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SUMHARY

This report presents the results of cyclic in-plane shear tests

on a variety of fixed ended masonry piers. The test set-up is 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 panel about 15 feet (3 meters) square

consisting of two piers and a top and bottom spandrel. The panels were

constructed from 6" wide x 8" high X 16" long hollow concrete block

units. The variables included in the investigation were the quantity

and distribution of reinforcement including joint reinforcement, the

rate of load application, partial grouting and the vertical bearing

stress.

The results are presented in the form of hysteresis envelopes,

graphs of stiffness degradation properties and tabulated data on the

ultimate strength and ductility indicators. Part II of this report,

EERC Report No. 76-16, provides a comparison of the results obtained

from the double-pier tests with those obtained from a simple diagonal

test and with other investigations, as well as a correlation of the test

results with theoretically predicted results and comments on the design

implications of the test results.
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1. INTRODUCTION

In spite of its being the oldest building material, the technological

development of masonry in earthquake engineering has lagged behind that

of other structural materials. The paucity of knowledge on the subject

has led to a lack of confidence by engineers in its use in seismic

resistant structures. This attitude has been accentuated by a history

of poor earthquake performance for "nonengineered" masonry structures.

Most of the experimental evidence obtained to date on the shear

strength of masonry structural elements has been obtained under the

d " f '1 d' (1-14)con ~t~on 0 monoton~c oa ~ng . The three major studies known

to the authors on the post-elastic cyclic behavior of masonry cantilever

h 11 f' d b T.7'll' (15) M l' d t (16)s_ear wa s were per_orme y ~~ ~ams , e ~ an Es eva and

. 1 d 'd (17)
Pr~est ey an Br~ geman . Meli concluded that there are two possible

modes of failure for cantilever masonry shear walls, (a) shear (diagonal

tension) (b) flexure (yield or secondary compression). The shear

failure is characterized by diagonal cracks, and the flexure failure by

yielding of the tension steel and crushing at the compressive toe of

the wall. Williams compared the pseudo-static and dynamic cyclic

behavior of four different cantilever shear walls and concluded that

strain rate may be an important factor in their performance; thus, con-

trary to frequently accepted opinion, cyclic pseudo-static test results

rray be inappropriate for use as a conservative basis for seismic design

in masonry. The most interesting result of Priestley and Bridgeman's

research was the significant improvement observed in the inelastic

characteristics of piers failing in the flexural mode when joint rein-

forcernent was added. A summary and analysis of all the investigations
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(18,19)
performed to data are presented in two reports by Mayes and Clough .

The primary shear resisting elements of multistory reinforced

masonry buildings are vertical cantilever, coupled or perforated, shear

walls such as those shown in Figure 1.1. The smallest structural com-

ponents of interest in the perforated shear walls are the single or

double-pier elements circled in Figure 1.1. A complete understanding

of the earthquake behavior of these elements will be of great help in

developing a more realistic model of an entire perforated shear wall

and also will aid in understanding the behavior of the coupled and

cantilever shear walls. The advantages of the double-pier element

chosen for this investigation, Figure 2.1, are the realistic boundary

conditions which are provided for the piers, and the ability of the

panel to represent reversal of the overturning moment when subjected

to a cyclic load. The major disadvantages of such test specimens are

the time and cost involved in their construction and testing as compared

with a single pier.

This report presents the results obtained from seventeen tests

performed on double-pier specimens. An accompanying report -- EERC

Report No. 76-16 provides a comparison of the results obtained from

the double-pier tests with those obtained from a simple diagonal test

and with other investigations, as well as a correlation of the test

results with theoretically predicted results and comments on the

design implications of the test results. In addition, this test program

is being followed by an extensive single-pier test program (including

approximately 80 tests) in which the boundary conditions of the piers

in the double-pier panel are being simulated as closely as possible

by the single-pier test set-up sho~m in Figure 1.2.
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2. DOUBLE-PIER TEST SPECIMEN

2.1 Design of Specimens

The overall dimensions of the seventeen (17) test specimens are the

same and are shown in Fig. 2.1. The test specimens were designed to

satisfy as closely as possible the boundary conditions of piers in a

real structure. The piers, which had a height (5'-4") to width (2'-8")

ratio of two, were the elements of interest. The top and bottom

spandrels were heavily reinforced (using *7 re-bars as shown in Fig.

2.1) in an attempt to prevent their failure, although this objective

was not achieved in all cases.

The panels were constructed from standard two-core reinforcible

hollow concrete blocks, nominally 6" wide x 8" high X 16" long as shown

in Fig. 2.2. The core of each block has an area of approximately 51.4

square inches with a ratio of net (concrete) to gross (block) area of 58%.

Both the piers and the top and bottom spandrels were fully grouted

in fifteen (15) specimens, but only the cores containing the vertical

re-bars were grouted in the piers of tests No. 11 and 12 (partially

grouted) .

The series of seventeen tests was planned to determine the effect

of the bearing stress, the rate of loading, the quantity and distribution

of reinforcement, and the effect of partial grouting on the strength and

deformation properties of the piers, as shown in Table 2.1. In general,

the specimens were constructed in identical pairs, one being tested

dynamically, the other under pseudo-static conditions. Test specimens

No. 1 and 2 were considered as the basic panel, while all other pairs

of panels had variations of one or two major properties from those of
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TABLE 2.1 MATERIAL AND PIER PROPERTIES
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No.1 and 2. Specimen 17 was unique; it did not have an identical

mate.

The details of re-bar arrangement are shown in Figure 2.3 for each

pair of specimens. Tests I, 2, 5, 6 and 9 to 12 had 2-#6 vertical

re-bars in each jamb of the pier, providing 0.92% of reinforcement based

on the gross cross-sectional area. Tests 3 and 4 had 2-#4 vertical

re-bars in each jamb and 3-#5 horizontal bars in each pier giving a

total of 1.4% reinforcement. Tests 13-16 had a substantial amount of

reinforcement (1.67%), arranged to ensure a flexural failure. In

addition to the horizontal and vertical bar reinforcement, Tests 15

and 16 had steel plates inserted in the mortar joints at each of the

, (17)
three courses at the top and bottom of each p~er . The plate used is

shown in Figures 2.4 and 2.5. The piers of Test 17 were completely

unreinforced.

2.2 Unit Strength of Materials

The standard two-core reinforcible hollow concrete blocks, when

tested as single units, had an average gross compressive strength of

1714 psi (2944 psi net strength) with a range from 1340 psi to 2040 psi

over five samples. The average gross tensile strength of the unit was

267 psi with a range from 235 psi to 255 psi over five sa~ples. The

block test procedures followed the California Q-Block Quality Control

'.c' , (20)
SpeC1~1cat1on .

The joint mortar was specified as standard ASTM-Type M (Le.

1 Cement: 1/4 Lime: 2 1/4 - 3 Sand), with a minimum strength of 2500 psi.

The grout was also specified according to ASTM specifications. Because

each of the nine sets of panels were built at different times, the

grout and mortar strength for each set varied according to normal work-

manship.
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Five prisms (five blocks high and one long) for compression tests

and two to four square panels (32" x 32") for diagonal tension tests

were also constructed from the same mortar and grout as were used in

each set of wall panels. The mortar, grout, prism and square panel

samples were cured under normal atmospheric conditions and generally

tested in the 14 days between the tests of the corresponding piers.

The mortar, grout and prism strengths are listed in Table 2.1;

the square panel test results are discussed in EERC Report No. 76-16.

The double-pier specimens were generally tested 2-3 months after

construction.
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3. DOUBLE-PIER TEST EQUIPMENT AND PROCEDURE

3.1 Test Equipment

The test equipment shown in Figures 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 consists of two, twenty-feet high, heavily-braced reaction frames

supporting a pair of hydraulic actuators which act horizontally, a

mechanism capable of applying vertical bearing loads similar to the

gravity loads experienced by the piers in an actual structure, and a

concrete base on which the panel is constructed and bolted to the test

floor.

The maximum dynamic load which may be developed by the horizontal

actuators is 60 kips each. The maximum stroke is ± 6 in., the maximum

piston velocity is 26 in./sec. and the flow capacity of the servovalves

is 200 gpm. The autuators can be controlled with regard to either

displacement or load. The operational capabilities of the actuators are

limited by the above mentioned force capacity, and also by a frequency

limitation of about 5 Hz. The total load capacity of the test system

necessitated the use of six inch thick blocks rather than eight inch

thick units.

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

springs and rollers shown in Figure 3.2. The Thomson Dual Roundway

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 the bearings is reputed to be 0.007.
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FIGURE 3.2 TEST EQUIPMENT
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Each panel was constructed on a 20 ft x 4 ft x 2 ft concrete base

which allowed the panels to be moved into place after construction and

bolted to the test floor.

3.2 Loading Sequence

Each panel was loaded in an increasing amplitude sequence of

simusoidal displacement cycles, with three cycles of each amplitude.

The actuator displacements generally followed the sequence 0.02", 0.04",

0.06",0.08",0.12",0.16",0.20",0.25",0.30", --- 0.5",0.6"----1.0"

----1.5". After each set of 3 displacement cycles, the walls were

visually inspected and the crack pattern identified. The sinusoidal

cycles were applied at the frequency of 3 Hz in dynamic tests, and at

the rate of 0.02 Hz in the pseudo-static tests.

Panels No. 1 to 8 and 13 and 14 were subjected to a maximum input

displacement of I"; panels No.9 to 12 completely failed at only 0.5";

whereas panels No. 15 and 16 (which had heavy shear reinforcement and

1/8" plates at the compression toes) were subjected to an input displace

ment of 1. 5".

A problem was encountered in the loading procedure due to the fact

that the displacement of the piers was controlled by the displacement

of the actuators. When the actuators were pushing the panel away from

the frame, deflections in the loading system included the effects of

flexibility in the reaction frame and loading beam. In the reverse

cycle, the actuators were pulling the panel towards the frame and

additional deflections arose from tension placed on the bolting system.

This resulted in larger deflections being applied to the panels in the

pushing direction than while pulling, the effect being most pronounced

at the higher load levels.
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3.3 Instrumentation and Data Reduction

The total load applied by the hydraulic actuators was measured by

a force transducer. The deflections at the center of the top and bottom

of each pier were measured by either LVDT's (linear variable differential

transformers) or DCDT's (direct current differential transformers)

attached to the reference frame. The difference between the top and

bottom measurements was used to indicate the relative deflection of each

pier.

The force and displacement transducer outputs were amplified and

recorded by a direct writing oscillograph (Visicorder). In Test No. 17,

the data were also recorded in digital form on magnetic tape with the

use of a high speed data acquisition system which became available at

that time. This test served to verify the applicability of the digital

system for future tests. The Visicorder traces had to be digitized

manually, thus the potential advantage of the digitally recorded test

data was obvious. In either case, the digitized displacement and load

data were used to determine relative pier deflections, stiffness and

energy absorption characteristics, and were plotted in the form of

hysteresis loops.
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4. DOUBLE-PIER TEST RESULTS

4.1 Introduction

The results of the seventeen (17) tests are presented in the form

of hysteresis loops (Figs. 4.1 to 4.17), graphs of hysteresis envelopes

(Figs. 4.37 to 4.40), stiffness degradation properties (Figs. 4.42 to

4.43) and a graph of the energy dissipation characteristics (Fig. 4.44).

In addition, data on the maximum input displacement, the ultimate

strength, and the ductility indicators for each test are listed in

Table 4.1.

The measurements of the loads and displacements used for calculating

the data presented are accurate to within + 3%. The hysteresis loops,

plotted in Figures 4.1 to 4.17 for the successive tests, were obtained

by plotting half of the total actuator load against the relative

"displacement of each pier. The assumption that each pier resists half

of the total applied shear force seems to be reasonable for the loading

sequences of most tests. In tests 6 and 8 the validity of this

assumption at input displacements above 0.25" is dubious because of the

cracks developed in the top spandrel and the consequent cantilever type

action of the left-side pier (Fig. 2.1). In addition when a large crack

(or substantial cracking) developed in one pier and not in the other the

assumption is also questionable. This was a rare occurrence as generally

both piers developed large cracks at the same input displacement.

The last few displacement cycles are not included in several of

the hysteresis loops because the displacement transducers had to be

removed as failure was approached in order to avoid damaging them.
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4.2 Mode of Failure

Photographs of the final failed state of each panel (*) are presented

in Figs. 4.1 to 4.17, together with their corresponding hysteresis loops.

The cracked state of the right-side piers (Fig. 2.1) at the working

ultimate load (refer to section 4.3) are shown in Figs. 4.18(1) and

4.18(2) for Tests No.1 to 17. Figures 4.19 to 4.35 show the successive

crack formation and associated loads and displacements for all right-side

piers. Four different failure modes can be identified in the photographs.

Figure 4.36 presents schematic drawings of these four modes of failure.

The first, diagonal tension or shear failure, is characterized by

diagonal or X cracks similar to the tension failure of a square panel

(Fig. 4.36A). This failure mode was observed in Tests 1, 2, 5, 6, 7, 8

and 17. The second diagonal tension and vertical splitting, is shown

in Fig. 4.36A'. This was observed in cases of large vertical loadings

(Tests 9, 10) and in the case of partially grouted piers (Tests 11, 12).

The third mode of failure is combined shear and flexure yielding. It

is characterized by a compressive failure at the toe of the pier due

to substantial yielding of the tensile steel, combined with diagonal

cracking (Fig. 4.36B for Tests 3 and 4). The fourth mode of failure,

shown in Fig. 4.36C, is a flexure yielding mechanism characterized by

compressive failure at the toe of the piers. Diagonal shear cracking is

inhibited in these cases by the horizontal reinforcement (Tests 13-16).

4.3 Load-Displacement Characteristics

To interpret and compare the results of the hysteresis loops

presented in Figures 4.1 to 4.17, several "indicators" were determined

from the plots:

*Numbers indicated in the photographs (Figs. 4.13 to 4.17)are not cor
related to the test nurrbers.
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Notes of Table 4.1

1. Frequency of the sinusoidally applied actuator displacement.

2. Bearing Stress based on the gross area (192 sq. in.).

3. Vertical reinforcement in each jamb of the piers.

4. Horizontal reinforcement as shown in Figure 2.3.

5. P
ul

and P
u2

are the peak shear loads in either direction, and defined in Figure 4.41. LUI and

L u2 are the corresponding shear stresses based on the gross area.

6. PI and P2 are the average ultimate shear strengths as defined in Figure 4.41. Ll and T2 are the

corresponding shear stresses based on the gross area.

7. P
3

is a working ultimate shear strength defined in Figure 4.41. T
3

is the corresponding shear

strength based on the gross area.

8. 01 and 04 are approximate ductility ratios associated with PI and P2 and defined in Figure 4.41.

9. Average value of deflection associated with PI and defined in Figure 4.41.

10. 03 and 04 are ductility indicators associated with P3 and defined in Figure 4.41.

11. Average value of deflection associated with P
3

and defined in Figure 4.41.

12. Maximum input displacement of activator.

13. Grouted at Re-bars only. Values in parentheses are stresses based on net area. (152 sq. in.).

l\)

I-'



8, ~ 1.7

22

= 0.02 CPS
= 250 PSI
= 2-#6

'"021 010 0 010 021 031 041 051
DISPLACEMENT INCHES

~ + VE DIRECTION

MAX. +VE DISPL. e. CORRES. FORCE' 0.48"; 6.9 KIPS
MAX. -VE DISPL. e. CORRES. FORCE' 0.50"; 2.1 KIPS

FIGURE 4.1 HYSTERESIS LOOP TEST 1. (RIGHT SIDE PIER)

~34, 7
-0.48

FREQUENCY
BEARING STRESS
VERTICAL REINF.

DISPLACEMENT INCHES

= 3 CPS
• 250 PSI
= 2-#6

--+ VE DIRECTION

MAX. +VE DISPL. e. CORRES. FORCE' 0.47"; 7.6 KIPS
MAX. -VE DISPL. e. CORRES. FORCE, 0.43"; 6.9 KIPS

FIGURE 4.2 HYSTERESIS LOOP TEST 2. (RIGHT SIDE PIER)
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: 0.02 CPS
: 125 PSI
'" 2-#4

FREQUENCY
BEARING STRESS
VERTICAL REINE

'0'
-0.25 0 0,12 025

DISPLACEMENT INCH ES

21681:::~ 8-~
d

2
3- d,

" 15 "3.7

-273
-062 -050

--- + VE DIRECTION

MAX. +VE DISPL. 6 CORRES. FORCE, 0.55"; II KIPS
MAX. - VE DISPL. 6 CORRES FORCE' 0.58''; 16 KIPS

FIGURE 4.3 HYSTERESIS LOOP TEST 3. (RIGHT SIDE PIER)

" 3 CPS
" 125 PSI
" 2-#4

FREQUENCY
BEARING STRESS
VERTICAL REINF

-262
-054 -043 -0.32 -0,22 -0,11 0 0,11 0.22 0.32 043 0.54

01 SPLACEMENT INCHES

-- + VE DIRECTION

MAX. +VE DISPL. 6 CORRES. FORCE, 0.54''; 16 KIPS
MAX. - VE DISPL. 6 CORRES. FORCE, 0.50"; 18 KIPS

FIGURE 4.4 HYSTERESIS LOOP TEST 4. (RIGHT SIDE PIER)



-213
-048

24

: 002 CPS
: 0 PSI
: 2-#6

_ + VE DIRECTION

MAX. +VE DlSPL. e. CORRES. FORCE' 0.48"; 6 KIPS
MAX. -VE DISPL. So CORRES FORCE· 0.45"; 12 KIPS

FIGURE 4.5 HYSTERESIS LOOP TEST 5. (RIGHT SIDE PIER)

-020 -0,10 0 0,10 0200,:51 0.41 0.51

DISPLACEMENT INCHES

-24.4
:0.51

FREQUENCY
BEARING STRESS
VERTICAL REINF.

: 3 CPS
: 0 PSI
: 2-#6

- + VE DIRECTION

MAX. +VE DISPl. e. CORRES. FORCE· 0.52"; 10 KIPS
MAX. - VE DISPL. e. CORRES. FORCE 0.4~"; 14 KIPS

FIGURE 4.6 HYSTERESIS LOOP TEST 6. (RIGHT SIDE PIER)
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-060 -048

25

FREQUENCY = 0.02 CPS
BEARING STRESS = 250 PSI
VERTICAL REINF. ; 2- # 6
HORIZONTAL REINF = 1- # 5

-024 -012 0 012 024 0.36048 060

01 SPlAC£MENT INCHES

- + VE DIRECTION

MAX. + VE DISPL. I'l CORRES. FORCE' 0.53"; 28 KIPS
MAX. - VE DISPL. I'l CORRES. FORCE 0.60"; 28 KIPS

FIGURE 4.7 HYSTERESIS LOOP TEST· 7. (RIGHT SIDE PIER)

FREQUENCY = 3 CPS
BEARING STRESS = 250 PSJ
VERTICAL REINE = 2- # 6
HORIZONTAL REINF = 1- # 5

-039 -0.26 -0.13 0 013 0.26 0,39 0.52 0.65

DI $PLACEMENT INCHES

- + VE DIRECTION

MAX. +VE DISPL. I'l CORRES. FORCE' 0.58"; 41 KIPS
MAX. - VE DISPL. I'l CORRES. FORCE' 0.65 "; 26 KIPS

FIGURE 4.8 HYSTERESIS LOOP TEST 8 0 (RIGHT SIDE PIER)
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8,'2.0 8,'4.0
FREaUENCY : 0,02 CPS
BEARING STRESS : 500 PSI
Vl;RTICAL REINF. : 2~ #6

-30,3

-,:5$ 0 06

DISPLACEMENT l"NCHES

- + VE OIRECTION

MAX. +VE DISPL. a CORRES. FORCE' 0.29'; 18 KIPS
MAX. ~ VE DISPL. a CORRES. FORCE· 0.27',24 KIPS

FIGURE 4.9 HYSTERESIS LOOP TEST 9. (RIGHT SIDE PIER)

8, ,3.6 8,'5.5

FREQUENCY ·3 CPS
SEARING STRESS = 500 PSI
VERTICAL RE;INF. =2- #~

-30 -,2:0 -.10 0 10 .20 :50 40

OISPLACEMENT INCHES

- +VE DIRECTION

MAX. +VE DISPL. a CORRES. FORCE. 0.38'; 20 KIPS
MAX -V" n1~PL a CORRES. FORCE· 0.31'; 24 KII'S

FIGURE 4.10 HYSTERESIS LOOP TEST 10. (RIGHT SIDE PIER)
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8. 0 6.3
FREQUENCY '0.02 CPS
B£ARING STRESS ,250PSI
VERTICAL REINE ,2-_6
GROUTED AT RE-BAR ONLY

-10 0 10 2'

01 SPLACEMENT INCHES

-- + VE DIRECTiON

MAX. +VE DISPL. a CORRES. FORCE· 0.51"; 4.7 KIPS
MAX. - VE DISPL. a CORRES. FORCE· 0.45"; 7.0 KIPS

FIGURE 4.11

o
DISPLACEM[NT INCHES

FIGURE 4.12

HYSTERESIS LOOP TEST 11. (RIGHT SIDE PIER)

-- + VE DIRECTION

MAX. +VE DISPL. a CORRES. FORCE 0.44"; 10 KIPS
MAX. - VE DISPL. 6 CORRES FORCE 0.45": 14 KIPS

HYSTERESIS LOOP TEST 12. (RIGHT SIDE PIER)



DISPLACEMENT INCHES

-31.3

-042:

235·

182·

28

13,'5.0

FREQUENCY " 0.02 CPS
BEARING STRESS ~ 125 PSI
VERTICAL REINF "2~# 4

HORIZONTAL. RE;INF {: ~~: ~

0.2:5 03<1 0.42:

- + VE DIRECTION

MAX + VE DISPL. a CORRES. FORCE: 0.42",27 KIPS
MAX - VE DISPL. a COR RES. FORCE: 0.35",31 KIPS

FIGURE 4.13 HYSTERESIS LOOP TEST 13. (RIGHT SIDE PIER)

30.1

~12.0

-30.1

-0.5'3

FREQUENCY " 3 CP$
BE;ARING STRESS "125 PSI
VE;RTICAL REINF. "2~ ~ 4

HORIZONTAL REINF {: ~~= ~

-024 ~OJ2

DISPLACEMENT INCHES

- + VE DIRECTION
MAX. +VE DISPL. a CORRES. FORCE. 0.37", 26KIPS
MAX.- VE DISPL. a CORRES. FORCE: 0.26'. 30KIPS

FIGURE 4.14 HYSTERESIS LOOP TEST 14. (RIGHT SIDE PIER)
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OO~---;36_0

0.50 0.66 0.83

FREQUENCY = 0.02 CPS
BEARING STRESS : 125 PSI
VERTICAL REINF = 2-#4

{

' 3·# 7
HORIZONTAL REINF = 2-#5

~ 6-# It

31 2 ~

o
DISPLACEME:NT INCHES

-- + VE DIRECTION
MAX. +VE DISPL. a CORRES. FORCE' 0.52", 33KIPS
MAX. - VE DISPL a CORRES. FORCE. 0.47", 38KIPS

FIGURE 4.15 HYSTERESIS LOOP TEST 15. (RIGHT SIDE PIER)

-23.9

8,03.5

o FREQUENCY = 3CPS
BEARING STRESS = 125 PSI
VERTICAL REINF. = 2 - #- 4

{

" 3-# 7
HORIZONTAL REINF ~ 2 -# 5

- 6-# ~

DISPLACEMENT INCHES

- + VE DIRECTION
MAX. +VE DISPL a CORRES. FORCE: 0.58", 31 KIPS
MAX. - VE DISPL a CORRES. FORCE: 0.51". 40 KIPS

FIGURE 4.16 HYSTERESIS LOOP TEST 16. (RIGHT SIDE PIER)



DISPLACEMENT INCHES

204

-102

~204

-035 -027 ~Ol!l ~009

30

FREQUENCY " 3CPS
BEARING STRESS "250 PSI
VERTICAL REINF = NONE
HORIZONTAL REINF "NONE

0.27 0.35 0.44

- +VE DIRECTION

MAX + VE DI SPL. S. CORRES. FORCE' 0.18",21 KIPS
MAX - VE DISP~ S. COR RES. FORCE: 015", 25KIPS

FIGURE 4.17 HYSTERESIS LOOP TEST 17 (RIGHT SIDE PIER)



TEST NO.; LOAD (KIPS)
SHEAR STRENGTH (PSI)

31

I; 20
140

2,28
146

3; 21
109

4; 18
94

5; 15
78

6; 19
99

7;33
178

8;33
172

FIGU~)E 4.18 CRACKED STATE OF PIERS AT THE SUGGESTED
WORKING ULTIMATE STRENGTHS.
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TEST NO.; LOAD(KIPS)

SHEAR STRENGTH (PSI)

9;29
152

10j 28
146

II j 17

113

12; 18

119

13; 18
95

/4; 19
101

15; 23
118

16; 22
115

17; 17

89

FIGURE 4.18 (CONTINUE)
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-+VE DIRECTION
+VE LATERAL DISPL. CORRES.
SHEAR FORCE AND SHEAR STRESS
- VE LATERAL DISPL. COR RES.
SHEAR FORCE AND SHEAR STRESS

0.093"; 25.5 KIPS
130PSI

0.113"; 25 I KIPS
128PSI

0.16"; 20.7 KIPS
106 PSI

o. 19"; 20.3 KIPS
104 PSI

022"; 20.2 KIPS
103 PSI

0.25"; 15.7 KIPS
80 PSI

0.30"; 14.2 KI PS 0.37"; 10.7 KIPS 0.48"; 6.9 KIPS DISPL. 1.0"
72PSI 54 PSI 35 PSI

0.33"; 6.1 KIPS 0.38''; 4.4 KIPS 0.50"; I. 9 KIPS DISPL. 1.0"
31 PSI 22 PSI 9 PSI

FIGURE 4.19 SUCCESSIVE CRACK FORMATION TEST 1. (RIGHT SIDE PIER)
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-+VE DIRECTION
+ VE LATERAL DISPL. CORRES.
SHEAR FORCE AND SHEAR STRESS
-VE LATERAL DISPL. CORRES.
SHEAR FORCE AND SHEAR STRESS

0.21"; 30.8 KIPS
157 PSI

0.23"; 26.5 KIPS
135 PSI

0.14"; 29.7 KIPS
149 PSI

0.15"; 29.7 KIPS
152 PSI

0.46"; 6.8 KIPS
34 PSI

0.47"; 7.2 KIPS
36 PSI

0.19"; 30.1 KIPS
154 PSI

0.23"; 25.1 KIPS
128 PSI

FIGURE 4.20 SUCCESSIVE CRACK FORMATION TEST 2. (RIGHT SIDE PIER)
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- + VE DIRECTION

+VE LATERAL DISPL.. CORRES.
SHEAR FORCE AND SHEAR STRESS

- VE LATERAL 01 SPL.• CORRES.
SHEAR FORCE AND SHEAR STRESS

0.11" ; 20.0 KIPS
102PSI

0.13"; 21.6 KIPS
110 PSI

0.18"; 24.0 KIPS
122 PSI

0.22" ; 23.0 KIPS
117 PSI

0.26";26.9 KIPS
137 PSI

0.31"; 25.3 KIPS
129 PSI

0.33"; 24.7 KIPS 0.45"; 14.5 KIPS 0.54"; 10.8 KIPS DISPL. 1.0"
126PSI 74 PSI 55 PSI

0.36'; 25.1 KIPS 0.46" I 22.2 KIPS 0.60''; 14.7 KIPS DISPL. 1.0"
128 PSI 113PSI 75 PSI

FIGURE 4.21 SUCCESSIVE CRACK FORMATION TEST 3. (RIGHT SIDE PIER)



36

+- +VE DIRECTION
+ VE LATERAL DISPL. CORRES. 0.18", 22.3 KIPS 0.31", 23.9 KIPS
SHEAR FORCE AND SHEAR STRESS 116 PSI 124 PSI
-VE LATERAL DISPL. CORRES. 0.15", 23.5 KIPS 0.26", 26.2 KIPS
SHEAR FORCE AND SHEAR STRESS 122 PSI 136 PSI

0.35", 23.9 KIPS
124 PSI

0.36", 16.0 KIPS
83 PSI

0.46", 19.2 KIPS 0.54", 15.8 KIPS DISPL. 0.70" DISPL. 1.0"
100 PS.I 82 PSI

0.43", 16.3 KIPS 0.49", 17.9 KIPS DISPL. 0.70"
85 PSI 93 PSI DISPL. 1.0"

FIGURE 4.22 SUCCESSIVE CRACK FORMATION TEST 4. (RIGHT SIDE PIER)
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... + VE DIRECTION

+ VE LATERAL DISPLCORRES.

SHEAR FORCE AND SHEAR STRESS
- VE LATERAL DISPL COR RES.

SHEAR FORCE AND SHEAR STRESS

0.10"; 17.3 KIPS
90 PSI

O. II"; 17.4 KIPS
91 PSI

0.16";14.5 KIPS
76 PSI

0.14"; 19.8 KIPS

103 PSI

0.20"; 16.6 KIPS
86 PSI

O. 21 "; 17.5 KIP S

91 PSI

0.32 "; 17.2 KIPS
90 PSI

0.31"; 16.0 KIPS

83 PSI

0.48"; 6. I KIP S
32 PS I

0.45"; II. 9 KIPS

62 PSI

0.59"; 5.3 KIPS
28 PSI

0.56"; 11.8 KIPS

61 PSI

I"

I"

FIGURE 4.23 SUCCESSIVE CRACK FORMATION TEST 5. (RIGHT SIDE PIER)
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~ + VE DIRECTION
+ VE LATERAL DISPL. CORRES.
SHEAR FORCE AND SHEAR STRESS
- VE LATERAL DISPL. CORRES.
SHEAR FORCE AND SHEAR STRESS

0.16
11

; 23.0 KIPS
f20 PSI

0.13
11

; 20.IKIPS
150 PSI

II S0.29 ; 18.8 KIP
98PSI

0.18
11

; 21.7 KIPS
113 PSI

0.32
11

; 19.9 KIPS
104 PSI

0.24
11

; 19.1 KIPS
99 PSI

0.37
11

; 19.9KIPS
104 PSI

0.28
11

; 19.7 KIPS
102 PSI

0.51
11

; 10,5 KIPS
55PSI

0.41
11

; 13.6 KIPS
71 PSI

0.7
11

0.7
11

I"

III

FIGURE 4,24 SUCCESSIVE CRACK FORMATION TEST 6. (RIGHT SIDE PIER)
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_ + VE DIRECTION

+ VE LATERAL DISPL. CORRES.

SHEAR FORCE AND SHEAR STRESS

- VE LATERALDISPL CORRES.

SHEAR FORCE AND SHEAR STRESS

0.14"; 32.8 KIPS
171 PSI

0.11"; 31.5 KIPS
164 PSI

0.21"; 36.0 KIPS
188 PSI

0.18"; 36A KIPS
190 PSI

0.25"; 38.1 KIPS
198 PSI

0.22"; 38.9 KIPS
203 PSI

0.27"; 37.8 KIPS
197 PSI

0.26"; 39.7 KIPS
207 PSI

OAI"; 34 KIPS
177 PSI

OA6"; 31.6 KIPS
166 PSI

0.50"; 24.9 KIPS
130 PSI

0.60"; 27.8 KIPS
145 PSI

I"

I"

FIGURE 4.25 SUCCESSIVE CRACK FORMATION TEST 7. (RIGHT SIDE PIER)
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..--+ VE DIRECTION
+ VE LATERAL DISPL. CORRES.
SHEAR FORCE AND SHEAR STRESS
- VE LATERAL DISPL. CORRES.
SHEAR FORCE AND SHEAR STRESS

o.2 I"; 32.5 KIPS
169 PSI

0.19"; 32.0 KIPS
167 PSI

II
0.29 ; 36.0 KIPS

187 PSI
II

0.26 ; 37.0 KIPS
193 PSI

0.39"; 39.9 KIPS
208 PSI

0.35"; 42.2 KIPS
220 PSI

0.44
11

; 39.8 KIPS
207 PSI

0.39"; 43.4 KIPS
226 PSI

0.58"; 40.5 KIPS
211 PSI

0.63"; 29.4 KIPS
153 PSI

0.80"; 9.2 KIPS
48 PSI

0.86"; 6.9 KIPS
36 PSI

FIGURE 4.26 SUCCESSIVE CRACK FORMATION TEST 8. (RIGHT SIDE PIER)
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~ + VE DIRECTION

+ VE LATERAL OISPl.CORRES.

SHEAR FORCE AND SHEAR STRESS

- VE LATERAL DISPL.CORRES

SHEAR FORCE AND SHEAR STRESS

0.12"; 26.2 KIPS
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0.23'\ 18.0 KIPS
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0.32"; 23.7KIPS
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0.30"; 17.0 KIPS

89 PSI
O. 31 "; 2 0.9 KIP S

109PSI

FIGURE 4.27 SUCCESSIVE CRACK FORMATION TEST 9. (RIGHT SIDE PIER)
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___ + VE DIRECTION

+ VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

- VE LATERAL DISPl.CORRES.

SHEAR FORCE AND SHEAR STRESS

0.08"; 32.3 KIPS
168 PSI

0.06"; 28.8 KIPS
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0.13"; 33.0 KIPS
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152 PSI

0.27"; 32.9 KIPS

171 PSI

0.38"; 4.5 KIPS
23 PSI

0.45"; 8 9 KI PS

36 PSI

FIGURE 4 28 SUCCESSIVE CRACK FORMATION TEST 10. (RIGHT SIDE PIER)
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~ + VE DIRECTION

+ VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

- VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

0.07"; 17.2 KIPS

113 PS I
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31 PSI

0.41";9.1 KIPS

60 PSI

FIGURE 4.29 SUCCESSIVE CRACK FORMATION TEST 11. (RIGHT SIDE PIER)
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~ + VE DIRECTION

+ VE LATERAL DISPl.CORRES.

SHEAR FORCE AND SHEAR STRESS

- VE LATERAL DISPl.CORRES.

SHEAR FORCE AND SHEAR STRESS

0.14"; 19.1 KIPS

126 PSI

0.10"; 17.0 KIPS
112 PSI

0.22"; 19.0 KIPS

125 PSI
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68 PSI

0.45"; 13.7 KIPS
90PSI

0.51"; 7.3 KIPS

48 PSI

0.51''; 9.8 KIPS
64 PSI

FIGURE 4.30 SUCCESSIVE CRACK FORMATION TEST 12. (RIGHT SIDE PIER)
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45
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II
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II
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150 PSI

0.42
11
; 26.8 KIPS

140 PSI

0.35
11
; 31.3 KIPS

163PSI

DISPL. 1.0 II

DISPL. 1.011

FIGURE 4.31 SUCCESSIVE CRACK FORMATION TEST 13. (RIGHT SIDE PIER)



46

~ + VE DIRECTlON

+ VE LATERAL DISPl.CORRES.
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0.12"; 21.2 KIPS
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137PSI
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128 PSI
0.25"; 27.5 KIPS

143 PSI

0.54"; 15.8 KIPS

82 PSI
0.44"; 17.9 KIPS

93 PSI

DISPL. 0.9
11

DISPL. 0.9"

FIGURE 4.32 SUCCESSIVE CRACK FORMATION TEST 14. (RIGHT SIDE PIER)
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~ + VE DIRECTION

+ VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

- VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

0.08"; 20.0 KIPS

104 PSI
0.08"; 21.3 KIPS

III PSI

0.16"; 28.3 KIPS

147 PSI
0.14"; 28.9 KIPS

151 PSI

0.34"; 32.9 KIPS 0.52"; 33.0 KIPS 0.69";30.8 KIPS OISPL. 1.5"

171 PSI 172 PSI 160 PSI

0.32"; 36.2 KIPS 0.47"; 38.1 KIPS 0.63"; 38.1 KIPS 01 SPL. 1.5"

189 PSI 200 PSI 198 PSI

FIGURE 4.33 SUCCESSIVE CRACK FORMATION TEST 15. (RIGHT SIDE PIER)
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~ + VE DIRECTION

+ VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

- VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

0.28"; 28.3 KIPS
147 PSI

0.24"; 36.4 KIPS
190PSI

0.43 "; 28.9 KIPS
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0.52"; 28.5 KIPS
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0.62"; 28.8 KIPS 0.78"; 20.9 KIPS DISPL. I. 30" DISPL. 1.50"
150 PSI 109 PSI

0.58"; 37.6 KIPS 0.62 "; 33.9 KIPS DISPL. I. 30" DISPL. I. 50"

196 PSI 177 PSI

FIGURE 4.34 SUCCESSIVE CRACK FORMATION TEST 16. (RIGHT SIDE PIER)
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~ + VE DIRECTION

+ VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

- VE LATERAL DISPL.CORRES.

SHEAR FORCE AND SHEAR STRESS

0.08"; 16.6 KIPS

86 PSI

0.07"; 16.4 KIPS

85 PSI

0.10'\ 17.1 KIPS
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0.09"; 17.8 KIPS
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"0.17 ; 22.2 KIPS

166 PSI
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"9 PS I

0.26"', 16.7 KIPS 0.35"; 18.1 KIPS 0.37"; 18.1 KIPS DISPL. 0.70"

87 PSI 94 PSI 94 PSI

0.22"; 22.9KIPS 0.30"; 22.0 KIPS 0.33"; 22.5 KIPS DISPL. 0.70"

1/9 PSI 115 PS I 117 PSI

FIGURE 4.35 SUCCESSIVE CRACK FO&~TION TEST 17. (RIGHT SIDE PIER)
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(a) Peak Ultimate Loads - P
ul

and

These are the maximum loads, in each direction, that were attained

during a test.

(b) Average Ultimate Loads - PI and P
2

•

The loads PI and P
2

, in each direction, are approximately 90%

of the mean of the peak ultimate loadsj they were maintained for more

than one cycle of input displacement.

(c) Working Ultimate Load - P
3

•

was chosen as the load at which the first visible cracks formed

in the piers. P
3

varied between 70 and 80% of the mean of the peak

ultimate loads.

(d) Ductility Indicators - 01 to 04.

Ductility indicators associated with PI' P
2

and P
3

were defined

to give an indication of the displacement range over which loads PI' P
2

and were maintained. and are associated with the average

ultimate strengths PI and P
2

, and are defined as the ratio of the

displacement at which the pier can no longer withstand the lateral load

to the displacement at which or is first attained.

03 and 04 are similar ratios, in each direction, associated with the

load P3 ·

P P
u2' PI'

p and P
3

are indicated in Figure 4.4l. The mean
ul' ~2

of the loads P
ul

and P
u2'

the mean of the loads PI and P2' and

P
3

and their respective shear strengths based on the gross area of

192 sq. in. are listed in Table 4.l. °1 to
°4

are defined as
d

3
d

7
d

4
ds

°1 = -j °2 = -
°3 = - and

°4 = - where d
l

to d
S

are
d

2
d

6
d

l
d s
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indicated in Figure 4.41. The mean of 01 and 02' and the mean of

03 and 04 are listed in Table 4.1.

To give an indication of the envelope of the hysteresis loops, the

shear stress and lateral displacement for each of the three (3) cycles

at a given input displacement were averaged (i.e. the average of the

absolute values of the forces and displacements) and plotted. The plots

shown in Figures 4.37 to 4.40, demonstrate the effects of bearing stress,

reinforcement and partial grouting on these curves.

4.4 Stiffness Degradation

To give an indication of the stiffness degradation occurring between

different sequences of loading, a stiffness coefficient (K
l

) defined as

Maximum +ve force - Maximum -ve force
Corresponding +ve displ. - Corresponding -ve displ.

(4.1)

was calculated for each cycle of loading. Kr for the right-side pier

was plotted against the average lateral displacement and shear force

for each cycle of loading - Figures 4.42 and 4.43. On each of these

graphs a line indicating the first cracks visible to the eye and a line

indicating the formation of the first major crack are also plotted.

4.5 Energy Dissipation

The energy dissipated per cycle of loading was expressed in terms

of a dimensionless ratio EDT. EDT is defined as the ratio of the energy

dissipated to the total stored strain energy per cycle and is diagram-

matically shown in Figure 4.44.

EDT
Ener~J Dissipated/cycle
Total Stored Energy/cycle

(4.2)
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EDT is plotted against the average lateral displacement for the right

side pier for each cycle of loading in Fig. 4.44.
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-- TEST 2-GROUTED - 3CPS

TEST 1- GROUTED-0.02 CPS

TEST 12 - NET- GROUTED AT
RE- BARS- 3 CPS
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FIGUPE 4.38 h~STE?~SIS ENVELOPE (EFFECT OF PARTIAL GROUTn~G)
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FIGURE 4.41(1) DEFINITIO~ OF ULTI~ffiTE STRENGTH
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5. DISCUSSION OF THE DOUBLE-PIER TEST RESULTS

5.1 Introduction

In order to categorize the effects of the various parameters on

the dynamic properties and inelastic characteristics of the piers, the

results of the seventeen tests are discussed Q~der the following

headings:

5.2 Ductility

5.3 Ultimate Strength

5.4 Stiffness Degradation

5.5 Energy Dissipation

5.6 Loading Sequence

A comparison of the theoretically predicted ultimate strengths and the

observed test results is included in EERC Report No. 76-16. This

comparison is of two-fold importance. First, test series such as those

discussed here must be directed toward correlation of test results with

theoretical methods of predicting the ultimate strength. Secondly, and

more importantly, the test results are being used in an attempt to

develop an ultimate strength design concept for masonry piers.

In considering these results, it is well to recall the earlier

comment that Panels 1 and 2, 5-12, and 17 failed in the shear mode,

Panels 3 and 4 failed in a combination of the shear and flexural modes,

while Panels 13-16 failed in the flexural (secondary compression) mode.

5.2 Ductility

From the hysteresis loops and envelopes plotted in Figures 4.1 to

4.17 it is clear that almost all of the piers exhibit a ductile type of

behavior. However, it is difficult to quantify and compare the ductility
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in the various cases. From the hysteresis envelopes plotted in Figures

4.37 to 4.40 two distinct types of behavior are evident. The first is

typified by Test 1 in Figure 4.37 where the hysteresis envelope reaches

a maximum load, and then as the lateral displacement increases the load

gradually decreases. The second is typified by Tests 11 and 15 in

Figures 4.38 and 4.40 where the hysteresis envelope reaches a maximum

load, and then as the lateral displacement increases this load is main-

tained up to a critical displacement at which point the load decreases.

This is somewhat similar to an elasto-plastic force-deflection relation-

1.S) and larger values of theapproximately

(in the range of 2 to 6) whereas the corresponding
2

parameter

ship. The first type of behavior is characterized by low values of the
01 + 02

parameter

values for the second type of behavior are in the range of 2-S and 4-10,

respectively.

A note of caution is made at this point with respect to the

ductility indicators, in that they cannot be considered in isolation

when evaluating the inelastic performance of the piers. First, the

initial
d + d

2 6
2

displacement at which the ductility indicators are measured
01 + 02 dl + dS 03 + 04

for 2 and 2 for 2 (see Figure 4.41 for

but from the hysteresis envelopes shown in Figure 4.39, Test 8

and

areindicators
01 + 02

2
For example, Tests I and 8 have the same values of

the definition of d
l

, d
2

, d
S

and d
6
), must be used in order to

evaluate the displacement range over which the ductility

obviously has a much more desirable inelastic behavior. Secondly, the

maximum displacement the piers can withstand before failure is also

compared to Tests 1 and 2, but the piers of 9 and
2

For example, Tests 9 and 10 have reasonably large values of
03 + 04

2

important.
01 + 02

and
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10 completely collapsed at a lateral displacement of only 0.5" whereas

Tests 1 and 2 did not collapse until displacing 1.0". These two factors

illustrate the limitations of the ductility indicators and demonstrate

the necessity of including with the ductility indicators, the displace

ment range over which they are valid and the maximum lateral displace

ment the piers can withstand, in characterizing the ductility of the

piers.

Another question to be considered is what constitutes desirable

inelastic behavior. It is difficult to answer this question in

quantitative terms but Figures 5.1, a, band c are useful for a

qualitative discussion of three different aspects of the behavior

encountered in the test program. Figure 5.l(a) shows a set of four

force-deflection relationships each with the same ultimate strength

(F
I
). Obviously the inelastic force-deflection relationship becomes

more desirable in passing from curves A through D. Figure 5.l(b) shows

a set of four force-deflection relationships with different ultimate

strengths. The relative desirability of these curves is more difficult

to evaluate as it is a function of the imposed interstory deflection.

If the interstory deflection never exceeds d
l

then piers with the

force-deflection relationships given by B, C and A are preferable to

those of D. If the interstory deflection increases to d
2

then B C

and D are preferable to A, and finally if the interstory deflection

increases to d
3

then the order of increasing preference is A, B, C and

D. Hence the relative desirability of the force-deflection relationships

in Fig. S.lb depends on the intensity of the expected earthquake. For

a moderate earthquake where the interstory deflection is not expected

to exceed d
l

, the order of increasing preference would be D, C, A and
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B. If, however , a large earthquake is considered, where the interstory

deflection could be expected to be of the order of d
3

, the order of

increasing preference would be A, B, C and D.

For the two force-deflection relationships given by Figure 5.l(c)

obviously B is preferable to A as it is able to resist a greater lateral

force and has the same characteristics when the interstory deflection

exceeds d
l

. With the foregoing discussion in mind the effect of the

various test parameters on the ductility of the piers will be discussed.

The effect of bearing stress on the ductility of the piers is some

what inconclusive. Evaluating the hysteresis envelopes of Figure 4.37

and the ductility indicators of Table 4.1, there is a trend towards a

more ductile behavior as the bearing stress increases, however this is

offset by the fact that the piers with a bearing stress of 500 psi can

only withstand a maximum lateral displacement of 0.5" as opposed to 1.0"

for the 0 and 250 psi piers. If the maximum displacement of 0.5" is not

critical, then an increase in bearing stress could be considered to have

a desirable effect on the ductility of the piers for the tests performed.

However, because the number of tests is limited and because this finding

conflicts with the conclusion of other investigators (see EERC Report

No. 76-16), this parameter obviously requires further investigation.

The effect of partial grouting (Tests 1, 2, 11 and 12) on the

ductility of the piers is also inconclusive. From the hysteresis

envelopes of Figure 4.38, partial grouting produces a tendency towards

anelasto-plastic type of force-deflection behavior and when compared to

the fully grouted pseudo-static test (Test 1) the overall effect is

significantly more desirable. However when compared to the fully

grouted dynamic test the force-deflection curves are similar to those of
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Figure 5.l(c) and, as explained previously, the fully grouted pier must

be considered to have more desirable ductile behavior. In addition,

both the partially grouted piers collapsed at a lateral displacement of

0.5" as opposed to 1.0" for the fully grouted walls. Because of the

limited number of tests performed and the lack of any definite trend in

the results it is clear that further tests are required.

Horizontal reinforcement has a very desirable effect on the shear

mode of failure (Tests 1, 2, 7 and 8). As seen from the hysteresis

envelopes of Figure 4.39 and the ductility indicators of Table 4.1,

horizontal reinforcement substantially increases the overall ductility

of the piers, with the dynamic test having a better performfu~ce than the

pseudo-static test.

The performance in the flexural mode of failure was evaluated in

Tests 3, 4 and 13-16 with hysteresis envelopes plotted in Figure 4.40.

The basic difference between Tests 3, 4 and 13, 14 was the inclusion of

horizontal reinforcement in Tests 13 and 14 to ensure that a pure flexural

mode of failure was obtained. As expected, Tests 3 and 4 had character

istics of both the shear and flexural modes of failure, showing a more

sudden drop in load carrying capacity at larger lateral displacements.

Tests 13 and 14 show that the force-deflection relationship of the

flexural mode of failure tends towards elasto-plastic characteristics.

The most significant result determined in this series of tests was the

effect of the joint reinforcement included in Tests 15 and 16 (Figures

2.4 and 2.5). The addition of the perforated steel plates in the mortar

joints substantially increased both sets of ductility indicators as well

as the maximum displacement that the piers could withstand, leading to

extremely desirable inelastic behavior.
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In summary, it is clear that more research is required to define

the effect of bearing stress and partial grouting on the ductility of

the piers although trends were indicated by the tests performed. How

ever, it is concluded that it is possible to reinforce masonry piers so

as to produce desirable ductile behavior. First, for piers failing in

the shear mode, the addition of a sufficient amount of horizontal

reinforcement produces a more ductile type of inelastic behavior.

Second, piers failing in the flexural mode can be designed to have

desirable ductile characteristics; moreover these characteristics can

be improved still further with the addition of joint reinforcement.

5.3 Ultimate Strength

From the results presented in Table 4.1 it is clear that the ultimate

strength of the piers is affected by the quantity and distribution of

horizontal and vertical reinforcement, the bearing stress, the rate of

loading and partial grouting. The effect of each of these parameters on

the ultimate strength will be discussed separately and in qualitative

terms. A quantitative correlation of the test results with theoretical

predictions is presented in EERC Report No. 76-16.

5.3.1 Effect of Reinforcement

The effect of reinforcement on the ultimate strength is considered

in conjunction with the various modes of failure, in the following

paragraphs.

a) Shear Mode of Failure: Tests 1, 2, 7 and 8 indicate the effect

of horizontal reinforcement on the shear mode of failure. As seen from

Table 4.1, horizontal reinforcement substantially increased the ultimate

strength of the piers. The ultimate strength shown by the dynamic test
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is almost equal to the area of steel multiplied by the yield strength

of the steel. If this result is substantiated by future tests, it is

an important finding for design. In addition, if this behavior is

coupled with desirable ductility, as it appears from the test results,

then an adequate ultimate strength design concept can be developed for

this mode of failure. However, a note of caution must be added in that

this observation has not been substantiated by other investigators - see

EERC Report No. 76-16.

b) Flexural Mode of Failures: Tests 3, 4 and 13-16 all failed in

flexure. Several investigators have shown that the ultimate strength in

this mode of failure can be predicted with reasonable accuracy.

. (17)
Priestley and Br~dgeman showed that if joint reinforcement is not

present then the yield strength of the re-bars should be used to

calculate the ultimate strength of the piers. However, if joint

reinforcement is present then the ultimate strength of the re-bar should

be used in predicting the ultimate strength of the piers. From the

results shown in Table 4.1, this finding appears to be valid for the

present tests because the ultimate strength of the piers with joint

reinforcement is greater than for those without. The quantitative cor-

relation with respect to this parameter is presented in EERC Report No.

76-16.

5.3.2 Effect of Bearing Load

The results of Tests 1, 5 and 9 indicate that, for a pseudo-static

test, an increase in bearing stress from a to 250 to 500 psi causes a

corresponding increase in the peak ultimate strength. For the cor-

responding dynamic (3 cps) Tests 2, 6 and la, an increase in the peak
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ultimate strength is obtained only as the bearing stress increases from

o to 250 psi.

Figures 5.2(a) and (b) are plots of the bearing stress (based on

2

T3 (defined in
T + T
ul u2 for

net area) versus the working ultimate shear stress

Table 4.1) and the average peak ultimate shear stress

Tests 1, 2, 5, 6, 9 to 12 and 17, respectively. The linear dotted lines

indicate that within experimental limits there appears to be a pro-

portional relationship between the shear strength and increasing bearing

stress. This factor is discussed in detail in EERC Report No. 76-16.

Because each set of two test specimens was built at different times, the

prism compressive strength (f') of each pair varied over a range of
m

2110 psi to 2630 psi. In order to determine the effect of this variation,

the shear strength was non-dimensionalized by dividing'by
,

f m and

re-plotted against the bearing stress in Figures 5.3(a) and (b). Again

the proportional trend is apparent.

5.3.3 Effect of Partial Grouting

The effect of partial grouting was evaluated in Tests 1, 8, 11, and

12. As expected there was a drop in the ultimate strengths based on

gross area for the partially grouted walls. However if a comparison is

made between the ultimate strengths based on net area, see Table 4.1,

it can be seen that the net strengths for the pseudo-static tests are

the same whereas for the dynamic test the fully grouted pier has a

greater (25%) net ultimate strength than the partially grouted piers.

5.3.4 Effect of Rate of Loading

The effect of the rate of loading proved to be somewhat surprising.

For piers failing in the shear or diagonal tension mode {Tests 1, 2, 5
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to 12) the peak and average strengths of the pseudo-static test were

8-23% less than those of the corresponding dynamic test. For piers

failing in the flexural mode, the dynamic (3 Hz) values were either less

than, or almost equal to, the pseudo-static strengths. For Tests 3 and

4 which failed in a combination of the shear and flexural modes, the

pseudo-static peak ultimate strength was 5% greater than the dynamic

strength. The corresponding difference for the average ultimate strength

was 16%. For piers failing in the flexural mode, without joint rein

forcement (Tests 13 and 14), the respective percentages were 1% and 8%.

When joint reinforcement was added (Tests 15 and 16) the peak ultimate

strength of the pseudo-static test was 3% greater than the dynamic

strength while the average ultimate strength was 3.7% less.

Based on the limited number of tests performed, it appears that the

ultimate strength obtained from the dynamic tests involving flexural

failure is either less than or almost equal to the pseudo-static

strengths. This result is somewhat surprising because for both concrete

and steel members the effect of increasing the loading rate is to

increase the ultimate strengthi this same tendency was also found in

the present tests involving the shear mode of failure. The implication

of this conclusion (if substantiated by further tests) is that pseudo

static test results are non-conservative for the flexural mode of failure.

5.4 Stiffness Degradation

From Figures 4.42 and 4.43, it is clear that the piers suffer

substantial stiffness degradation while being subjected to gradually

increasing lateral displacements. The stiffness Kr at low (20 psi)

shear stresses was affected by three of the basic test parameters:
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bearing stress, rate of loading and partial grouting. The effect of

horizontal reinforcement was not conclusive (Table 5.1).

An increase in the bearing stress from 0 to 250 to 500 psi increased

Kr from 420 to 455 to 555 kips/in. for the 0.02 Hz tests and 450 to 510

to 605 kips/in. for the 3 Hz tests. In all tests except 3 and 4, an

increase in the rate of loading caused an increase in K
I

. This increase

varied between 1.8% for Tests 7 and 8 and 18% for Tests 15 and 16.

Partial grouting caused a decrease in KI . The effect of horizontal

reinforcement on Tests 1, 2, 7 and 8 caused a substantial increase in

K
I

, whereas for Tests 3, 4, and 13-16 the effect of horizontal rein

forcement was negligible.

As the shear stress increased to 50 psi, the drop in K
I

was

between 8% and 19.6% in Tests 1 to 6 and 10 to 16, whereas with Tests 7

to 9 the maximum drop was 4.5%. It should be noted that at a shear

stress of 50 psi there were no cracks visible to the eye. As the shear

stress increased above 50 psi cracks became visible and the drop in

stiffness was more severe.

The significance of these results, when evaluated from a theoretical

point of view, is that a decrease in one or both of the apparent elastic

moduli is indicated. The stiffness of the piers is a function of the

shear modulus (G) and Young's modulus (E) of the non-homogeneous material,

and as the measure of the stiffness (Kr ) decreases with increasing

lateral displacement, clearly E and/or G decreases in a similar manner.

With regard to the dynamic response of a masonry multistory building,

these results indicate that the period of vibration of the building will

increase as the amplitude of deformation increases. Depending upon the

initial vibration period of the building and the nature of the earthquake
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TABLE 5.1

THE EFFECT OF SHEAR STRESS A.t.'ID OTHER PARAMETERS

ON THE STIFFNESS COEFFICIENT K
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excitation this behavior mayor may not be desirable; however, in most

cases the effect will be desirable in that the period shifts to a more

favorable portion of the response spectrum.

5.5 Energy Dissipation

The energy dissipation characteristic expressed in terms of the

EDT (strain energy) ratio (Equation 4.2 and plotted in Figure 4.43) is

difficult to evaluate because in our view it is a function of the

previous load history as discussed in the following section. However

the trends of the plots indicate that when substantial cracking occurs

there is a significant increase in the EDT ratio.

5.6 Effect of Loading Sequence

One of the most difficult decisions involved in an experimental

investigation of this type is the choice of the loading sequence to

be used. The objective of this test program was to evaluate the per

formance of the piers in multistory buildings when they are subjected

to earthquake excitations. The actual loading sequence of a pier in a

multistory building can be determined by calculating the time history

of the interstory drift applied to the pier of interest. It is at this

point that difficulties arise. The time histories of interstory drift

are a function of both the multistory building properties and the

earthquake excitation. Because of the large variability of both the

earthquake excitation and the types of buildings, it is impossible to

cover all types of possible loading sequences. However, as a gross

generalization, the predominant nature of the interstory drift is

sinusoidal with a frequency approximately equal to the fundamental

frequency of the building.
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The magnitude of the sinusoidal displacement is obviously a function

of the ground motion and if the earthquake is characterized by early

large amplitude motion then the amplitude of the interstory drift will

build up to its maximum quickly and then slowly decrease. If, however,

the earthquake is characterized by a gradual build up to its large

amplitude motion then the amplitude at the interstory drift will

gradually build up to its maximum amplitude and then decrease.

Because only a limited number of tests could be performed in this

investigation, it was decided to used a sinusoidal controlled displace

ment with gradually increasing amplitude as the input. Until a com

parison is made with other types of loading sequences, it is difficult

to evaluate the effect of the loading sequence on the results; however

the following opinions are presented. First, it is probable that the

type of load sequence chosen will demonstrate the best possible ductility

of the piers. If the piers had not been subjected to such a gradual

build up in lateral displacement, the ductility might not have been as

good as was demonstrated by these tests; however this observation must

be verified in future test programs. Second, the energy dissipated per

cycle of loading is probably lower in these tests than would be expected

if a less extensive load history were used because the loading sequence

used in this test series leads to a gradual breakdown in the energy

dissipating mechanisms. Again, this opinion must be verified in future

test programs.
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6. CONCLUSIONS

The main conclusion of this report is that much more research is

required on the shear strength of masonry piers. Trends of behavior

were indicated in these results, but because an insufficient number of

tests were performed definitive conclusions could not be made on many

facets of the initial goals of the investigations. Nevertheless, the

following definite trends could be identified from the results obtained.

1) The inclusion of a sufficient amount of horizontal reinforce

ment significantly enhances the ductile behavior of piers failing in the

shear mode.

2) The inclusion of 1/8" plates in the horizontal mortar joints

at the toes of the piers produces extremely desirable ductile behavior

for piers failing in the flexural mode.

3) An increase in bearing stress produces a tendency towards a

more ductile type of behavior for piers failing in the shear mode.

4) Partial grouting produces a tendency towards an elasto-plastic

force-deflection relationship for piers failing in the shear mode.

However, it is not clear whether partial grouting enhances the overall

ductile behavior of the piers when compared to the behavior of fully

grouted piers.

5) Piers that failed in the shear mode had pseudo-static ultimate

strengths less than the corresponding dynamic strengths whereas piers

that failed in the flexural mode had pseudo-static ultimate strengths

greater or almost equal to the corresponding dynamic strengths.
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6) The initial stiffness of the piers was increased significantly

by increasing the bearing stress. All piers suffered substantial stiff

ness degradation as the lateral displacement increased.
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