiel d allowing 

a large horizontal displacement a t the top before failure occurs due 

to crushing of the compressive corner or to rupture of the bars in 

tension. In this case the hysteresis envelope would s how a yield 

plateau extending to a large displ acement thus displaying desirable 

characteristics. 

When a significant increase in vertical l oad accompanies an 

increase i n displacement , the resisting flexural moment can continue 

to inc rease without any sizable increase in the e xtreme tensile 

s tresses . Thus both the top displacement and the resisting horizontal 

force continue to increase without the vertical t ension reinforcing 

display i ng much , i f any, increase in y i e l d strain . But as the 

horizontal and vertic al forces increase they build up a s tress field 

in the pier in which diagonal t ension reaches the tensile strength 

capacity of the masonry so t hat l arge diagonal cracks appear which are 

assoc iated with shear fai lure . Thi s is a brittle failure and occurs 

at top horizontal displacements which are much smaller than would 

accompany a ducti l e tension f ai lure . 

Since the growth in vertical load during a test caused the p iers 

to displ ay shear fai lures, it is interesting t o speculate how the p i ers 

would behave (reflected through their hysteresis envelopes) if these 

additional vertical l oads were absent . In what follows a theory to 

predict this behavior is developed . 

In quantitative t erms the effect of the compressive l oad is 

i llustrated in Fig. 5 .12 , where t he f i gure depicts a free- body diagram 
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at the bottom section of the pier. By taking moments about 0 (the toe 

of the pier) , and neglecting the moment of the compressive force at the 

toe , an equation can be developed for the increase in lateral force 

capacity 6p above that required to yield the vertical reinforcement. 

This is expressed in terms of the increment in axial compressive force , 

6N , and the associated increment in moment,6M , deve l oped by applied loads 

of the external steel columns. 

Table 5 . 2 presents a comparison of the computed and measured 6p 

for specimen HCBR-21- 9. To perform the computation a specific point in 

one l oad cycle was chosen: the point at which the maximum lateral 

force in the pull direction developed as indicated in Fig. 5 . 12. The 

stage at which the tension vertical reinforcement commenced to yield 

was determined from the strain gage readings for the vertical rein­

forcement (SG
l 

in Fig. 3.3) . The incremental computed values of the 

lat era l force , 6F, are indicated in the second to last column. The last 

column indicates the incremental values (6P)o actually measured from 

the actuator l oad cells. The values of 6p and (6P)o are significantly 

c l ose until stage 19, where the tension steel reinforcement ceased to 

yiel d and major diagonal cracking occurred . 

The same computations shown in Table 5 . 2 for specimen HCBR-21- 9 

were performed for all of the tests where the vertical reinforcement 

yiel ded in tension. The results are shown in Fig. 5.13(a) for HCBR 

p i ers and Fig. 5.13(b) for CBRC piers. Because the peak values in 

each s t age were considered for this analysis, the hysteresis envelope 

obt a i ned from peak values has been used for comparison , (the hysteresis 

enve l opes obtained from average values are also shown as reference) . 

The computed ~p values have been subtracted from the hysteresis 

envel ope to produce a theoretical hysteresis envelope that woul d have 
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been obtained if no additional axial compressive force was present . 

It is apparent from the curves in Fig. 5.13 that a flexural type of 

failure with a yield plateau would have deve l oped . Future tests, with 

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

formed to validate this analytical result. Hysteresis envelopes t o 

be obtained from future tests will not be e xactl y the same as the 

curves presented in Fig. 5 .1 3 , due to the following assumpt ions made 

in the above analysis : 

a ) The onset of yielding in the vertical reinforcement is de l ayed 

by the presence of the compressive axial force , and should occur 

at an earlier s tage when this axial force i s removed . In fact, 

if the yield s tress of the vertical s t eel i s used to compute the 

yielding moment at the t op and bottom sections of the pier and no 

effect of additional compressive force is cons idered, the lateral 

load at whic h yie l ding would begin i s 47 kip for HCER piers and 

50 kip for the CERC piers . The yield point shown in Figs. 5 .13(a) 

and 5.13(b) ranges from 56 kip to 72 kip. 

b) The hysteresis enve l ope computed after removal of the ax ial f orce 

effect ha s been based on the assumption that the late ral displace­

ment does no t change when ~p i s subtracted from the shear f orce P; 

this may not be true . 

c) The analytical curves can only be derived from the hyste r esis 

envelopes (peak values) while the vertical s t eel is yielding in 

tens ion. Besides , it is assumed that the deformation capacity can­

not be larger than the capacity shown for the shear mode of failur e. 

The defcrmation capacity of a pier failing in the flexural mode , 

with no additional axial force present, may b e larger than the 

capacity shown by the analytical curves. 
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d) The strain hardening effect in the steel reinforcement under 

t ension has not been taken into account in this analysis . 

The test setup is be ing modif i ed so that the vertica l l oad is 

contro lled during a test; and therefore, the additional vertical l oad 

i s e liminated. This setup will enable tests to be carried out to 

verify the preceding theory. 

5 . 7 Correlation Between Square Panel and Pier Critical Tensile Strength 

This ana l ysis i s presented in Table 5.3 and i s discussed in more 

detail in reference [7J . The purpose of thi s investigation is to 

e valuate an a lternative and more appropriate test procedure for 

det ermining the code al l owabl e shear strength of masonry wal ls. 

Currently , the code allowable shear s trength is based on the compressive 

s trength of a masonry prism . 

The square panel c ritical tensile strength has been dete rmined 

[lJ d h . h . from a s tudy made by Blume I who propose t e expresslon s own In 

Table 5. 3 . The ultimate load P was taken as the average value obta i ned 

from three square panel tests for each type of pier , as indicated in 

Table 2 . 2. 

The critical tensile strength of the piers has been computed at 

the neutral axi s of the pier sections , fo llowing the simple be am 

theory for a section under combined f l e xure , s he ar and axial force. 

A parabol ic distributi on of shear s tresses over the cross secti on has 

been assumed . The piers developed their shear cracks at the same 

time that the ul timate shear s trength was attained . Therefore the 

peak s hear force , and the corresponding compressive load from Table 

4 . 1, have been used to evaluate the pi er c ritical tensil e strength. 
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The square panels were all fully grouted; for this reason the 

correlation only considers fully grouted HCBR piers and all the CBRC 

piers . 

The correlation obtained is considered to be reasonable . This 

type of anal ysis will continue to be performed throughout the pier 

test program. Future results will permit a better assessment of this 

test method in predicting the shear strength of masonry walls. 

5.8 Other Test Results 

The last graph in the test results is a comparison between the 

lateral displ acement of the piers and the percentage of this displace­

ment that can be attributed to shear distortion as defined in Fig . 3.4. 

These results reflect the amount of diagonal cracking present at each 

stage of the test. In accordance with the absence of diagonal cracking 

in specimens HCBR- 2l-l and CBRC- 2l- l the figures for these piers show 

only a small amount of shear distortion (as can be observed from the 

photographs) . It is interesting that in the initial stiffness computed 

in Fig . 4.2, the flexural and shear components of the deformation are 

in the ratio of 1 . 3 ,1 for fully or solid grouted piers and 1 , 1 for the 

partial ly grouted HCBR piers . 

Also it is appropriate to report on how well the test rig 

reproduced the fi xed end condition at the top of the pier . There are 

two measures of the rotation of the top section; one is an absolute 

measure through the instruments placed at the top of the pier, (DCDT ' S 

Vl and V2 in Fig . 3.3) , and the other is the computation of the 

l ocation of the inflection point from the forces acting on the pier . 

The results of these measurements and computations show that at the 

very early stages of the test the absolute rotation of the top spandrel 
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beam reached 60% o f the value that could be expect ed from a cantilever 

type of test. As a result the initial calculated pier stiffness 

(Section 5 . 4) was substantially underestimated . However, after the 

f irs t four or five loading stages , the positi on of the inflection 

point was confined to the 10% of the pier immediately above the mid­

height. This indicates a reasonably good reproduction of fixed end 

c onditions against rotation at the top of the pi e r. 
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APPENDIX A 

CATALOG OF TEST RESULTS 

The e xperimental 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 hysteres is envelope , stiffness 

degradation, energy dissipation and amount of shear distortion as com­

pared with total deformation. 

In order to show the relation between the photographs of the 

crack patterns and the diagrams s howing the results , a black dot has 

been drawn on the graphs and by 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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