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ABSTRACT

Earthquake damage to masonry construction during recent years

underscores the need for a better understanding of the seismic response

of these structures, and the establishment of rational reinforcement

requirements. An experimental investigation aimed at determining rein-

forcement requirements for single-story masonry dwellings in Uniform

Building Code Seismic Zone 2 areas of the United States has been com-

pleted at the University of California, Berkeley. The experimental

results of the investigation are presented in Volumes 1 and 2 of a

series of three reports, while Volume 3 contains conclusions from the

tests as well as recommendations for reinfe::ement requirements for

masonry houses based on realistic seismic conditions for Zone 2.

The overall study included the testing of four masonry houses,

with both unreinforced and partially reinforced wall panels, assembled

,

to form 16 ft square models of typical masonry houses. The masonry

units utilized in the construction of all test structures were full-

sized units. Each house was provided with a timber truss roof structure

to which weights were attached so as to obtain realistic loads on tra

|
bearing walls.

|

|
Methods, models and test facilities utilized in the study are

described. A detailed description of the measured response of each

test structure is provided, and a quantitative assessment of parameters

affecting the response is presented, in this volume for Houses 1 and 2,

and in Volume 2 for Houses 3 and 4.

The tests show that partially reinforced walls demonstrate

excellent behavior under all levels of base excitation applied during
1

the tests.*

-- .- - ._- - . ,.-- .-
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1. INTRODUCTION

1.1 Background

The investigation described in this report is a major part of a -

research program entitled " Laboratory Studies of the Seismic Behavior

of Single-Story Residential Masonry Buildings in Seismic Zone 2 of the

U.S.A.", which has been in progress at the Earthquake Engineering

Research Center (EERC) of the University of California in Berkeley

since April 1976. The study was undertaken to evaluate U.S. Department

of Housing and Urban Development (HUD) criteria for single-story

masonry dwellings in Scismic Zone 2 areas of the Uniform Building
)

Code (UBC).

The HUD Minimum Property Standards (MPS) for housing apply to

dwellings containing one or two living units, and to the sites upon

which they are located. The buildings may be detached, semi-detached,

duplex or row houses. They may be site built or factory produced.

Several purposes of the MPS in housing construction are cited in the

MPS Introductory Statement as follows:

,

(1) To combine the diverse standards for mortgage insurance

financing of private housing with those for low rent public'

,

housing into a single set of unified standards;

(2) To update the various minimum property standards and

related guide material following a careful review and-

analysis of past provisions;

(3) To provide improved design and construction standards based

; more on performance than has been true in the past, with

l
appropriate flexibility to meet local conditions;

-- - __. . . - _
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>

(4) To encourage design innovations and improved building

technologies giving promise of increased quality and

reduced costs; and

(5) To aid national and local efforts being made to improve

'

the environmental factors of urban areas.

The MPS are considered essentially minimum requirements in

: housing and design and construction. Consequently, where local codes

' ' or requirements permit lower standards than the MPS, the latter shall

apply. However, all housing construction must comply with local

ordinances, codes and regulations in addition to the MPS. This is
,

required for all housing financed under HUD mortgage insurance
;

programs.

The promulgation of " Local Acceptable Standard No. 2", dated
1

i August 1974, by the HUD Phoenix, Arizona office was questioned by

individuals associated with the local industry on the grounds that

compliance with its requirements would lead to increased costs and
i

l unnecessarily high factors of safety for earthquake loads. To address

| this question, the research program undertaken at the request of HUD
i

F was designed to yield information in tha following areas:

(1) The dynamic behavior of simple masonry structures,

constructed with full-scale components when subjected to

simulated earthquake motions;

(2) Reinforcement requirements, if any, for adequate out-of-plane4

and in-plane resistance of typical masonry housing con-
, .

struction for the level of seismic activity expected in

}

{
UBC Zone 2 areas of the U.S. ;

,

!

4

c.--, ,- -n,---,. , ,-,,.. .- ,. - - . , , . - , w-



3

(3) Adequacy of typical roof connection details of masonry

housing construction in withstanding the forces developed

during earthquakes.

The third item above has been discussed in reference (1). This

report contains results of simulated earthquake tests on two test

specimens which formed the first phase of the program for items 1 and

2. The entire test program involved a total of four different

test structures. The results for the next two test specimens and the

final recommendations will be presented in future reports.

1.2 Current Design Codes and Construction Practices for Masonry
Dwellings

In many regions, local building codes provide the governing

regulations for the design and construction of houses. These are

based on local requirements ano environmental conditions. For instance,

the Phoenix Building Code emphasizes wind-resistant construction

details for dwellings. These are based on recommendations by the

Residential Construction Committee of Structural Engineers Association

of Arizona and the revised code regulation of Section 2802.6. The

impetus for this major revision of the code requirements for wind

resistance stemmed f rom extensive damage to homes in the Phoenix

metropolitan area in 1972 and 1973.

The Uniform Building Code (UBC) provides most of the basic

regulations for local building codes in the western states. As noted

in the previous section, for homes financed under the mortgage

insurance programs of the Department of Housing and Urban Development,

the design and construction details must also comply with the HUD

Minimum Property Standards (MPS) if these are more stringent than the

local codes.

.
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Generally the details of masonry construction, i.e. masonry

units, mortar, grout, joint connections, bond patterns, splices for

reinforcements, high or low-lift grouted construction, etc. , are con-

trolled by UBC, MPS or other building code requirements. To ensure

that these regulations are complied with, local building authorities

administer field inspections which occur at several different phases

depending on the size of the project and the complexity of the design.

Unless otherwise indicated, only specific items of work mentioned in

the requirement need be inspected. As applicable, the requirement

typically involves checking to see if materials are as specified; to

see that materials are combined as specified; that specified procedures

are followed; that proper sizes are used; that tolerances are main-

tained; and in general, that the quality of workmanship and details of

construction are as specified.

Special inspections are required for other cases which may

include the following:

(1) Examination of materials and/or material certifications for

compliance,

(2) Observation of the bonding of units in the walls between

kg:hes and at corners and intersections.

(3) The proper placement of reinforccment, including splices,

holding reinforcement in place and clearances,

(4) Inspection of grout spaces immediately prior to grouting

including the removal of mortar fins, dirt and debris, and

1

conditions at the bottom of the grout space,
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(5) Observation of grout placement with special attention to

procedures to obtain complete filling of required spaces,

avoidance of segregation, and proper consolidation.

The analysis and design of reinforced masonry systems have !

traditionally been by the working stress method. This procedure is

comparable to the design of -reinforced concrete systems because both

materials are heterogeneous, and have low tensile strength.

In the working stress method the limits of allowable stress for

the material are based on the properties of the material. Assumed

design earthquake and wind forces are determined by local building

codes or the MPS. The flexural and shear stresses are then checked

for all structural elements. The minimum wall thickness and reinforce-

ment are then determined. After each of the individual structural

elements is designed, the total structure must be checked and designed

for lateral seismic or wind forces. Construction details including

|

roof connections, footing connections, etc. , must be designed to
,

satisfy the lateral forces.

In some areas of the United States the design of single-family
:

masonry dwellings is governed by lateral forces due to wind. Local

f conditions may allow the use of partially reinforced masonry walls

which are basically designed as unreinforced masonry, and the masonry
I

and morcar joints are assumed to resist the tensile forces. The,

|

minimum reinforcement for partially reinforced masonry structures is
I

l specified by the local code. For fully reinforced masonry walls the

; minimum area of reinforcement is obtained either by design or by

( minimum code provisions, whichever is larger. Frequently in the design

of single-family masonry houues the minimum reinforcement requirement

is governed by code provisions.

-- - - - . - _ _ _.
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Commonly.each house is designed by an architect. The use of a

structural engineer depends upon the complexity of the design. When~

ever a structural engineer is not engaged for the design, minimum

reinforcement requirements provided in local building codes or MPS are

followed. In many cases of subdivision development, a house design

may be used repeatedly for several dwellings in the same project.

Quite often this repeated house receives a more careful structural

analysis and design. For a repetitive basis project under the HUD

mortgage insurance-program, variations of design and planning standards

or construction methods and materials demonstrating equivalency are

approved by the HUD field office through the regional office and

finally.by the HUD central office.

1.3 Object and Scope

Current design provisions for masonry construction are derived

from experimental data obtained mainly from static, monotonically

conducted experiments on masonry components and accumulation of long

experience, collective judgment and concensus of code writing bodies.

These provisions are particularly stringent where they apply to lateral

load conditions since the lateral load performance of unreinforced or

inadequately. reinforced masonry construction has, in the past, been

inadequate. Although there have been notable instances of masonry

construction behaving quite well under earthquake conditions, signif-

icant amounts of damage and loss of life have been associated with

failure of unreinforced masonry.

The overall objective of this phase of the investigation was to

subject components of typical masonry houses to carefully controlled

simulated earthquakes and to observe their structural behavior. Both

. . - - _ _ _ _ _ . _ _ _ _ _ . . ._ _ . - , , _ _ , . _ , _ _ _ _
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partially reinforced and unreinforced wall panels, fabricated using

6x4x16 3.n. hollow concrete masonry units, were tested. This report

presents a discussion of the results obtained from the first two test

specimens of the program which in total consisted of u * ting four

specimens. Both test specimens measu ed 16x16 ft in plan and had

8 ft 8 in. high walls. In additinr to varying the basic geometry and

amounts of reinforcement in the panels, the ef fects of roof truss

orientation, base fixity conditions and repairs between tests were

considered. The houses were subjected to three different simulated

earthquakes the intensity of which (measured in terms of peak base

acceleration) varied by as much as an order of magnitude.

In the following two chapters, a description of the material

properties of the test specimens, procedures and instrumentation details

is provided. Chapter 4 presents an overview of the test facility and

provides a brief background for earthquake simulation. Selected results

from the earthquake simulator experiments are presented in Chapter 5.

The interpretation of test results and the analytical approach for

predicting the strength of out-of-plane and in-plane walls are given in

Chapter 6. Conclusions and a summary of findings constitute Chapter 7.
!

Two additional reports will contain results obtained frou the remaining

two test specimens and r ecommendations regarding reinforcement -

requirements for simple masonry houses.
t

!

1.4 Literature Surveyi

|

Although it is not within the purview of this section to present

a comprehensive and detailed summary of all related work, an overview of

some relevant research will be provided. In rccent years, because of a

renewed surge of interest in masonry construction particularly as it

relates to earthquake resistant construction, several literature

,,. . -_- . . _ _ _ . - - _ . - .-_
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' # 'surveys have been published A frequent concensus of such.

overviews is that although masonry has been used for millenia its

development has evolved more from an intuitive basis than a purely

scientific one. The lack of a strong centralized organization for

masonry research and development (as has been the case for concrete

and steel, for example,) has caused the introduction of contradictory

and sometimes overly cautious requirements in building codes and

regulations. The generally poor earthquake resistance of masonry

structures, abetted no doubt by an awareness that " field" conditions

| are liable to be very uneven, has resulted in the application of wider

i

margins of safety for masonry construction. Even so, there are many

cases where the trend towards increasing conservatism concerning

earthquake requirements for masonry structures may be justifiable,

particularly for medium to high rise buildings .

The development of a rational basis for earthquake response*

analysis of masonry structures has bOgun to receive increasing
,

attention from research organizations, as indicated in references (7)

and (4). The masonry industry is actually quite young in the field of

" rational design". The first completely rational design procedure in

the United States dates back to 1966 and it was, as it still is, a

working stress design. Other design procedures currently in use,such

as the Uniform Building Code and the American National Standards

Institute (ANSI) Codes for unreinforced or reinforced masonry con-

struction,contain a good many empirical requirements. Although efforts

are currently under way to bring masonry design procedures to a

9,10 )
rational basis it appears that a substantial amount of research,

must yet be conducted before that can be accomplished.
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Studies on the post-elastic cyclic behavior of masonry cantilever

shear walls and piers have been performed by Williams , Meli ( } ,

and Priestley and Bridgeman A major program designed to obtain a.

1

better understanding of the cyclic behavior . masonry piers is

, 6)
currently underway at the Berkeley and the San Diego Campuses

of the University of California. These tests are directed toward pro-

viding a better basis for code requirements for multistory masonry

buildings. A general procedure for computing the out-of-plane strength

of masonry walls subjected to vertical compression has been presented

in references (16) and (17), and is reviewed in reference (5) . . low- |

; ever, to date, no results are available on the structural performance

of masonry buildings subjected to simulated earthquakes.

!

I
i

I
i

I

|
- _ _ . -. _.
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2. MATERIAL PROPERTIES

2.1 Introduction

The basic purpose of this study was to evaluate experimentally

the seismic resistance of masonry dwellings with construction details

typically used in less active seismic regions of the United States.

As stated earlier, no experimental study has been reported to date for

masonry structures or components subjected to simulated earthquakes,

although the inadequate seismic resistance of poorly designed or con-

structed masonry buildings has traditionally been given heavy emphasis

in post-earthquake survey reports. During the planning phase of this.

investigation, the primary objective was to define structures which

were simple in concept and yet contained the most sigt.lficant com-

ponents, such as wall panels with or without openings, corners and

wall-footing and roof-wall connections. Because the main objective
d

was to determine the minimum reinforcement requirements for Seismic

Zone 2, no attempt was undertaken to include a large array of variables

in the test specimens. Hence both house models were made from the

same type of block, and the same roof structure was used for boch. In

i this chapter, the material properties are described. Test specimens,

procedures, and instrutentation are discussed in the next chapter.

2.2 Materials

All materials used in the construction of the test specimens are'

commercially available and are typical of those commonly used in build-'

ing construction in Arizona.

a

i

. - - -- -

__ .__ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _
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2.2.1 Concrete Block Units

The concrete block units were two-core hollow block with nominal

dimensions of 6x4x16 in. * The units are shown in Fig. 2.1 and their

dimensions and other physica] properties are listed in Table 2.1. Two

different shapes of hollow units were used in both specimens. In House

1 corner return units were used in the corner walls in addition to the

standard units that were also used for House 2. A number of open end

units were used in House 2 since the manufacturer could not supply

regular blocks at the time of 'nstruction. However, all units were

mortared across the face shells in the h ad joints so that the use of

open end blocks produced no detrimental effects on strength. Whenever
2

a given course called for a half unit, standard units were cut in two.

2.2.2 Mortar

The mortar used in ooth test specimens was specified as type S

mortar, proportioned in accordance with the specifications of ASTM

Type S hydratedC 270 Type I Portland cement, (ASTM C 150). ,

lime, (ASTM C 207) and sand were proportioned 1:l/2:415 by volume,

i

; and mixed in a motor-driven mixer with blades rotating in a horizontal

axis. The construction of the wall panels and the control prisms

typically took one working week and required the mixing of more than

one batch of mortar. For each batch, two mortar samples were taken in

2x4 in. cylinders and air cured in the laboratorf under the same

j conditions as the wall panels. The mortar cylinders for both houses

|
were tested at 29 days. Compressive strengths of the mortar samples

are given in Table 2.2. Although the average strength of mortar for

*
At the present, the international system of units has made no inroads
into the masonry industry of the United States. For consistency, the
traditional British units are used throughout this report.
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House 1 is what one would expect to find in good quality field

workmanship conditions, the high. strength obtained for House 2 is not

.

typical. Also, since several Fatches of mortar were required during

the construction of the walls, mortar strength probably varied at

different levels in the walls as well as between different wall panels

of the same house.

2.2.3 Grout

For both test specimens fine grout was used in the partially

reinforced wall panels. This consisted of 1 part Type I cement and 3

parts top sand mixed with water to achieve the required concistency.

Control specimens vf grout were cast inside the cells of the concrete

blocks placed on a non-absorbent base, and stored in the laboratory

under ' he same conditions as the wall panels. The compressive strengthc

of grout was determined by cutting the filled cells into 2 in. cubes

which were then tested in a st: .Jard testing machine. Average com-

pressive strengths for the grout in the two house models are indicated

in Table 2.2; the minimum acceptable strength requirement of 2,000 psi

was met for both houses.

2.2.4 Reinforcement

Both houses had panels which were partially reinforced with #4

bars. The reinforcement used in House 1 had average yield and ultimate

strengths of 54,000 and 80,000 psi, respectively. The corresponding

values for House 2 were 59,250 and 86,000 psi. In each case the figures

are averages determined from three bar specimens. No attempt was made

to obtain additional mechanical properties of the reinforcement,

because there was no indication that stress levels in the reinforcement

were significant in determining structural response.
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2.2.5 Joint Reinforcement

The top two bed joints of each wall and corner unit of Houss 1

were reinforced with 9-gage wire joint reinforcement which was of a

continuous truss design and consisted of two parallel longitudinal

wires, 5.5 in, apart, welded to a contia.aous, diagonally-folded cross

wire. Joint reinforcement was omitted from House 2.

2.2.6 Prisms

Test prisms and wall panels for the houses were fabricated in

the same laboratory using similar construction methods and workmanship.

For each house specimen, a number of control prisms were fabricated

with the same nominal cross-sectional dimensions as the masc ary units.

All prisms were constructed in stacked bond and tested according to

ASTM E 447( requirements. The results chtained from the prism

tests are listed in Table 2.3. For these values, no corrections have

been made to consider the effects of the so-called "h/t" ratios .

2.2.7 Shear Strength

It is commonly agreed that shear failure may be initiated in

masonry assemblages when the principal tensile stress reaches a

critical value. In reference (3), a critical review is presented to

evaluate the current methods for shear strength determination. For

both test specimens, a number of 4x4 ft square panels constructed with

the remaining control prisms were tested in diagonal compression. The

so-called critical tensile strength, af'er Blume and Proulx is,

determined from the equation

/c 32 to 3
| (2.1)2.424T +I - I-I - + 0.823T0 =

ter (2) (2 /
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where

T=0.707f (2.2)

and

maximum diagonal compressive loadP =

compressive stress on square panel (equal to zero ina =
# the present case)

net cross-sectional area of panel.A =

In Table 2.4 a summary of the indicated critical tensile

strengths is presented for both houses. The lower mortar strength of

the first house as well as the lower quality of its blocks is reflected

in the entries of this table. The correlation between index values

such as the critical tensile stress and the strength of masonry

|
assemblage is a subject of current investigation. Consequently, the

values in Table 2.4 should be judged on a comparative basis rather

f than as absolute values for the estimation of maximum lateral forces
|

on full-scale masonry elements. Further reference will be made to

Eq. (2.1) in Chapter 6.

2.2.8 Roof Components

The truss roof structure used in the testing of both house

specimens consisted of nine pre-made grade 1 Douglas Fir trusses with

a span of 16 ft (plus 1 ft overhangs on either side) at a slope of

4:12. Joints for the 2x4 in. truss elements were made by pressing*

metal plate fasteners on either side of the joints. The design load
1

for the roof was taken as 125 psf when the distance between the

trusses was 2 ft. Roof sheathing consisted of 1/2 in. thick plywood

(grade CD-X) nailed to the sloping edges of the trusses with 6d-nails

!

|
l
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at 8 in, spacing at the edges of the sheets and 12 in. spacing at

intermediate locat. ions. The plywood sheets were staggered at the roof

surface so that there would be no " weak planes" to reduce diaphragm

stiffness.

The trusses were toe-nailed at a spacing of 2 ft to a single

2x6 in. top plate (Douglas Fir select structural grade) with three

16d-nails at either end. Addit'onally, every other truss was attached

to the top plate with a proprietary metal framing anchor. The two

trusses at the gable ends of the roof directly above the non-bearing

walls were connected to the too plate by three 1 ft long 2r.4 in, blocks.

These boards were syuunetrically placed and then nailed down into the

top plate by four 16d-nails in contact with the inside edge of the

.

bottom rafters of the two trusses. Three 16d-nails were then driven
!

horizontally through the bottom rafter into the boards to complete the

attachment. Strength und cyclic behavior of these connections are

contained in reference (1). Connection of the plates to the wall was

achieved by means of 10 in, long 5/8 in. diameter anchor bolts

embedded 8 in. into the masonry and used in conjunction with 3x3xl/4 in.

plate washers.

Standard 1/2 in. thick drywall sheets were nailed to the lower

edge of the bottom chords of the trusses using " dry tite" nails to

forin the " ceiling" of the house. No quality control tests were con-

ducted on the items which formed the roof.

- - _ - - _ _ _ - _ _ - - _ _
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TABLE 2.1

DIMENSIONS AND PHYSICAL PROPERTIES OF CONCRETE MASONRY UNITS *

,

Minimum Compressive Oven
n in. Gross Net Strength, psi "##" *,

House Width Height Length Dry
A # * * 9Unit in. in. in. Weight

Percent Gross Net lb/cu ftFace Web y lb
Shell Area Area

1 5.61 3.62 15.60 1.37 1.50 87.5 64 980 1,530 10.9 92.9

2 5.60 3.62 15.60 1.12 1.12 87.4 56 1,110 1,983 11.0 107.3 U'

(a) Concrete masonry' units were tested in accordance with appropriate uBC requirements.
Each value in the table represents the average of results from five specimens.

(b) Open end units are excluded from this listing.

;
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TABLE 2.3

SUMMARY OF VERTICAL COMPRESSION TESTS OF HOLIMid BLOCK PRISMS

House Nominal Prism Age Maximum Compressive
Unit Height, in. No. Days Load, lb Strength (a), psi

1 16 1 28 76,000 1,350

2 28 72,600 1,300

Avg. = 1,325

24 1 29 51,700 920

2 29 64,200 1,140

Avg. = 1,030

40 1 28 56,200 1,000

2 28 54,800 970

Avg. = 985

2 8 1 79 110,000 2,247
-

i

2 79 84,000 1,716

3 79 106,400 2,174'

4 79 87,800 1,794

Avg. = 1,983

40 1 78 105,000 2,145

2 78 124,500 2,544

3 78 103,500 2,115

! 4 78 95,000 1,941

Avg. = 2,186

(a) Based on net area of hollow concrete block units.

{
,

a

|

|
,

. . . -.
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TABLE 2.4

SUfetARY OF DIAGCNAL COMPRESSION TESTS OF SQUARE
HOLLOW BLOCK PANEL 5

1
:

!

I fiouse Panel Age Maximum Critical Tensile
i Unit No. Days Inad, lb Strength, psi (a)

I 1 1 28 13,000 57.8
!

| 2 28 32,000 142.2

3 28 18,500 82.2

4 28 33,600 149.3

Avg. = 107.9'

e

J

2 1 80 54,000 286.3.

:
!

i 2 80 47,300 250.8
I

3 80 53,600 284.;
4

4 80 63,000 334.

Avg. = 288.8

:

j
_ . . ,

(a) Based on Eq. (2.1) and net area of hollow concrete .
block units.

i

(b) End cells grouted

i
4

f

i
(

l

1
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3. TEST SPECIMENS, PROCEDURES AND INSTRUMENTAT* ONl

3.1 Description of the Test Structures

The first test structure was viceed as an exploratory test for

observing the behavior of masonry buildings under realistic earthquake

loads. The requirement of including typical components of a masonry

house and the shaking table size limitation resulted in the design and

fabrication of the structure shown in Fig. 3.1. The specimen consisted

of four 8 ft long wall panels designated as Wl, W2, W3, and W4 and four

L-shaped corner units designated as C1, C2, C3, and C4. Wall panels W1

! and W2 and corner units C1 and C3 were partially reinforced. In the

walls, partial reinforcement consisted of two #4 bars (area 0.2 sq in.)

plcced in the end cells. For the corners, three similar bars were

located as shown in Fig. 3.1. Similar walls or corners were placed at

right angles to one another so that under the uniaxial motion of the
4

shaking table,both in-plane and out-of-plane behavior could be deter-

mined simultaneously. All reinforcement was lapped into 20 in. long

dowels embedded in the 7 x16 in, footings. The horizontal translation

and rotation of each individual wall footing could be controlled

through a specially designed attachment system (Fig. 3.1) . The system

consisted of three 4 ft long lhx5 in, flat bars placed in matching

grooves on the bottom side of the 8 f t 8 in long footings at a

j spacing of 3 ft. The bars were stressed to the surface of the shaking

table by high strength rods. The footings could then be bolted to the

flat bars by 3/4 in. diamcter bolts through holes in the footinos on

either side of the walls. To increase the resistance against transla-

tion of the footings, particularly underneath the out-of plane walls

W2 and W4, angles snugly fitted against either side of the footing were
1

.

. - - - - - ,, __m- - . , _ . - - -
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also bolted to the flat bars. With the 3/4 in, bolts loose, the angles

provided resistance against translation but some rotation could take

place.
,

With the angics loose but bolts tightened, the rotation of the

footings was greatly reduced. It is difficult to quantify how much

foundation flexibility actual masonry structures have. At the

beginning of the testing program only footing translations of the walls

were prevented. During later stages the footings of the in-plane walls

W1 and W3 were bolted to prevent the uplift observed at these footings.

Out-of-plane walls W2 and W4 were, however, lef t free to rotate at the

footing level at all times on the assumption that this more closely

approximated actual site conditions. The footings under all four

corner units were prestressed against the table during the entire ,

testing sequence. In Fig. 3.2 the attachment details of the footing

are shown before the angles were attached.

For House 1, the roof was anchored to the masonry components by

j means of three symmetrically placed bolts in the wall panels and the
!
>

j corner units. The overall structural integrity was provided by the

diaphragm action of the roof assembly; this system was probably stiffer
'

in the vertical direction than a full-size house roof because of its.

i

shorter span.

!
Because of the small area of the roof system in the test struc-

!

ture, it was necessary to add weight to it to simulate the shear forces'

) generated during earthquake excitation, The criterion used to deter-
.

; mine the additional weight was the dead load per foot of wall support

length; i.e. the dead weight per unit length of wall should be similar
,

| in both the model and the prototype house. Assuming a prototype total

f roof load of 20 psf and a house with roof trusses spanning 48 ft the

!

_ _ _ . . .- . _ . _ _ _ __ _ . _ _ _ . . .. m . _ _ _ , . _ , - _ _ _ , .____ , , _ - . _ . _ . ,-
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dead load per unit length of the bearing walls, ignoring openings,

would be 480 lb/ft. To achieve a similar dead load per unit length of
,

!

! wall in the test specimens the roof weight had to be approximately
!

! 15,000 lb. As the roof structure only weighed 3,000 lb six concrete ,

slabs with a combined weight of 12,000 lb were bolted on top of the

j roof plywood sheathing during the simulated earthquake tests for both

houses. An implication of this model scaling is that for the same

l acceleration at the roof level for both model and prototype similar

nominal shear stress would be cbtained in the panels. Ilowever, because

wall heights were not reduced in the model structure (8 ft 8 in.) over-

i turreing effects were slightly amplified because the center of gravity

i of the concrete slabs was nearly 12 ft above the shaking table. A

quantitative assessment of the effect of overturning will be made in

i

Chapter 6.2

Compared witn current masonry dwelling construction practice,

the geometry of the first test specimen shown in Fig. 3.1 was a great

simplification. Depending on development preferences and architectural

!

requirements, there are a lurge number of possible configurations for

masonry dwelliags which could be adopted for testing. After consider-
,

able consultation with professional engineers and home developers in

|

Arizona where 6 in, concrete block is widely used, it was decided to

adopt the configuration shown in Fig. 3.3 for the second bouse of the

test series. This specimen consisted of four independent wall panels

which contained either a door and a window opening designated as

A(in-plan 6) and Al(out-of-plane) or a single large door opening

i designated as B and 31, placed parallel and transverse to the table
<

: motion. The in-plane walls were 16 .f t in length, and the out-of-plane

walls were 14 ft long. Walls with similar geometry were again placed
,

t

. . . -. - _ _ - - .- .-. _-, - _. . -
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|

1 at right angles to one another so that both in-plane and out-of-plane

types of behavior could be observed si tultaneously. As seen in Fig.
!

3.3, minor changes were made in the dit ensions or walls Al and Bl to

obtain overall lengths within multiples of the half block dimension

i

of 8 in.

Walls A and Al were unreinforced. The lintels above the doors

and the windows consisted of double angles (2 x2 x3/16 in. for the
:

i doors and 3x2 x3/16 in with the long sides up for the windows) with
.

)
!

an end bearing of 4 in, on either side. Partial reinforcement for
.i

I

walls B and B1 consisted of one #4 bar placed in each end cell. The

lintel beam for the large opening in either panel consisted of a

i W6x8.5 section for which the top flange was trimmed to a width of

2 in. and a 5xl/8 in. plate was welded underneath the bottom flange.

End bearing for these beams was 6 in, on both sides. The masonry

units placed around all lintel beams were " slushed" solidly with mortar.

Footings for all wall panels measured 7 x16 in. in cross-section, and

were bolted to the shaking table at two points 5 ft from either end of

the in-plane walls and 4 ft from the ends of the out-of-plane walls.
i

Corner units were not included in this house model in order to

avoid the interaction of in-plane and out-ef-plane walls. To the extent

possible, the wall elemerts were designed to represent the center parts

of longer panels in a prototype structure. The same roof structure

used in testing House 1 was used again to provide the diaphragm action

through which the panels were forced to behave as an assembly rather

than as separate components. Each panel had five anchor bolts for

attachment of the timber plate, spaced at about 3 ft and staggered so

that roof trusses would not interfere with their being tightened.-

!

!

;

-. _ - , _ , _ . _ . - - - .- , - .-,
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Figure 3.4 shows the second house specimen placed on the shaking table

and ready for testing.

3.2 Fabrication of House Models

House 1 was constructed and air cured outside the laboratory

area. Although there were the normal daily variations in temperature

and relative humidity conditions, no rain was recorded during the 52

days it was stored outside.

Because of difficulty in transporting unreinforced wall panels

from the construction area to the earthquake simulator, it was decided

to fabricate the second and later specimens in the same laboratory as

the shaking table. This practice also served to protect the specimens

from extreme variations in weather conditions and reduced the likeli-

hood of cracking the fragile components. All specimens were con-

structed by the same experienced mason / contractor using practices of

good workmanship and supervision. Mortar joints were carefully tooled

! ' on both faces of all the walls and the control prisms. All walls for

i both specimens were laid in running bond with mortar across the face

shells only, except for cella where grouting would be done for which

the webs also were mortared. Grouting was done several days after the

completion of walls so that the mortar would be able to withstand the

hydrostatic pressure at the lower corners. The height of the mortar

joints was carefully controlled so that all panels would be within

acceptable limits of the required 8 ft 8 in, panel height.,

!
!

3.3 Test Procedure and Instrumentation
,

The primary research tool used in this investigation was the

Earthqaake Simulator Facility of the University of California, Berkeley.

j The -test facility and its capabilities are described in greater detail
!

- _ _ _ _ ._. . - - - _ . _ _ _ _ . _ _ . -__ _ _ _
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in Chapter 4. Both test houses discusted in this report were subjected

to a series of single horizontal component base motions which varied in

intensity from just barely perceptibic (peak base acceleration less

than 0.05 g) to extremely severe (in which the base acceleration

exceeded 0.5 g). Three different types of earthquakes were simulated

within this spectrum of int <:nsities. These were the N-S component of

the 1940 El Centro, S69E component of the 1952 Kern County (Taf t), and

the S74W component of the 1971 San Fernando earthquake recorded at

Pacolma Dam.

Dur ig erection the walls oc corner panels which comprised a

given house specimen were subjected to compressive forces by means of

externally applied prestressing rods so that slight out of plumb

conditions or bumps would not cause cracks. Once the footing was

placed on the shaking table and lined up with the anchor rod locations,

perfect vertical and horizontal alignment was assured by inserting

wedges at the bottom side of the footings as needed, and then filling

the empty spaces with a quick-setting gypsum compound. The roof struc-

ture, without the added weights which were attached later, was then

carefully lowered on the wall segments to mark the anchor bolt location

on t he top plates. These bolt holes were drilled anew for each house

specimen. Af ter the roof was set in place, the anchor bolts were

tightened with 3x3xl/4 in, washer plates. Next, the concrete slab

weights were lowered to their locations on the roof. These were attached

to the plywood sheathing through lx6 in. metal bands which straddled

the entire roof width on either side of the ridge line (see Figs. 3.5,

3.6). Na slip was observed between the concrete slabs and the roof

sheathing during any test.
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,

The response of the test structure was measured by means of an

array of displacement or acceleration measuring devices. Displacements

were monitored with either direct current displacement transducers

(DCDTs) or potentiometers,and accelerations with either strain gage or

force-balance type accelerometers. The ranges of the transducers were

selected so that the signal would not be saturated at the maximum

expected response peak. In Figs. 3.5 and 3.6, the instrument Jocations
i

for Houses 1 and 2 are shown in an isometric view of the corresponding

specimen. Appendix A provides a complete listing of the transducer

channels whose outputs were monitored through the recording system. The

i

, channel nurnber of a given instrument listed in the Appendix matches the

number in Fig. 3.5 or 3.6 so that the actual location can be visualized.

The concrete block pattern indicated in each diagram is exact; there-

fore, given the nominal dimensions of the blocks, the exact coordinates

of all transducers can be determined from these figures. Further

references will be made to these locations in Chapter 5 which presents

| a discussion of the measured responses.

Displacements of the structures relative to the shaking table

were measured from the rigid octagonal reference frame, located inside

the walls,.which measured approximately 12 ft across. The frame was

,

well braced, and when fully assembled it was extremely stiff. Its

natural frequencies ( around 30 Hz for the "first" mode ), observed by
,

i

free vibration tests and also predicted by dynamic analysis, were con-

siderably higher than any significant response frequencies of the test

structures. The presence of the braced frame inside the test models

| also provided a possible support for the concrete weights in case of

structural failure, although this was a function which the frame was
,

'

never called upon to perform.

_. . . _ _ .
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The houses were tested under a wide spectrum of conditions. In,

addition to variations in the type and intensity of the applied base

motions, the structure itself was modified by repairing cracks which

formed during some of the tests. P.cpairs dere made by plastering the

affected masonry walls with a fiberglass based surface bonding mortar

on both surfaces. The roof truss orientation also was changed in some

tests and the base fixity of the footings of the in-plane walls was

modified. A general description of the response is provided in

Chapter 5.

,

i

!

|

|

|
|
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4. TES1 FACILITY

4.1 Earthquake simulator

The Earthquake Simulator Laboratory is located at the Richmond

Field Station of the University of California at Berkeley. The main

part of the test facility is a 20x20 ft shaking table with associated

control and data acquisition equipment. The system was designed by

faculty and staff of the Department of Civil Engineering, and the

hydraulic actuator and control systems were manufactured by MTS

Corporation. Figure 4.1 shows the shaking table and the control room.

The shaking table is essentially a square concrete slab which j

is heavily reinforced and post-tensioned in both directions and has a

dead weight of about 100,000 lb. It is supported by four vertical |
n

actuators in a concrete foundation pit (which resembles an open-top

box) in such a manner that the top of the table is flush with the,

lab'ratory floor. In addition to the vertical actuators, three
!

horizontal actuators provide motion in one horizontal direction.

Vertical and horizontal motion can be imparted to the table separately

or simultaneously. During operation the weight of the table plus that

|
of the test structure it carries is supported by differential air

I pressure applied in the test pit. This relieves the vertical a uators

of the static load carrying function anu virtually eliminates all4

friction.

The table may be controlled to produce any desired motion. The

usual procedure is to select an accelerogram recorded during some past

earthquake, although " artificial" earthquakes or steady-state motions

are also possible. In the case of earthquake motions, the digitized

accelerogram is input to a mini-computer and passed through a

:
|

. - - _ , - - _
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digital-to-analog converter. The rerulting analog acceleration signal

is then integrated electronically twice to obtain an analog displacement

signal. This signal recorded on magnetic tape serves as input to the

earthquake simulator and a feed-back system provides accurate control

of actual table motion. The limits of table motion with zero payload

are shown in Fig. 4.2 which also gives plan and elevation views of the

table itself. The displacement limits arise from the actuator ' strokes:

the velocity limits result from oil pumping capacity, the acceleration

limits are controlled by the actuator force capacities and the frequency

is limited by the oil column resonance of the drive system. With a

full payload (110,000 lb) on the table, the acceleration limits will be

reduced to 0.67 g and 0.45 g, respectively; the other limits are not

affected significantly. Further details of the earthquake simulator

characteristics are provided in reference (24) .

4.2 Data Acquisition and Processing

The data acquisition system, centered on a NOVA 1200 mini-
,

computer equipped with a Diablo 31 magnetic disk unit, is capable of

sampling up to 128 channels at rates of up to 100 samples per second

per channel. The analog signals from the various transducers pass

through a NEFF System 620 Analog Digi tal processor. The digitized

data are then temporarily stored on the magnetic disk before being

transfer.ed to tape for permanent storage by a Wang 9-track magnetic

tape drive.

Some preliminary data reduction can be performed on the mini-

cor.:p ster but the bulk of subsequent data processing is. done on the CDC

6400 system of the Berkeley Campus. In order to be compatible with
,

the CDC system, the 9-track tapes are first scannel an6 the desired
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information is converted to a 7-track tape form. Once reduced to this

form, the data are generally converted into graphical display format

utilizing the plotting facility coupled to the CDC system.

4.3 Repeatability and Accuracy of Simulated Earthquake Motions

Earthquake simulation in the laboratory can be defined as the
.

'

process of moving, at prescribed rates of speed, the base of a test

structure through a displacement program representing one or two com-

ponents of a representative earthquake motion. The energy and control
t

requirements for such an undertaking, as well as the cost of the

structures, tend to limit the size of the test structure and the number

'

of base notion components that can be applied to it. Although the first

attempts at earthquake simulation were made at the turn of the
f

century ', the earthqc-ke simulator has become a tool for structural
6,27)

research only within the last decade because of its dependence

on advanced technology in electronic controls, data acquisition and

management. The first and most obvious question asked regarding any

'

earthquake simulator concerns tha quality of the earthquake motion.it

purports to reproduce. This quality can be judged on two grounds.

The first is the fidelity of the motion to that of any past earthquake

of which an analog record has been fed into the control devices of the

| facility. The second is the repeatability of the resulting motion at
!
'

different prescribed levels of intensity, so that a given test structure
|

can be subjected to a particular base motion at various intensity levels.

j Obviously, perfect quality is unattainable within current technological

i

( capability. Hence a compromise is necessary between what is attainable

|
l and whot is acceptable.

As numerous subsequent diagrams will verify, the type of motion

produced by the simulator does resemble real carthquakes. A visual

:
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!

inspec' ion of the different accelerograms generated by the shaking

table reveais a high-frequency, low-amplitude " noise" at the leading

i
'

and trailing portions of the average table acceleration. This is a

i
characteristic feature of the system and is recorded by all measuring

devices when the shaking table is fully pressurized and ready for
i

,

operation. Generally such noise levels are low, and tend to remain

i below 0.5 percent of the recorded data peaks. A less apparent feature

of the table motion is the " clipping" of long period displacements so:

that the table will not exceed the limits of the actuators. This tends

to distort the resulting motions somewhat, but the distortion is not
,

significant in the range of frequencies of the test structures con-
, ,

sidered here. Furthermore, the platform is a structure with six degrees
,

I

3 of freedom so that it may execute small amplitude motions laterally as

well as rotate about three perpendicular axes. Hence, although only'

the average motions are reported, it should be understood that motion

may not be exactly the same at all points of the 20 f t square table.

i If the premise is adopted that visual similarity between actual
4

] and reproduced earthquakes is a weak criterion for acceptance, the
1

next step is to base judgment on the similarity of the response spectra
,

!
1

for both. This is where repeatability enters as a parameter since in

the laboratory environment there exists" the capability of reproducing

approximately the same wave form at different amplitudes and at

different times. In this study, three different simulated earthquakes

were run on the shaking table without time scaling. These motions will

be referred to as the Taft (T), El. Centro (E) and Pacoima (P) earth-
,

.!
Iuakes,.and were actually derived from the original digitized records.

!

Inasmuch as nearly the same motion was reproduced at several different;

amplitudes for the two houses, a basis of comparison was sought by
|
1

!

. - . -_ .-__ _ _ - - _ -__ .- . . - - - . . , _ , . . - - , - - - - , , ,,
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normalizing the maximum peak accelerations of each recorded motion to

unity before computing its response spectrum. In Figs. 4.3(a) and (b)

the upper and lower bounds for the resulting acceleration spectra

computed for 2 percent damping are shown for the two series of tests.
h

The amplification of base acceleration is essentially unity in the

period range 0.01 to 0.05 second and varies between 3 and 5 in the

0,2 to 0.6 second interval. Also for comparison the response spectra

of the corresponding original motions for 2 percent damping are super-

posed on these diagrams. In general, the trends in the two sets of

curves are similar although there are differences between the

individual peaks. Since the upper and lower bounds for the simulated

earthquake responses represent a severe test for the quality of the

reproduced motions and since the response spectra provide no informa-

tion on the sequence of events for the single degree of freedom
;

oscillators represented in these diagrams, the reproduced motions can

i-
be claimed to nimic the original motions satisfactorily. Act aally,,

i

there is no need to reproduce any given earthquake motion exactly,

because no past earthquake till ever occur again. It is necessary only

that the simulator motions contain the essential characteristics of

|

actual earthquakes, and it may be concluded that these motions meeti

that requirement.
,
.

i,

w ,__- - , . _ -,w,
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5. TEST RESULTS

5.1 Introduction

The present research was conducted to provide a basis for the

evaluation of the strength of masonry houses in a seismic environment.'

Because of practical limitations in the implementation of typical

4

details in the test structures, only a limited number of parameters

could be included in the investigation. The variables considered in'

i

the program were

a) Unreinforced and partially reinforced walls

b) variations in the geometry of the walls

c) Variations in the type of excitation

d) Variations in the orientation of the roof structure

e) Variations in base fixity (House 1 only)

f) Repair of damaged walls.

As described in Chapter 3, the models were tested under a

variety of conditions in which one or more of the above parameters was
i

considered. Undoubtedly, there are interactions between these para-

meters and consequently the determination of the effects of a specific

f

| variable is difficult. One must therefore generalize in order to

bring out the more prominent features of the response characteristics.

In this chapter, data related to the measured response is presented in
,

f

graphical display form in three levels of increasing sophistication.

At the simplest level, time history plots of data recorded in single
4

or grouped transducer channels are considered. With such a display,

; it becomes possible to study the amplitude and phase relationship
!
;

' between input and response. At the next level, selected portions of

i
'

!
!

,-. - ... -- __ _ _ _ _ _ _ - - _____ ___
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9

some data channels are presented in amplified time scales so that the
A

response can be studied in greater detail. Finally, the displacement

patterns of the out-of-plane walls (W2 and W4 for House 1 and Al and
.

B1 for llouse 2) are shown at selected time intervals in order to

assess better the effect of reinforcement and progressive cracking.

Chapter 6 presents an analysis of the results described in the following

sections.

5.2 Response of Ilouse 1

The measured response of a masonry house can not be described
P

adequately by discussing only a few selected results; the whole

sequence of testing must be described in detail. Masonry is a material

with memory; response in a particular test reflects the previous

loading nistory because existing cracks influence the subsequent
/

response. As stated earlier, tests were generally conducted in

increasing intensity, applying a particular base motion with both roof

orientations. A tocal of 29 test runs wert conducted on House 1

during a two-week period, with roughly an equal number of tests in

each orientation. A summary of the dynamic tests and testing condi-

tions is provided in Table 5.1. In the next paragraphs, a description

a

of the entire test series is given; a qualitative discussion of the

response then follows. It should be noted that House 1 was viewed as

an exploratory test specimen. Deducing the effects of some of the - .

variables on this structure is difficult because at one stage in the

test sequence the footing attachment of the in-plane walls was changed ,

from free to fixed conditions; in addition the in-plane and out-of-plane
,

walls were repaired at di fferent times to permit continuation of
-

testing.

I

_ _ _ _
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5.2.1 Test Sequence

Careful examination of the wall segments after the roof struc-

ture was in place, but not yet bolted, revealed hairline cracking in

the eighth course from the base of the unreinforced wall W3, shown in

Fig. 5.l(a) . This was believed to have initiated as a shrinkage crack

during the curing period, but was probably extended somewhat during

the installation of the roof. In Figs. 5.l(a) to 5.1(h) and similar

drawings, the perimeter of the structure is unfolded as one would see

the walls when walking around the structure counterclockwise. As Fig.

3.1 and Table 5.1 indicate, the sequence of tests was started with the

roof trusses oriented parallel to the table motion so the in-plane

walls were non-load bearing. When the anchor bolts were tightened to

offset the negative camber of the truss above C2, W3, and C3, cracking

in the unreinforced units C2 and W3 occutred as shown in Fig. 5.l(b).

Apparently the tensile strength of the masonry bed joint was not

sufficient to sustain the tension forces applied by the bolts which

were provided with 8 in., or two course, embeament depths. This second

set of cracks was wide enough to warrant the application of quick

curing structural epoxy to the affected areas. Measurements indicated

the width of the cracks to vary from hairline to 1/8 in. However, the

applied apoxy gave enough strength to the repaired joints so that until

the end of the tests no further cracking or slippage occurred at these

joints. In subsequent crack distribution diagrams, therefore, this

set of cracks is not indicated.

The first three test runs were conducted before the concrete

weights were added to the _noof in order to ensure that the instrumenta-

tion functioned properly. Also, the footings under W1 and W3, both

parallel to the table motion, were anchored so that uplift was possible

_ _ _ _ _ _ _ - _ _ _ _ _ _
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but sliding was prevented. (These were later restrained against

uplift.) Following the addition of the 12,000 lb concrete slabs to

the roof, eight runs (number 4 through 11) were conducted with the

Taft signal. During Test 9,.(T-0.21 g) rocking was observed at the

mortar joint in the eig'ath course of W3 where hairline cracks had been

poted earlier. The fully opened width of these cracks during the test

could not be established, only their residual width afterwards. The

relative width of the lines with which cracks in Fig. 5.1 are indicatod,

is intended to indicate the estimated amount of opening. Further

shaking during Test 10 (T-0.27 g) resulted in crushing at both ends of

this crack as shown in Fig. 5.l(c) . At this point, the lateral stiff-

ness of wall panel W3 was theoretically reduced to near zero, and the gg

only resistance to imposed forces was from friction along the crack.

However, as subsequent discussions will indicate, there was no great

f disparity between the measured in-plane displacement amplitudes for W1

and W3,'apparently because W1 was rocking at its base.

The only daraage in the test structure up to Test 11 (T-0.29 g)

was in W3 and was confined to a single continuous, horizontal crack.

Rather tnan resorting to an epoxy repair it was decided that slippage

of the wall a.t this level should be prevented by prestressing the wall

horizontally between structural tubing placed vertically on either

side. Figure 5.2 shows this arrangement. However, during Test 11

(T-0.29 g), a new horizontal joint crack developed at the second joint

from the base of the wall, Fig. 5.l(d).

The last two tests with the trusses oriented parallel to the

table motion were conducted with the El Centro motion. During Test 12

(E-0.14 g) noticeable uplife of the footing under W1 occurred. There-

fore, after this particular test run, the footing of W1 was bolted to

. .

____-
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,

;

the shaking table so that uplift would be prevented. When the
,

El Centro motion was applied at double the intensity during Test 13

(E-0.28 g), additional cracks in the fifth and sixth joints from the

bottom occurred in W3 as indicated in Fig. 5.l(e). Also, a continuous

crack at the first joint-from the base was observed in W4.

After this sequence of runs, the roof structure was rotated 90

degrees so that the trusses were transverse to the table motion and

the in-plane walls were load bearing. Further, a general repair for'

W3 was provided by coating the wall on both surfaces with a 1/8 in,

thick layer of fiberglass reinforced plaster. The unreinforced corner

unit C4 which had cracked at the first course from the bottom during

Test 10 (T-0.27 g) was repaired locally with the same plaster applied

to the bottom two courses of block. The footing under W3 was bolted

down to provide a base condition similar to W1.

1

The second series of tests was started with the Taft signal,

which controlled the table motion during Tests 14 through 19. During

Test 20 (E-0.21 g), the El. Centro earthquake was applied at 0.21 g.

t

intensity, a second structural crack was noted in W4 at the sixth

coursa from the top, Fig. 5.l(f) . Observations during Test 21

(E-0.31 g) indicated that significant hinging was occurring at the
;

cracked joint with an out-of-plane displacement of 2 in. at 2/3 the
,

wall height. Concern about the stability of the wall led to the>

application of the same surface bonding plaster along the length of the

| crack on both sides of the wall. Cracking which occurred'during the.

| last tight tests is indicated in Fig. 5 l(g) for Test 24 (E-0.46 g) and

Fig. 5.l(h) for, Test 28 (P-0.63 g). The structure withstood the final.

test run ',E-0.59 g) without collapsing; however, the extent and degreo

,

f

. - _ - _ . - _-- -. - -_
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of damage both in the masonry as well as in the roof assembly made it

advisable tc stop the testing.

Of the 29 tests conducted on Hou.c 1, 15 were selected for

detailed data reduction. These are indicated with asterisks in

Table 5.1; double asteriskt signify that amplified time plots were also

obtained for some of the data channels. The following response

quantities will be discussed:

(1) Input table motion

(2) Out-of-plane displacements of the reinforced wall W2 (trans-

ducers numbered 36, 37, 38, 52, 58 in Fig. 3.5) and the

unreinforced wall W4 (transducers 44, 40, 45, 46, 61)

(3) In-plane displacements of W1 (reinforced)and W3 (unrein-

forced) as measured by transducers 63, 62, respectively.

(4) Displacements of the reinforced corner unit C1 (transducers

49, 57) and the unreinforced corner unit C2 (transducers

48, 56)

(5) Roof displacen.ent (transducer 53)

(6) Slip of the top plate relative to W1 and W3 (transducers

71, 70)

(7) Out-of-plane accelerations of W2 (transducers 81, 83) and

N4 (transducers 84, 85)

(8) Roof acceleration above W1 and W3 (transducers 97, 88)

J

(9) Roof acceleration at weight and drywall levels (transducers>

90, 86).

.

-r-~ e r u -- 9 -
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In order to present the data more compactly, certain response
1

quantities are omitted in the groups of figures; however little

I information of interest is excluded.

In evaluating response quantities presented either in graphical

form or from the tables, the orientation and location of transducers

indicated in Fig. 3.5 should be consulted. For example, the displace-

ments of out-of-plane walls W2 and W4 were measured relative to the

steel frame inside the house, and therefore when one wall moved towards

the reference frame the other moved away from it. This resulted in~

j. opposite signs for the signals as may be seen in the figures or tables.

~

Likewise, a 180-degree phase difference is seen for accelerationa of

panels W2 and W4. The displacements at the top of walls W2 and W4 were
,

averagad from the three instruments at that level because they wcre'

usually within a few percent of each other for a given wall. Table 5.2
3

1
' summarizes the peak recorf.ed values for those transducers which

characterize five celected tests. The two numbers given for each-entry-j.
i
; denote the measured " positive" and " negative" extremes. It is stressed

i

that the directional orientation of the instruments is reflected in

these nnmoers. For example, a " positive" extreme deflection ora

!

i acceleration for W2 is comparable to a "aegative" quantity for W4.
!

5.2.2 Overview of Structural Response

A detailed description of the effects of various parameters is
t

given in the following subsections; this subsection provides an over -
1

,

view of the response of the structr:0 as a framework for the more

i
" detailed descriptive :information that follows.

(a) None of the partially reinforced walls and corner units-

4 (Wl, W2, C1, and C3) were damaged throughout the entire test sequence.

. .- __ _ . . _ __ ___. . _ , - - _.-
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3

This included base motions of the order 0.3 g when the in-plane wal s
,

were non-load hearing and 0.6 g when they were load bearing.

(b) The unreinforced in-plane wall W3 cracked as a result of
;

overturning effects at the eighth course from the bottom during Test 9

(T-0.21 g) when it was non-load bearing. This cracking was partially
.

attributed to a preexisting shrinkage crack along this bed joint.
3

j

} After the wall was repaired and became load bearing, it cracked again
u

as a result of overturning effects along the first bed joint from the

i

} bottom during Test 27 (P-0.49 g).
:

e

!
; (c) The unreinforced out-of-plane wall F4 had only a minor

i crack along the first bed joint from the bottom when it was load

bearing. In this condition it was subjected to base motions of the
,

order of 0.3 g. When it was non-load bearing it cracked along the

sixth bed joint from the top during Test 19 'T-0.25 g) although the

crack was not visuallv evident until after Test 20. _After it was

repaired it cracked again at the san.e joint during Test 27

: (d) The effect of the roof truss orientation was not clear
!

from this series of tests because the anchorage of the footings of the

in-plane walls changed just before the roof truss orientation changed.

It was clear that the roof structure was much stiffer when the trusses

i

! were parallel to the base motion than when they were oriented trans-
r

versely. In the transverse orientation visual observations indicated
I

sizable displacements of the top of the roof relative to the bottom of
,

the roof-trusses.

(e) When the tiisses were transverse to the base motion the
~

deformation at the center of the roof structure relative to its ends

was of the order of 0.05 in. during base motions having a peak
,

. _ . - . - . . - _ _ _ - . _ - . . - . . - , - , . _ - , . . . - - - . .__
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acceleration of the order of 0.25 g. When the trusses were parallel

to thc base motion the relative deformations were much smaller.

(f) The fiberglass-based plaster that was used to repair the

unreinforced walls appeared to be capable of at least restoring the

original strength of the walls.

(g) Restraining the footings of the in-plane walls to prevent

uplift decreated the displacement of the reinforced in-plane wall from
,

0.03 in. to 0.05 in. The out-of-plane walls were permitted to uplift

throughout the tests; however no uplift was observed or recorded.

5.2.3 Structural Response

(A) Effect of Type of Excitation

As indicated in Chapter 4, horizontal components of three

different earthquakes with varying peak accelerations were used in the

test program. Normalized response spectra shown in Fig. 4.3 indicate4

that the simulated base motion closely matched the original records in

the frequency range of interest.

In general the responce of House 1 was similar for all three

|

| types of base motions. To illustrate this effect, three reasonably

similar test, were selected. These are Test 19 (T-0.25 g), Test 21

'
(E-0.31 g) and Test 25 (P-0.25 g) In all three tests the in-plane

walls were load bearing. However, du.i rg Test 20 (E-0.21 g) W4 cracked

and was repaired after Test 21. Therefore, the state of the unrein-
i
'

forced out-of-plane wall was different in Test 21 from that in Tests

19 and 25. The recorded response quantities for these tests are

presented as time histories in Firjs. 5.3 to 5.5. These should be

1

studied in conjunction with Tables 5.1 and 5.2.

!

|

. . . _ . - _
_ ._
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|

For the out-of-plane walls, the cut-of-plane displacements at

the top of W2 and W4 (with the exception of W4 in Test 21) were similar

for all three base motions and were of the order of 0.05 to 0.08 in. as

shown in Figs. 5.3(b) and (c), 5.4(b) and 5.5(b) and (c) .

For the in-plane walls W1 and W3, the displacements were of the

order of 0.01 to 0.02 in. , and again the response was similar for each of

the three base motions as shown in Figs. 5.3(d), 5.4 (d) and 5.5(d). In

each case, the rr.sponse was in phase with the applied base motion

indicating a stiff structure type of response.

Selected acceleration readings complete the description of the
4

response. Absolute accelerations of the out-of-plane walls W2 and W4
.

are shown in Figs. 5.3(g) and (h), Figs. 5.4(g) and (h) , Figs. 5.5(h)

and (i). It is seen that at elevations corresponding to the full or

2/3 wall height, acceleration limits are closely matched both in

amplitude and frequency; however, the wall failure for W4 cesulted in
!

the totally different history of Fig. 5.4(h) .
1

1 (B) Effect of Roof Truss Orientation
i

A direct assessment of the ' effects of roof truss orientation was

complicated by the fact that the anchorage of the footings of the

in-plane walls changed before Test 13 which was just before the roof

|
orientation changed. As a result the in-plane walls changed from non-

load bearing to load bearing one test after their footings were

i restrained against uplift. Eoth these factors decreased the displace-

ment response of the in-plane walls and the overall response of the

| test specimen. For the.out-of-plane walls the response characteristics

i ware different for the two roof truss orientations. This is attributed

to the difference in the response of the in-plane walls for the two'

roof orientations.j

. - . . --. --- .- - , , . - , - - -
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The major effect of roof orientation in this series of tests

was in the response of the roof structure itself. When the trusses

were parallel to the base motion the roof structure responded essen-

tially as a rigid system. When the trusses were perpendicular co the
,

base motion there was relative motion and some energy dissipation

between the ridge line and the bottom of the trusses. This clearly

affected the force levels transmitted to the in-plane walls, but to

what degree is a matter of judgment since no force measuring devices

were placed under the roof structure.

A detailed assessment of the different modes of response in-

fluenced by roof orientation can be obtained from a comparison of

Tests 10 (T-0.27 g) and 19 (T-0.25 g) . In Test 10, walls W2 and '.f4

were load bearing while during Test 19 walls W1 and W3 were load

bearing. An additional difference existed in the fixity of the in-

plane walls: in Test 19 walls W1 end W3 were restrained from uplift,

while during Test 10 only lateral sliding was prevented. Selected

quantities illustrating the behavior of the test specimen during Test

10 are displayed in Fig. 5.6; note that the arbitrary window times for

j the plots have been selected such that a given point in the response

!

is reached roughly 1 second earlier during Test 10.
j

The out-of-plane walls cracked when they were non-load bearing -

Test 19 (T-0.25 g), but resisted a similar base motion when they were

i
'

load bearing - Test 10 (T-0.27 g). Clearly the vertical load affected

the strength of the walls and this is discussed in detail in Chapter 6.

The response characteristics of the out-of-plane walls of the two tests

also differed as discussed in the following paragraph.

The displacement histories during Test 10 for the reinforced and
i

j anreinforced out-of-plane load bearing walls W2 and W4, respectively,

|

|
!

!
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i

indicate very closely matched response which was in phase with the base

motion. By superimposing the transverse displacements of these walls

measured at the top as well as the middle one-third points, an estimate

of the deflected shape can be obtained. Inspection of Figs. 5.6(b) and

(c) reveals that both out-of-plane walls vibrated at the frequency of

the structure as a whole in the " cantilever" mode, and that both had

the same peak displacements; 0.42 in. at the top, 0.28 in. at two-

thirds the wall height, and 0.12 in. at one-third the wall height.

Also, these peaks are reached simultaneously. This picture is altered

for Test 19, as shown in Figs. 5.3(b) and (c), when the walls were non-

load bearing. In addition to the significant decrease in displacement

amplitudes (note that the scales for out-of-plane displacements are

not the same in Figs. 5.3 and 5.6), there appears to be a slight

increase in the frequency of response. Also, peak displacements are

no longer attained simultaneously along the height, especially for W4

for which the peak displacement amplitudes at the top and the two-

thirds point are both 0.65 in. From about 9.2 seconds into the

response, the displacement at the top is less in magnitude than that

3

at the two-thirds wall height, indicating *1orizontal cracking and hing-
,

ing at the crack location. This deviation from a cantilever shape is

also evident for wall W2 which is illustrated in Fig. 5.3(b) . Isometric
i

views o f the deformed shapes of the two walls are shown in Figs. 5.7

and 5.8 for Tests 10 and 19, respectively. Although these figures are,

'

based on the same data presented as time history plott, they afford a

more convenient means of describing the deflected shapes.
,

The difference in the response characteristics of the in-plane

walls when they were non-load bearing and load bearing is significant.

However, since the footings of the walls were restrained against uplift

.- . . - _ . -.
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almost at the same time as the roof orientation change t .sh factors

contributed to the significant decrease in displacement amplitude of

response.

With the trusses parallel to the table motion, Test 10 (T-0.27 g)

Fig. 5.6 (d) , the in-plane displacements measured at the top are of the

same order of magnitude as the out-of-plane wall displacements. In-

asmuch as wall W3 developed a continuous horizontal crack along the

entire length of the wall at the eighth joint from the bottom, the wall

displacement at the top was probably largely due to rocking on this

plane. Also, the footing uplift of W1 accounted for most of its top

displacement. (Both walls had been bolted to the table after Test 13.)

Because of the great difference in the stiffnesses of W1 and W3,

relative slip readings of the top plate showed significant differences

also, as illustrated in Fig. 5.6(g). After the rotation of the roof

when W1 and W3 became load-bearing walls and their footings were

restrained against uplift, the magnitudes of these displacements as

well as the slip readings were reduced to only a fraction of their

previous values. The substantial decrease in the overall displacement

amplitude of the structure is also illustrated in Figs. 5.3(e) and (f),

and 5.6(e) and ( f) .

The difference in the roof response mechanisms is contained in

| Figs. 5.3 (j ) and 5.6(k). In the former, when the trusses are perpendi-

cular to the table motion, peaks of the acceleration measured at the

" weight level" (see Fig. 3.5 for the exact location) are generally

'
greater than the peaks at the " ceiling" or drywall level indicating

relative motion of the roof between these two elevations. By contrast,

the roof responds essentially as a rigid system when the trusses are

!
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oriented parallel to the table motion. A tabulation of the measured

peak accelerations at the different levels is given in Table 6.3.

(C) Effect of Base Fixity for In-Plane Walls

The representation of foundation flexibility under laboratory

conditions is difficult and is a factor that must be accounted for-

when the laboratory results are extrapolated to field conditions.

Under site conditions the degree of foundation flexibility and its

effect on the response of the superstructure depends on the length,

size and continuity of the foundation, the nature of the soil, and the

geometry and strength of the walls which are attached to it.

For House 1 both in-plane walls were initially free to uplift

from the shaking table. Because of visible uplift at the footing-

shaking table interface during excitation, the footing under the rein-

forced panel W1 was bolted to a prestressed metal plate at two

symmetrical locations 6 ft apart after Test 12, while that under W3

was similarly bolted following the repairs after Test 13.

The decision to restrain the in-plane footings against uplift

was made because it was felt that the continuous and interconnected

footings commonly used in house construction would not permit the

order of magnitud? of uplift that was observed. The obvious effect of

restraining the lootings against uplift was a significant decrease in

the displacement of the restrained walls, and 'his is illustrated by

comparing the results of Tests 10 and 13. Recorded response quantities

for Tests 1 and 13 are presented in Figs. 5.6 and 5.9, respectively.

In both tests wall W3 was cracked along a bed joint and con-

sequently had a similar mode of response in both tests. In Test 10

(T-0.27 g) when W1 was free to uplift, the la-plane displacement at the

,

/
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top of the two walls was similar and of the ordar of 0.4 in. , and the

structural response was reasonably symmetric as shown in Fig. 5.6(d).

When W1 was restrained against uplift in Test 13 (E-0.28 g) the

decrease in the response of W1 was dramatic as shown in Fig. 5.9(d)

where the maximum displacement decreased to 0.05 in., whereas W3 had

peak displacements comparable to Test 10. This difference in response

of the in-plane walls caused asymmetrical response of the test struc-

ture, as shown in Figs. 5.9(e)-(h) .

It is clear from this one comparison that restraining it against

uplift affected the displacement at the top of the in-plane wall W1 by

an order of magnitude. As stated this result will have to be carefully

assessed when extrapolating the behavior to field conditions because

the footings of the in-plane walls of Houses 2, 3 and 4 were all

restrained against uplift. For the out-of-plane walls W2 and W4 which

were only restrained against lateral translational movement, base

fixity had no influence; the walls were not capable of causing rotation

of the footing.

i
'

(D) Effect of Repair

During the tests on House 1 the unreinforced components failed

at different stages in the test sequence. Perhaps the most significant

of these was the failure of W3 during Test 9 (T-0.21 g), and its

gradual deterioration until after Test 13 (E-0.28 g) when it was

repaired with a fiberglass-based plaster. The repair material was

applied at an average thickness of 1/8 in. on both surfaces of the wall

and was allowed to cure for several days. Failure of W3 did.not occur

again until Test 27 (P-0.49 g). In the case of the out-of-plane wall

W4 the same repair process was used af ter Test 21 (E-0.31 g) . It is
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4

i

noteworthy that the recorded peak displacements for W4~are less than.

those for W2 during Test 25 indicating a greater initial stiffness

after it was repaired. In the case of W4, failure reoccurred at the

location of the previous crack during Test 27 (P-0.49 g). A sequence

1

<f deflected shapes for W2 and W4 is shown in Figs. 5.10 and 5.11 for

Tests 21 and 25. It is seen that W2 was apparently slightly more

flexible during Test 25 (with W4 repaired), whereas the reverse was
~

*

true during Test 21.

In summary, the repair method restored the strength of both the,

in-plane and out-of-plane walls so that they were capable of resisting

base motions significantly greater than those that caused the original;

damage.

i (E) Sumuary

Evaluation of selected quantities describing the behavior of

House 1, which was simple in plan but which contained significant com-

ponents of a masonry structure, indicates the following:

(1) The response of the test specimen to the base motions was

5 :omplex and was affected by the orientation of the roof

structure, by base fixity of the in-plane walls and'by the

cracks that formed in the unreinforced walls.

(2) With the roof trusses oriented in the direction of the table
,

motion, the house was subjected to twelve s'imulated earth-

quakes patterned after either the Taft or the El Centro

accelerograms. During this series, the maximum peak table

ar.celerations were of the same order of magnitude as the
;

I corresponding actual . earthquake motion: (0.25 to 0.30.g).

Af ter the roof structure was rotated through 90 degrees,

t
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the house was subjected to sixteen additional motions which

included the simulated Pacoina earthquake. The peak table

accelerations recorded during these tests reached 0.60 g.

These were considerably larger than the corresponding

actual ground motions with the exception of the Pacoima

si gnal.

(3) The'first observed structural damage in the unreinforced

walls occurred in the in-plane wall W3 when the house was

subjected to the Taft motion with a peak acceleration of

0.21 g during Test 9. It is likely that this failure was

initiated from a shrinkage crack that existed in the wall

panel prior to testing. The out-of-plane unreinforced wall

W4 was essentially undamaged during the initial sequence of

tests when it was a load bearing wall. When it was non-

load bearing it remained undamaged until Test 18 (T-0.19 g)

and cracked during Test 19 (T-0.25 g). The crack did not

become visible until after Test 20 (E-0.21 g). During the

next test, Test 21 (E-0.31 g), the wall hinged significantly
'

at the crack location, but did not collapse.

(4) The nominal amount of vertical reinforcement used in the

wall segments (W1 and W2) and corner units (Cl and C3) was

sufficient to prevent the occurrence of any significant

damage to these components throughout all the tests.

(5) The surface bonding raterial used to repair the cracked

unreinforced walls appeared to be effective for this house.

Following repair, the test specimen had to be subjected to

increased base motions before cracking reoccurred.

| -

'

|
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5.3 Response of House 2

The discussion of the behavior of House 2 will be presented in
i

the same format as House 1. The major differetce in the tests of the

two specimens was that change of the fixity conditions of the footings

and progressive repair of the walls were not factors for House 2. An

overview of the structural response is presented at the beginning of

the detailed discussion of the results in order to provide a framework

for the more detailed information that follows.
|

5.3.1 Test Sequence

I As with House 1, this specimen was also tested over a two-week

long period during which the magnitude of the applied base motions

varied significantly. A major change from House 1 was the sequence of

orientation of the roof structure; the test sequence began with the

roof trusses oriented perpendicular to the table motion so that the

in-plane walls were initially load bearing. For House 2 the more

unfavorable truss orientation was implemented during the second phase

of the tests so that more severe base motions could be applied during

the first ;hase, without running a serious risk of causing signif3 cant

structural failure. A chronological listing of the 32 test runs con-

ducted on this specimen is provided in Table 5.3.

The second house was fabricated and stored indoors until the

time of testing. However, possibly because of the openings in the

panels and the lack of joint reinforcement in the top two bed joints,

shrinkage led to the formation of hairline cracking which is shown in

Fig. 5.12(a). These cracks were generally initiated at the corners of

the panel openings. Figures,5.12(b) through (i) should be considered

simultaneously with Table 5.3 in order to understand the effect of the

-- - _ - . . _. . -
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applied base motions on the structural behavior. In these figures the

local surface bonding repair that was applied (following Test 19) on

each side of the spandrel beam above the large opening for panel B has

not been indicated; additional cracks formed at more or less the same

locations in the repaired sections.

The bolt hole pattern of the shaking table dictated that the

footings under the in-plane panels A and B be bolted at two symmetrical

locations 6 ft apart and 5 ft from either end. Similarly, footings of

the out-of-plane panels were fixed to the table at two locations 4 ft

from the ends. Although measurements indicated that the footings of

the out-of-plane walls underwent no sliding or rotation, it was evident

that both ends of the footings under walls A and B tended to uplift

from beyond the bolt locations. In particular, the right end of the

footing below wall B could be observed to undergo significant upward

motion during the stronger simulated earthquakes. After Test 16 w^

the spandrel beam was fully cracked Lt the ends, this tendency was

further accentuated. From Test 27 on, displacement measuring devices

I were attached to the ends of these footings to measure the uplift (see

Table 6.12). Since the in-plane displacements at the tops of the panels

A and B were measured at the corners of these walls (instruments 42 and

48, respectively, in Fig. 3.6) the magnitudes of these displacements

were amplified on account of uplift. However, as the subsequent
f

discussion will emphasize, the footing under B where the wall rein-

forcement was doweled at both ends was more prone to this uplif t action

than the footing under A which was unreinforced.'

A description of the behavior of the house will be presented

with reference to the following measured quantities illustrated in

Fig. 3.6:

_---
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(1) Input table. motion

(2) In-plane displacements of the unreinforced wall panel A
~

(transducer 42) and the reinforced wall B (instrument 48)

(3) Out-of-plane displacements. of the unreinforced panel Al

(instruments 56, 57, 58; 50, 51, 52 and 53) and the rein-

forced panel B1 (instruments 76, 77, 78, 64, 65 and 66)

(4) Uplif t of in-plane walls A and B from their footinqs

(instruments 91, 92 and 89, 90, respectively)

(5) Rotation of the truss rafters above the top plate when the

trusses were oriented transverse to table motion (trans-

ducers 72, 73, 74 and 75)

(6) Roof displacement (instrument 70)

(7)' Accelerations at top of A and B (instruments 83 and 84)

(8) Accelerations of Al (instrur cs 80 and 79) and B1

(instruments 82 vid 81)

(9) Roof accelerations at weight and drywall ceiling levels

(instruments 87 and 88) .
,

In describing the response of House 2 by time history plots,

references are made to the "right" and "left" sides of walls. For a
i
'

consistent definition of these directions the following convention was

adopted (see Fig. 3.6): For in-plane walls A and B, "right" is the

side common to wall ,B1 while "left" denotes the side common to wall A1.

For the out-of-plane walls, right is always the side common to the in-

plane wall B and left is the side common to wall A.

Unlike House 1, total structural failure in this specimen
f

occurred essentially during a single test, Test 32 (P-0.52 g); therefore

. - - - -- . -. . ._. , .- - -. - ,
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i extensive repairs were not required as testing progressed. Following

i. Test 19 (P-0.51 g) , both ends of the spandrel beam in panel B (Fig.

5.12(e)) were 1c . ally repaired with the surface bonding plaster, but

these cracks reappeared quickly at their previous locations during the

second series of tests when the roof structure was rotated. This
'

: cracking was due to the fact that the 16 in. deep unreinforced spandrel

beam was subjected to significant reversed flexure because the two
,

piers it connected tended to undergo rocking. Once both ends of the

spandrel beam were fully cracked (see Fig. 5.12(c)), this beam served;

as a strut to maintain a constant distance between the two piers.

Selected extreme readings from five representative test runs

are listed in Table 5.4. On account of the fundamental similarities

between the response mechanisms of House 1 and House 2, only three of

these tests will be presented in graphical display form and the discus-,

sion will be limited to the effects of base motion characteristics and

roof orientation.

'

5.3.2 Overview of Structural Response

House 2 was viewed as a test structure with wall panels'

representative of typical construction in UBC Zone 2. The walls were

intended to represent central segments of longer walls away from the~
i

influence of interaction between out-of-plane and in-plane walls, which

would have been produced by corners. The geometry of the walls

indicated in Fig. 3.3 became a stand .rd for the entire experimental

program because Houses 3 and 4 which are discussed in a subsequent

report had basically the same geometry as House 2. A detailed discus-

sion of the response is given in the following subsections, and a

summary is provided at the end of the chapter. For emphasis, and to

_ _ . _ _
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establish. a framework for the subsequent discussion, the important

features of the abserved response are listed below:

(a) . The displacement amplitudes of response were more strongly
e

dependent on the peak table acceleration than on the types of earth-

quakes used as base motions.

(b) Comparison of response amplitudes between Houses 1 and 2

demonstrated the much greater overall rigidity of the latter. No

variations of footing fixity were made for House 2; the footings were

bolted to the test table throughout the test sequences; however,

experimental evidence showed that the in-plane walls tended to uplift

the ends of their footings because the hold-down bolts were located

5 ft from each end. This uplift was more pronounced for the reinforced

in-plane wall because of the dowels located near the ends of the

footings.

(c) The roof orientation when the trusses were parallel to the

table motion (in-plane walls being non-load bearing) was clearly the

more severe loading condition for a given base acceleration. Irrepar-

able damage to the two unreinforced walls occurred during a test with

this orientation; the same mo*fon applied previously with the trans-

verse truss orientation had not caused any significant damage. f

(d) The difference in the geometry of the in-plane walls was

the source of an inherent eccentricity in the response. The reinforced

in-plane wall B was more flexible and consequently the out-of-plane walls

were forced to undergo simultaneous bending and twisting.

(e) The largest table acceleration applied to the structure

was approximately 0.5 g in each truss orientation. Both the in-plane

-
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and out-of-plane unreinforced walls were damaged at this level of

excitation when the roof trusses were parallel to the table motion.

The reinforced walls demonstrated the effectiveness of nominal partial

reinforcement since they remained essentially uncracked throughout the

test sequence.

5.3.3 Structural Response Details

(A) Effect of Type of Excitation

The effect of the type of excitation will be discussed with

respect to Tests 14 (E-0.33 g) and Test 17 (P-0.27 g). The time

histories of the measured quantities for these tests are given in

Figs. 5.13 and 5.14, respectively. In general there were no significant

differences in the response of the test structure to the two different

base motions; the detailed discussion that follows will compare the

more important aspects of the observed response when the in-plane walls

were load bearing.

First an examination of Tablec 5.2 and 5.4 indicates that House

2 was more rigid than House 1; for comparable base motions and roof

I orientatians in the absence of significant cracking, the dispiacement

limits for House 2 are smaller than House 1. In addition, there was
1

significant torsional response in House 2 because af the difference in

rigidity between Walls A and B. Figures 5.13(b) and 5.14(b) graphically

illustrate this difference in addition to showing the bias of wall B,

towards greater " negative" displacements. The difference in the

displacement amplitudes of A and B were reflected in the out-of-plane

displacements for walls Al and Bl. Frames (c) through (h) of Figs.

5.13 and 5.14 illustrate the deformation pattern for these walls.

Several features of this pattern are evident in these figures. First,

I
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f
magnitudes of the displacements at the top of the out-of-plane walls

are slightly greater than the displacements of the in-plane walls.

; This is due to out-of-plane bending of the bottom rafters of the

~

trusses. The second important feature-illustrated in Figs. 5.13(d),*

!
'

(g) and 5.14(d), (g) is that the side of wall Al and that of wall Bl

adjacent to wall B underwent greater displacements than the side
,

) adjacent to wall A. This follows from the disparity of displacements

i'
for the in-plane walls, and indicates racking distortion of the roof

system. Values listed in Table 5.4 also verify this trend. Finally,

examination of the displaced " vertical. profile" for both out-of-plane

walls illustrated in Figs. 5.13(c), (f) and 5.14(c), ( f) indicates

that the basic cantilevar (straight line) deflection shape for both

walls was maintained at all times dt 79 excitation, even for the

unreinforced panel Al which was noted to have developed a horizontal'

; crack ir the main pier (Fig. 5.12(b)).

In view of the observed flexibility of the roof structure for

1
House 1, a bracing system was devised (see Fig. 3.6) for House 2.

1
a

This consisted of rectangular plywood sheets nailed on either side of

2 ft long 2x4 in. boards secured between each set of trusses along a

vertical plane passing through the ridge line.e

4

Even with this bracing system in the roof. the displacement of

I the roof structure in the direction of table motion shown in Figs.

5.13(i) and 5.14(i) was greater (by a factor of almost 2, see Table

5.4) than the top displacements for walls Al and Bl. Part of this

flexibility resulted from rotation of the bottom rafters of the trusses

as shown in Figs. 5.13(j) and 5.14 (j) . The difference in the rafter

i .
rotations with and without the metal framing anchors (referred to as

.

; straps in the figures) is not significant.

,
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Accelerations recorded at various points of the test structure

are presented in frames (k)-(n) of Figs. 5.13 and 5.14. The difference

in displacement amplitudes for walls A and B is also evident in their

accelerations (Figs. 5.13(k) and 5.14(k)). In both frames the signal

for wall b contains some higher frequency peaks reflecting the impact

with the table of the uplifting footing during every half cycle. Out-

of-plane accelerations for panels Al and B1 shown in frames (1) and
,

t

(m) of both figures indicate higher frequency components not evident

in the displacement meas- -wents. Also, roof accelerations measured

at two different levels and shown in Figs. 5.13(n) and 5.14(n) indicate

the relative motion of the roof ridge line at the weight level with

respect to the drywall level below the bottom truss chords.

'

An overall evaluation of Figs. 5.13 and 5.14 shows that for

comparable peak base accelerations very similar response was obtained
i

{ for two different table motion signals.

|

(B) Effect of Roof Truss Orientation
'

An assessment of the effect of the roof truss orientation will

be made by comparing Test 30 (E-0.37 g) with Test 14 (E-0.33 g) and

Test 17 (P-0.27 g). The recorded time histories for Tests 14,17 and

30 are given in Figs. 5.13, 5.14 and 5.15, respectively. Figures 5.13

and 5.15 show a six-second segment of the total motion. It should be.

noted that the displacement scale in Fig. 5.15 is different from that

*

in Figs. 5.13 and 5.14.

( The major difference between Test 30 (in-plane walls being non-
,

[ load bearing) and Tests 14 and 17-(in-plane walls being load bearing)

is the significant increase in the displacements of walls A and B and

!
especially that of wall B. These increased amplitudes are evident in

|

i
<
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i frames (b)-(i) of Fig. 5.15 when compared with Figs. 5.13 and 5.14. In

addition, the difference between the displacements of walls A and B

was also increased with the change in roof orientation. This torsional

response of the house is also evident in the recorded displacements of

the out-of-plane walls al and B1 s'hown in Figs. 5.15(c)-(h) . The twist

of both panels is due to the greater flexibility of wall B.'

The increased displacements of the in-plane walls in Test 30 are
,

attributed to two factors: the increased rigidity of the roof structure

when the trusses are parallel to the table motion, and the restraining

effect provided by the dead load. Also it should be noted that the

roof inertia load follows a more circuitous path to the in-plane walls

when they are non-load bearing.

Another difference attributable to the change in the roof

orientation is the in-plane flexibility of the roof structure. In

Tests 14 and 17 there was a noticeable difference between the displace-

ments recorded at the center of the roof and those recorded at the
;

center of *,he out-of-plane walls. In Test 30 this difference was not
! evident as the displacement r easured at the center of the house

(Fig. 5.15(i)) was almost identical to that measured at the center of

the out-of-plane walls. This difference resulted from the reduced

restraint provided at the top of the out-of-plane walls by the gable

end of tha roof.

! Figure 5.16 shows the deflected shapes of the out-of-plane walls,
,

Al and B1, at selected instants of time. In these diagrams broken lines

depict undeflected geometries for both panels while solid lines describe

the scaled deflected shapes. Reference to Fig. 3.3 and the indicated

greater flexibility for panel B explain the greater out-of-plane dis-
1

placements at the corners common to panel B. It is noted from this
1

--w,, -- - . - - - , ,, n -
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sequence of diagrams that substantial twisting accompanied the out-of-

plane displacements because of the inherent eccentricity " built-in" to

the structure.

(C) Description of Failure

The limiting state of the test structure was attained during

Test 32 (P-0.52 g) as a result of the failure of the uareinforced in-

plane wall A. The crack pattern shown in Fig. 5.12(i) indicates that

significant damage was confined to the in-plane and out-of-plane

) unreinforced walls A and Al. The failure of the 2 ft wide door pier
!

of the out-of-plane wall Al was attributed to the failure of the in-

plane wall A.

I>

The inclined crack of wall A was initiated at the reentrant
-

corner adjacent to the window opening and propagated through the j

masonry units as well as the bed and head joints. The permanent

residual displacement at the top of wall A was 0.3 in and the residual

crack width averaged 0.5 in. The permanent inward displacement of the

small door pier of the out-cf-plane wall was 3 in. at the crack

location.

An overall evaluation of the crack pattern indicates that the

l presence of even a very nominal quantity of reinforcement was suffi-
(

cient to prevent damage in panels B and Bl. The two doweled #4 bars

j at either end for wall B prevented any significant cracking even though

|

|
the displacement amplitudes of wall B were consistently much larger

r

! than those of wall A because of rocking. Also, because the spandrel

I
beam in panel B was not capable of resisting significant bending, the

i two piers in this wall were quickly rorced to act as two partially-
i

|

| reinforced vertical columns connected at the top through the spandrel.

|

- _
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i
'

Panel B1 had a response similar to Al in terms of displacement and .

acceleration, however the margin of strength provided by the two bars

resulted in the formation of only a few structurally insignificant

cracks in Bl. Both out-of-plane walls were subjected to substantial

out-of-plane displacements at the top of the walls, but apart from the

! damage to the door pier caused by wall A these displacements did not

cause any significant cracking.

(D) Summary'

Because of the different geometry of the in-plane walls the

overall stiftness of House 2 was greater than that of House 1. This

caused smaller displacement amplitudes to be recorded for similar base

motions. Other significant observations are
f

I

| (1) Because of the inherent eccentricity designed into the

structure, out-of-plane walls Al and B1 underwent simulta-
!

neous twisting and bending. These displacements did not

cause substantial cracking during any of the tests.

(2)- The non-load bearing unreinforced in-plane wall A failed

during Test 32 (P-0.52 g) . The house had been subjected
|

to the same motion during cn earlier test run without

failure when the in-plane walls A and B were load bearing.

(3) Unreinforced out-of-plane wall cracking was due to lateral

inertial forces which caused horizontal cracking at about

the mid-height of the panel. However unlike House 1,

significant hinging did not occur at this crack-location.

:

| The fracture near the top of door pier in wall Al was pre-

cipitated by the~ shear failure of wall A during Test 32.

|

|
1

- __ . . , . _ _ _ . .._ _ _ , . . . , _ , , _ _ ,



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

75
1
+

4

(4) The failure pattern of wall A indicated both joint separa-

tion and splitting of masonry units. The tensile and bond

i

strength of the material in House 2 was greater than in'

House 1 because of the very high mortar strength (Table

2.2), and res'alted in House 2 being capable of resisting

higher base motions before damage occurred.

,

I

:

i

f
;

-

t

6
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TABLE 5.1
.

SUMMARY OF SHAKING TABLE TESTS AND TESTING CONDITIONS: HOUSE 1

Sequence Reference Base Motion / Pnr.k Base Remarks
Number Number Span Setting Acc., g

1 230977.1 Taft/000 0.002( No weights attached to the roof; trusses oriented in the
direction of table motion; see Figs. 5.l(a) and (b).

2 230977.2 Taft/040 0.026

3 230977.3 Taft/080 0.050

4* 260977.1 Taft/100 0.066 Concrete weights totaling 12,000 lb attached to the roof
assembly.

5 260977.2 Taft/150 0.081

6* 260977.3 Taft/200 0.122 #
7 260977.4 Taft/250 0.147

8* 260977.5 Taft/300 0.190

9 260977.6 Taft/350 0.214 W3 cracked along the mortar joint of the 8th course from
bottom.

10** 260977.7 Taft/400 0. 67 Crushing at enic of crack in W3; see Fig. 5.l(c).

11 270977.1 Taft/300( ' O.285 Crack in W3 restrained by stressed metal tubing; new crack
plane along 2nd courr,' from bottom; see Fig. 5.1(d).

12 270977.2 El Centro /200 0.140 Footing under W1 bolted onto table after this test.

13 270977.3 El Centro /400 0.282 W3 cracked along 5th and 6th courses from bottom;
W4 cracked at first course from bottom; see Fig. 5.1(e) .

Roof rotated 90 degrees; W3 and C4 repaired; footing under
W3 bolted to table after this. test.

14 290977.1 Taft/080 0.051

,

_ - - - _
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15 290977.2 Taft/100 0.062
>

16 300977.1 Taft/150 0.092 C2 repaired.

17 300977.2 Taft/200 0.119;

18* 300977.3 Taft/300 0.193

19** 300977.4 Taft/400 0.248

20 300977.5 El Centro /300 0.209 W4 cracked along 6th course from top; see Fig. 5 l(f) .

21** 300977.6 El Centro /450 0.311

22 041077.1 El Centro /300 0.214 W4 repaired

j 23** 041077.2 El Centro /450 0.323

| 24* 041077.3 El Centro /600 0.455 C2 cracked at 7th course from top; see Fig. 5.1(g) .
,

!

| 25* 041077.4 Pacoima/200 0.247

26 '041077.5 Pacoima/300 0.386

27** 041077.6 Pacoima/400 0.492 W3 failed by cracking at 1st joint from bottom, W4 cracked I

at 6th course from top.

28* 041077.7 Pacoima/500 0.627 Compressive fracture at corner junction of C4.

29** 041077 8 El Centro /750 0.592 -Imminent collapse of structure; reappearance or eidening of,

! all previous cracks; loosening of roof; see Fig. 5.l(h) .

;

(1) This value represents the " noise" in the recorded signal, hence peak values given may include this am^unt.
1

(2) Oommand system malfunctioned, resulting in a significantly altered base motion of the table.

* Selected for data reduction.

! ** Selected for expanded time scale plots.

|

|
l

'

.

|
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TABLE 5.2

RECORDED PEAK MEASUREMENTS: HOUSE 1

Test No. 10 13 19 21 25
Base Motion Taft El Centro Taft El Centro Pacoima
Peak Acceleration 0.267 g 0.282 g 0.248 g 0.311 g 0.247 g

Base acceleration, g 0.267 0.282 0.248 0.311 0.230
0.249 0.246 0.214 0.282 0.247

Out-of-plane displacement at top 0.371 0.282 0.056 0.061 0.079
center for wall W2, in. O.423 0.262 0.078 0.118 0.073

Out-of-plane displacement at 2/3 height 0.240 0.185 0.043 0.053 0.063
for wall W2, in. 0.280 0.180 0.057 0.080 0.057

Out-of-plane displacement at top center 0.417 0.264 0.067 0.556 0.043 y

for wall W4, in. 0.368 0.275 0.002 0.690 0.056 m

Out-of-plane displacement at 2/3 height 0.282 0.179 0.065 1.484 0.027
for wall W4, in. 0.249 0.180 0.046 1.961 0.035

In-plane displacement for.Wl, in. 0.344 0.047 0.018 0.022 0.021
0.340 0.036 0.019 0.018 0.011

In-plane displacement for W3, in. 0.310 0.263 0.009 0.012 0.011
0.397 0.277 0.014 0.013 0.009

Displacement at top of corner C1, in. 0.359 0.174 0.022 0.024 0.022

0.385 0.024 0.024 0.019

Displacement at top of corner C2, in. 0.002 0.261 0.016 0.018 0.018

0.206 0.306 0.026 0.023 0.014

Roof displacement at drywall level, in. 0.469 0.292 0.072 0.080 0.067
0.404 0.307 0.053 0.069 0.075

Slip of top plate relative to Wl, in. 0.077 0.099 0.003 0.003 0.002

0.094 0.126 0.003 0.003 0.004

._- _ _ -

_ _ _ _



. _ . . _ . _ . . _ . _ . __ . . _ . _ . _ _ . - -- ._ . . _ _ _ . _- _- _ -_ _- _. __ . _ m ___ -. ._ -

,

Slip of top plate relative to W3, in. 0.010 0.011 0.002 0.001 0.000
0.028 0.028 0.000 0.001 0.000

Out-of-plane acceleration at top center 0.406 0.563 0.344 0.438 0.514
for wall W2, g 0.406 0.450 0.384 0.658 0.412

Out-of-plane acceleration at 2/3 height 0.370 0.390 0.276 0.374 0.442 -

for wall W2,.g 0.367 0.350 0.309 0.563 0.328

Out-of-plane acceleration at top center 0.493 0.428 0.352 0.398 0.381
for wall W4, g 0.571 0.459 0.395 0.521 0.406

,

Out-of-plane acceleration at 2/3 height 0.493 0.347 0.314 0.617 0.282

for wall W4, g 0.597 0.340 0.271 0.559 0.334

Roof acceleration above Wl, g 0.704 0.446 0.306 0.336 0.222
0.583 0.619 0.225 0.306 0.279

Roof acceleration above W3, g 0.631 0.758 0.271 0.362 0.235
0.640 0.662 0.227 0.293 0.251. si

e
Roof acceleration at drywall level, g 0.394 0.469 0.466 0.566 0.503

0.403 0.538 0.431 0.488 .0.376

Roof acceleration at weight level, g 0.415 0.556 0.539 0.622 0.564
0.432 0.499 0.562 0.548 0.385

Note: The top value of each pair of measurements for each earthquake is the maximum positive value-
; recorded for-the particular instrument. The bottom value is the maximum negative value. The

location.of the instrument relative to the reference frame determines the positive and negative

directions.
i
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TABLE 5.3

SUMMARY OF SHAKING TABLE TESTS AND TESTING CONDITIONS: HOUSE 2

Sequence Reference Base Motion / Peak Base Remarks
Number Number Span Setting Acc., g

1 010378.1 Taft/000 0.004 Trusses transverse to motion

2 010378.2 Taft/050 0.030

3 020378.1 Taft/100 c.059

4* 020378.2 Taft/200 0.117

5 030378.1 Taft/250 0.160

6* 030378.2 Taft/300 0.178
m

7 030378.3 Taft/350 0.232 0

8** 030378.4 Taft/400 0.241

9 030378.5 Taft/450 0.280

10* 070378.1 El ''entro/200 0.132
i

11 070378.2 El Centro /250 0.168

12* 070378.3 El Centro /300 0.207

13 070378.4 El Centro /400 0.285

14** 070378.5 El Centro /450 0.331 Crack distribution shown in Fig. 5.12(b)

15* 070378.6 El Centro /600 0.452 Crack distribution shown in Fig. 5.12(c)

16* 070378.7 Taft/600 0.400 Crack distribution shown in Fig. 5.12 (d)

17** 070378.8 Pacoima/200 0.268

18 070378.9 Pacoima/300 0.385

2
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,

19** 070378.10 Pacoima/400 0.505 Crack distribution shown in Fig. 5.12 (e) : Roof structure
rotated 90 degrees; lintel ends for wall B repaired with
surface bonding material

20 130378.1 Taft/100 0.059

21 130378.2 Taft/150 0.076 Crack distribution shown in Fig. 5.12(f)

{ 22* 130378.3 Taft/200 0.119

23 130378.4 Taft/250 0.156

24* 130378.5 Taft/300 0.188

25 130378.6 Taft/350 0.227
*

26** .130378.7 Taft/400 0.262 Crack distribution shown in Fig. 5.12 (g)

'

27* 140378.1 El Centro /200 0.140

28* 140378.2 El Centro /300 0.212
m

29* 140378.3 El Centro /400 0.304 s

I1I30** 140378.5 El Centro /500 0.370 Crack distribution shown in Fig. 5.12(h)

31* 140778.6 Pacoima/200 0.258

32* 140378.7 Pacoima/400 0.519 Walls A and B seriously damaged, crack distribution
shown in Fig. 5.12 (i)

(1) Test 140373.4 was not recorded due to equipment malfunction

* Selected for data reduction

Selected fcz cxpanded time scale plots**

..
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TABLE 5.4

RECORDED PCAK MEASUREMENTS: HOUSE 2

Test No. 14 17 19 30 32
Base Motion El Centro Pacoima Pacoima El Centro Pacoima
Peak Acceleration 0.331 g 0.268 g 0.505 g 0.370 g 0.519 g

Base accelerat.on, g 0.331 0.228 0.471 0.370 0.476
0.284 0.268 0.505 0.334 0.519

In-plane displacement for panel A O.013 0.012 0.049 0.070 1.115
at top, in. 0.008 0.005 0.016 0.019 1.080

In-plane displacement for panel B 0.028 0.033 0.284 0.350 1.067
at tco, in. 0.056 0.054 0.400 0.308 1.061

Displacement at top right for panel 0.103 0.180 0.446 0.304 2.794 8
Al, in. 0.079 0.105 0.394 0.350 1.566

Displacement at top left for panel 0.076 0.076 0.313 0.173 3.072
Al, in. 0.066 0.090 0.309 0.238 1.642

Displacement at 2/3 heighi, Or panel 0.044 0.046 0.175 0.143 2.012
Al (window pier) , in. 0.035 0.049 0.182 0.197 1.262

Displacement at top right for panel 0.084 0.098 0.414 0.331 1.490
B1, in. 0.112 0.092 0.395 0.299 2.772

Displacement at top left for panel 0.074 0.084 0.335 0.232 1.626
B1, in. 0.066 0.051 0.212 0.176 3.043

Displacement at 2/3 height for panel 0.044 0.053 0.212 0.147 1.135
B1 (main pier) , in. 0.036 0.032 0.128 0.106 2.048

Roof displacement at centerline 0.189 0.183 0.544 0.266 3.213
(drywall level), in. 0.183 0.228 0.573 0.298 1.645

Acceleration at top of panel A, g 0.334 0.215 0.465 0.390 0.749
0.292 0.269 0.533 0.336 2.506

!

|
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I

!

Acceleration at top of panel B, g 0.354 0.233 0.827 0.547 0.910'

! 0.338 0.331 1.773 0.861 1.077

Acceleration at top of panel A1, g 0.393 0.350 0.779 0.528 1.006
0.389 0.587 1.450 0.687 0.853

Acceleration at 2/3 height of 0.369 0.259 0.660 0.576 1.110
panel A1, g 0.380 0.449 1.144 0.538 0.695

Acceleration at top of panel B1, g 0.510 0.570 1.145 0.621 0.680
'0.437 0.311 0.991 0.503 0.844

Acceleration at 2/3 height of 0.335 0.378 0.697- 0.379 0.938
panel B1, g 0.332 0.284 0.719 0.445 0.861

! Roof acceleration at gable (weight 0.565 0.525 1.078 0.759 0.878
level), g 0.550 0.369 0.825 0.527 0.651

'

Roof acceleration at centerline 0.622 0.302 0.784 0.537 0.696 ,

(drywall level), g 0.450 0.428 2.170 0.735 0.817 g
i

Note: The top value of each pair of measurements for each earthquake is the maximum positive value
recorded for the particular instrument. The bottom value is the maximum negative value. The
location of the instrument relative to the reference frame determines the positive and negative

directions.

i



mb

| I

_
III' '

I I 1 I I i I I 2 I I I I 1 I I I I I I I I 4
,

I ! I I I

'

C I

|~
I I ' I I I I I I I I C

I I I I I I I

7'
I I I 1

~ - ~ ~

I I G
N
I
T

I I S
E

I I I i I I I I l I I I I I I I I I I 1 I I I I~ I

II e' e 1II eI g3 e' I;I aI e3 I;I | T
E

I I I I I I I I I I I | I I I I I I I I I 1 I I I R
O

i I I I I I I I I I I I I I I I I I I I i I I I I ' F
E

I I I I I I I I I I I i I I I I I I I I I I I I I B
I I I I I I I I I I I I I 2 I I I I I I I I I I I I t

4
,

1
I I I I I I I I I I I l W I I I I I I I I I I I I I W E

I I I I I I I I I I I I I I I I I I I I ' I I I I I S
U

I I I I I I I I I I I i I I I I I I I I I I I I O
H

'l I I I I I I I I I I I I I I I I I I I I I I II I.
:

f I 1 I 1 I I I I I 1 i I I 1 I I I I I 1 ! I I I S
T

I I I I I I I I 1 I I I I I I I I I I I I 1 I I I N
Ia!I I .I aI a' I;I .I aI i3 I- t ' E

. I N
I I O

*
M
O

I I C
,!

i I i N
a I ,I i' I:3 t I' IiI a3 I;I a3 aI t:I a' e' I e!3I Yie aI I

I I I t I I I I I
l

I I l I I I I I I I I I I 3 R
N

d
I I I I I I I I I I I C I I 1 I I I I I I I I I 1 C O

S
A

I I M

E
I I H

' [g .I nI * t I e;I eI I; e
T

IT' I e i 4 { [ p [5
I I I I I

l
I I I I1I' I;It:II .I e' I e8 I

3 N
I

,
I I I I 1 I I l I |

I 1 I I

I I i I I I I I I I I I C I I I I I I I I I i I I I C I

I1it a t g I .I t' I g I;I 4_I .II I' I nI3 I .3 n:I nII|' I a' e;I aI e S
IIIII' K

I I C
A
R

I I
C
F

I i I [ I I I I I I 1 I I I I I I I I I I I I I I
OI|1 ni I .' I eI I .5i" I 1 .' I

N_
I I I I I I I I I I I I I I I 1 I I I 1 ' F I I I O

I i I I I I I I I I I I I I I I I I I I I I 1 I I

I
T
U

I I I I I I I I I I I I I I ] I I I I I I I I I I B
I

I I I I I 1 I I I I I I I I I I I I I I I I I i I I R
T

I I I I I I I I i I I I
I

I I I I I I I I I I I I I

3 S
1 I I I I I I I I I I I I

W I I 1 I I I I I 1 i I I I W I
D

I I I I ! I I I I I I I I I I I I I I I I I I I I

1 I I I I I I I I I I I I I I 1 I I I I 1 l I I I I
)

a
(

I I I 1 I I I I I I I I
I I I I I I I I _I I I I I

1 I I I I I I I I I | I I I I I I I I I i I I I I I

l.
3I a' I .3 i' I;II' I e' IiI I;3I

5

E
I I R

U
G
I

I
I

F

I I I I I I I I I L I I 4 I I I I I I I I I I I I I 2
i 1 1 I I I

7
I I I I

J
I C I 1 I I I I I I I f I I I C

I
I



mU
t

I |

i ' III

I I I I I I I I I I I I 1 2 I f I I I | I I I I I I I 4 S
! 1 I I 1 I i i I I [ I I C I | I I I I I I I I I I I C A

W
EI I

R
U
T
CI I

U
RI eI aIII eI eaI8 eI eI eI eI eII:I

TI I I I I I I I ' I I I I I I I I I I I I I I I I I

S
I I I I I I I I I I I I I I | I I I I I I I I I I I

F
OI I I I I I I I I I I I I I 1 I I I I I I I I I I I

O
I I I I I I I I I I J I I I I I I I I I I I I I I I R

RI I I I I I I I I I I I I 2 I | I I I I I I I I I I I

4 E
I I I I I I I I I I I I I W I I I I I I I I I I I I I W T

F
I I I I I I I I I I I I I I I I I I I I I I I I I I A

,
I I I I I I I I I I I I I I I I I I I I I I I i i I

1
I I I I I I I I I I I I I I I I I I I I I I I I I I

E
SI I I i I I I I I i I I I I I I I i ! I 1 | I l I I

U
I 1 1 I I I I I I I l I I I I I I I I I I I I I I I O
I' eI ei Ii e3 aI eI .l ai ei .I H

:
I I

S
T
N
EI I

N
O

I I I I 1 I I 1 I 'Li3
eI eI I I aI eI eI eI aI eI eI aI aI aI aI 1I1

3
I e3II eI e3 eI aI e3II e

F1 I I
l

I I I I I I I I I I l I 1

M
1 I I I I I I I I I I I I C I I I I I I I I I I I I I C O

C

I I Y
R
N
OI I

S
II e5 eI e8 aI I3 eI aI e8 nI e5 e5 .I I I5 |8 e3 I' tI eI eI eI eI nI eI eIi A
I I I I I I I l I I I I I

l
I l I I I I I I I I l I I 3 M

I I I 1 1 i I m I I I I C I | l I I I I I I I l I C E
I3 sI IIII 1III3IiI3 a3aI eI s5 .I l AI a' e8 II I3 eI eI I' IIIi II 4[ H

TI1'

I f
N
I

SI I

K
ItI sI a3 eI eI aI eI e3 Is II e' eI I C

_
1 I I I I I I I I I I I I i I I I I 1 I I I 1 I I I A

R
I I I I I I I I I I I I I 1 I I I I I I I I I I I I C

F1 I I I I I I I I I I I I i I I I I I I I I 1 ' I I

O
1 I I I I I I I I I I I I I I I I I I I I I I I I I

N
_

I I I I I I I I I I I I I I L I I I I I I I I I I I O
I

I I I I I I I I I I I I I
I

I N' I I I I I I I I I I I

3 UE
TD

1 I I I I I I I I I I I I
W I f I I I I I I I I I I I W BL

I L
I I I I I ! I I I I I I I r I I I I I I

I'
I I I I RA

TT
1 I I 1 I I I I I I I I I I ]- I I I I I ] I l I I I SS

I N
E I I I I I I I I I I I I I I I I I I I I I I I I I DI

_

I ! I i I I i i i I I I I I [ E I I I I I I T I i I

)1' e8 .I e5 eI e3 eI e8 t;* IIII a3.I b
I I (

1

5
I I

E
R

I I I I I I I I I I I I I

4 I u I I I I I I I I I I I 2 U
G

1 I I I I I I I I i I I I C I T I I I I I I I I I I I C I
F

I I



mm

l I

)

I i I I I I I i I I I I I
- I I 1 4

g
2 I I I I I I I I I I

7
! I I I i i I I | I I I | C 1 I I I I I I I I I I I I C 2

.

O
I I

- _
_

T
FI I

A_

T_ 5 a3 gI aI eI a' e' eI eI a8 eI eI eII

T I I I I I I I I I
(1 I I I I I I I I I I I I I I I

I I I I I I I I I I I I | I I I I I I I I I I I I I

0 _

1 I I I I I I 1 I I I I I I I I I I I I I I I I I I
1

T
I I I I I I I I I I I I | I I I I I I I I I I I I I

S
E

1 I I I I I I i I I I I I 2 I I I I I I I I I 1 I I I

4 T
! I I I I I I I I I I I | W I I I I I I I I I I I I I W R

E
I I I I I I I I I I I I I I I I I I I I I I I I I I

T
F

I I I I I I I I I I I I I I I I I I I I I I I I I I

A
I I I I I I I I I I I I I I I I I I I I I I I I I I

,

i I I I i I I I I I I I f I I I 1 I I I I I I ! 1 i
1

I I I I f l I I I I I I I I 1 I I I I I I I I I I I
E

IiI eI eI ei a' aI .3 .I eIIII a' I|
S
U
O

I I H
:

S
I I T

N
I I i I I I I I I I8E8

eI aI I' aI .3 ' II eI e' tI a8 aI e!I -I l

3 N
II eI eIeI eIfI eI aI eI a

E
I I

l
I I l l I 1 I I 1 I I 1 I

- 1 I i i i I

~ ~
I 1 I I ! I C I I I I I I I I I I I I I C O

P
_ M

O
I I C

Y
I I R

, Ni a|gl eI g" gI 1I aI aI e' eI eI aI | :Ei e3l' aI e' tI e3 a# iI aI eI aI| O
i | I I I I 1 I I I I i I

l '

I I l I I I l I I I I | 3 S
I I I 1 I l I I I I I | C 4 I 1 I I I I I I I I I I C A

_

IB 4, e3 e5

1_I
eI eI aI II e' a3 .I 37 eI a3 aI aI .I a5 .I .I .I aIII

M
~

E
I I H

T
N

I I

I
I

pe a5 eI aI .l eIII tII3 II 4' eII
T

S
_

I I 1 I I I I I I I I I I | I I I I I I I I m I I I

K
C

_
I I I I I I I I I I I I I I I I I I I I I I I I I I

A-
I I I I I I I I I I I I I I I I I I I I I I -I I I I R

C
I I I I I I I I I I I I I I I I I I I I I I I I I I

F
I I I I I I I I I I I I I I I I I I I [ I I I I I I O

N
I I I I I I I I I I I I f

I
I I I I I I I I I I I I I

3 O
I I I I I I I I I I I I I W I I I I I I I I I I I I ' W T

I
-

U
I I I I I ' I I I I I I I I I I I I I I I I I I I f

B
I

I I I I 1 I I I I I l I I I 1 1 I I I I I I

-
I I I I

R
- T

1 i I 1 I I I i 1 I I I I I I I I I I I I I I I I I

S
_ I

I a_IaljI3 t1iI aI aB a3 eIa5 4I I
_

T l I I

D
I I 1 1 I I I I I ' I I I 1 I I I I I I T

IJj 'II f

I I

)
c
(

I I l
.

, 5
I I I I I I I 1 I I I I I

4 I i I I I I I I I I I I 2 E
_ I I I 1 I I I I I I I I I C I I I I I I I I I I I I I C R

U_

G_

_

| I I
_

_
F

_

_

_

_

_
_
_
_
_



DC'

I I

)

4 g
I ! I I 1 I I I I i I I I 2 I I I I I I I I I I I I T

7
I 1 1 i I | I I I I ! I C I I I I I I I I I I I I I C 9

2

| |
0

-

T
l | F

I e
A

I Q
aI e1 ei eI aIf8 Ie e' eT e5 T

I 1 l I I I i I I I I I I I I I I I I I I I

(
,

I a I I I I I I I I I f I I I I I I I I I I I I I

l
I I

]7I
2 I I I I I I t I I I I i I I I I I I I I

l
~ T

I I J n I I I I I I I I I I I I I I I 1 I I I I

S
E

I I I I I I I I I I I I I 2 I I I I g I I I I I I I I

4 T
I I I I I I I I I I I I W I I I I I I I I i I I I I W R

E
I 1 I I I I I I I I I I I I I I I g I I I I I I I I

T
F

I I I I I I I I I I I I l I I I I I I I I I I I I I A
I | I I I I I I I 1 I I I I I I I g I I I I I I I I

,

| I I I | I I I I I I | | I 1 I I I I i 1 I I ! 1 I 1

E
I I I 1 l I I I I I 1 l I I I I I I I I I I I I i I

S
I aI aI a3 ge aI a3 a5 e5 iI a1 aE aI|

U~

O
I I

H
:

I I
S
T

I h aIfI IB eI eI e3 I3 eI a5 eI eI I I1I eI eI eg1I eI n3 aI aI aI ei a5I N
E

I I I I I I I I I I 1 I I
l

1 I I I I I I I I I I I i 3 N
I I I 1 I I I I I I I I I C I I I I I I I I I I I I I C O

P
M
O

I I

C
Y

I I

R
I#

~

, N
I I I I I I I I

1eI e8 eI eIi I ae e3 gI eI a3 I8 tI e3 e8 aI aI ail

3
] aB aI a8i3II1I .I a O

1 I I I I
l

I I I I I 1 I I I I I I I

S
I I I I i I I I I i I I l C I I I I [ I I I I I I I I C A

I sIiI gs 1B tl RI aI aIt3 aI aBi III eI t3I8 eI e5 II

A_5
I' aI eI aII M

~

E
I I

H
T
N

I I

I
~ N 1

I eI eI a3 eI g e3 e3 e8 e* a' eB eI i _

SI I I I I I I 1 I I I I 1 I I I I I I i I I R I I E

K
C

I I I I 1 I I I I I I I I I I I I I I I I 1 I I I I

A_

R
I I I I I I I I I I I I 1 I I I I I I I I I I I I I

C
I I I 1 I I I I I I I I I I I I I I I I I I I I I I

F
1 1 I I I I I I I I I I I I I I I I I I | I I I I i O

NI I I I I I I I I I I I I
I

I I I I I I I I I I I 1 I

3 O
1 1 I I I I I I I I I I I W I I I I I I I | I I I I I W I

T
UI I I I I I I I I I I I 1 I I I I I I I I I I I i I

B
I

i 1 I I 1 I I I I I I I I I I I I I I I | I I I I I

Rm T
I I I I 1 I I i 1 i I I | I I I I I I I I I I I I I

S
I I f I I I I I I I 1 I I I I I I I I I | t -

J
I I E I

DIE #
I aI aI e3 I3 aI eI eI e3 aI e' e3 eI i , '

I I

a
(

I I l.
5

I I I I I I I I I I I I I 4 I I I I I I I I I I I I I 2 E
I 1 I I I I I I I I I 1 1 C I I I I I I I I I I I I I C R

U
- G

II I

F



m@

I I

-

I I 1 I I I I I I I I I 1 2 I I I I I I I I I I I I 1 4-

Y I ! I ! I I I I I I 1 C I I I I I I 8~ I I I I C
[f

I I 3
1

T
I I S

I aI ei eI I eI eu eI e3 aI eE tI e3 I
E

I I I I I I I I I I I I I I I I I | I I I I I I I I
T
R

I I I I I I I I I I I I I I I I I I I I I I I I l E
T

I I I I I I I I I I I I I I I I I I I I I I I I I F
I I I I I I I 1 I I I I I I I I I I I I I I I I l

A
,

I I I I I I I I I I I I I 2 I I I I I I I I I I I I I

4 1
I I I I I I I 1 I ! i I W I I I I I I I I I I I I i W E

i I I I I I I I I I I I I I I I I I I I I I I I I I
S
U

I ! I I I I I I I i i I I I I I I I I I ] I I I i
O
I
I

I I I I I I I I I I I I I I I I I I I I I I I I I :

S
I I I I I I I | | I i i I I I I I I I I 1 I i 1 I T

N
I I I I I I I I I I I I I I I I I I I I I I I I 1 I E
I eI a3 s3 N aI gs fI a3 a3 n3 e N

I I
O
P
M
O

I I
C

I1I eI aIf3 e3 a3 aI ei t3 e5I 3 aI e3 t3 eI eI eI e5 eI ,I eI tI a4 f
Y,

R
I I I | I I I I I I I I 1

l
I I I I I I I I I I I I 1 3 N

I I I I I I I I I I i I C I I I I I I I i I I I I I C O
S
A

I I
M

E
H

I I T
III I3 nl ~l gI eI eI eI eI e3 t3 i I e3 eI eI eu e5 nI aI .I ,I ye nI eI| N
I i I I I I I I I I I 1 I

l
I I I I I I I I 1 I I I | 3 I

I I I I i I i I I I I l C I I I I I I I I I I I I I C
Ige aI ge i5 aB ge eI

~
e3 a3f I 1I eI e3 ea a5 eI e3 e3 3' a5 eI eI|

3
K_ _ ~ ~

i I C)
Ag
R
C8

i I F 2
T

O0
I ni eI il

~
f3 aIil II i5 i8 tI eiI 71 I I

I I I i I I I I I I I I 1 I I I I I I I I u
N -
O

I I I I I I I I I I I I I I I I I I I I I I I I I

IO
I I I I I I I I I I I I I 1 1 I I I I I I I s1 E I 1

U T
TR
BN

I I I I I I I I 1 I I i I I I ' I I I I I f I I I

I E
R CI I I I 1 I I I I I I I I | I I I I I I I I 1 1 I 1

T
SL

I I I I i I I I 1 I I I
I

I I I I I I I I I I I 1 I

3 I
D (E

I I I I 1 I I I I I I I I
W | I I I I n I I I i 1 I i W

-
-

I I I I I I I I I I I I I I I I I I I I I ' T 1 I

)

e
I I I I I I I I I I I I I | I I I I I I I

_
I 1 I I

(

I I I ! I I I I I I 1 I I I I I I I I I r I i I I
l

.

5
I I I I I I I I I I I I ! i I I I I I I I 1 E I I

rFge aiI I
I].I 13

4_ e
aI eI eI I' Ii 4t I E_ r

R
I I

U
G
I

I
I

/

1 I 1 I I E I I I I I

_

4
I I I I I I I I I I I I I 2I

I I l I I I I I I i I I I C I I I I I I I I I I I I I C
, -

F 1



30@

| I

I I I I I I 1 I I I I I I 2 I I I I I 1 I I I I 1 I I 4
I I I I 1 I 1 I I I I I 1 C I I I I I I I I I I I I I C

I I

0
2

TI I S
.IIII

I ae aI eI aI au es aI eII* eIIIBe 1 E
i I I I I I I I I I I I I I I I I I I I I I I T I I T

I I I I I I I I | I I I | I I I I I 1 I I I I I I
R
E
Ti I I I I I I I I I I I I I I I I I I I I I I I I

F
I I I I I ] I I l I I I I I I I I I I I I I I I I I A

,
I I I I I I I I I I I I I 2 I I I I I I I I I I I I I

4 .
I I I I I I I I I I I I I W I I I I I I I I I I I I I W E

I I I I I I I I I I I I I I I I I I I I I I I I I I S
U
OI I I I I I I I I I I I I I I I I I I I I I I I I I

H
I e I I i I I I I I I I I I I I I I I I I I I I I I

:

Si I I I I I I I ! I I I ! 1 I I I I I i i i I | I I

T
NI I ! I i i I ] I I I I I I I I I I I I I I I I I I

EI aI aI eI 3B aT RI gs e5 ei iIII agi -
~ ' N

O! I

P
M
O

| I C
YI eI e3 t5 eI eI aI eI e3 I3 aI eE aii Ie3 eI eI eI eI eI eI eI eI aI aI eII

RI I 1 I I I I I I I I I I
l

1 I I I I I I I 1 I I I 1 3 N
I I I I 1 I I I I I I I i C I I I I I I I I I I I I I C O

S
A

| I M

E
HI I

T
~

I s5 e3 sI ge|8 ge BI eI eI aI e5 esi I aItI eI e5 aI eI eI eI aI eI aI eI|

NI I I I I I l I I I I I I
l

I I I I I 1 I I I I I I | 3 I
1 I | I I I I I I I I I I C I I I I f I I I I I I I I C

SI4s |I ge iI

~
eI|3 aI aI eI au I 3 eI aI eI eB eI a3 aI e' I3 e3 eIII |

K~ "

C)I I

Ag
R
C1

2I I

F
I:1 eI|I al aI e5 II eI lI e' II Es I OO
I 1 I I I I 1 I I I I I I I I I I I I I I I I 1 I I

NO-_
I I I I I I I I I I I I I I I I I I I I I I I I I I

IO
I [ I I T~ I I I I I I I I I I I I I I I I I I I I I

UT
TR
BNI I I I I I I I I I I I I I I I I I I I I I I I I I

IE
R CI ] I I I I I I I I I I I ] I I I I I I I I I I I I

T
I I I I I I I I I I I I I

I
I I I I I I I I I I I I I

3 SL
I [ I I I I I I I I I I I W I I I I I I I I I I I I I W D (E

I

I I I I I I I I I I I I 1 I I I I I I I I I I I I I

)
I 1 I I | I I I I I I I I 1 I I I I I I I I I I I I f

(

I I I I I I I I I I I I i I I I I I I I I I I I I I l.
I | I I l I I I I I I I I i I I I I I I I I I I I I 5
Ies i3 eI eI eI aI aI aI eI e3 a5 aIi

E
RI I

U
G
I

I I F

I I I I I I I I I I I I I

4 I I I I I I I I I I I I I 2
I I I I I I I 1 I I I 1 I C I I I I I I I I I I I I I C

I I



@O

I |

~

I ! I I I I I I I I I I I 2 I I I I I I I I I I I I 4
1 1 ! i ! 1 I

d
i 1 I I i C I 1 I I I I I I I I ] I I C

I I 4
2

T
i I S

I aleI e3 aIeI eI iBee ,u al eI a8 I
E

I I I 1 I I I I I y i I 1 I | I I T I I I I I I I I

T
R

I I I I I I I I g I I I I I 1 I I I I I I I I I I I E
T

i I I I I I I I I I I I I I I I I I I I I I I I I F
I I I I I I I I y I I I I I 1 I I I I I I I I I I I

A
,

I I I I I I I I I I I I I 2 I I I I I I I I I I I I I

4 1

I I I I I I I 1 y | I I 8 W I I I I I I I I I I I I I W E
S

I I I I I I I I

'_
i I I I I I I I I I I I I 1 I I I U

. O
f I I I I I I I t | 1 I 1 I I I I I I I I I I I I 1 H

i I I I I I I I | i I I I I I I I I I I I I i I I I :

S
I i l i I 1 I I I | i | I I I I I i I i I I I l I i T

N
i I I 1 I I I I I i l I I I I I I I I I I I I I I I E

' a_TiI7i aI aII Nl nI e3 a8 je II aIgs

O
l I P

M
O

l I
C

~ _ Y
Igs aIII aIII,eI eI aI ir 3l eI e4I IeI EI eIII aI nI eI eI -I aI a I f

3 NI

R
I I I I I I I I I I l I i

l
I I I I I I I I I I IJ

O
I I I I I I I I 1 1 I i I C I I I I I I I I I I I

_
I C S

A
I I

M

E
H

I I T
I al aI I5 iI e3 II II as gI II aI I IaI es eI eIe3 aI eI a5 eI tI aI eI1 N
I ' I I I I I I I I I I I

l
I I I I I I I I I I I I 1 3 I

I I 1 i I i ! I I I 1 ] i C I I I I I I I I I I I I C
I gl aI aI ge i5 ge e3|I aI tI aI aIi Igs eU e5 e8 eI e8 eI e3[It3 eI eIi

S
~ " ~

a K
C)

I I Ag
R
C6

4
l I F

5iI aIIl aI tI a3 aI aI ea aI eI aII
O0~

1 I 1 I I I 1 I I I I I I i I I I I I I I I I 1 I I

N-
O

I I I I I I I I I I I I I I I I I I I I I I I I I I

IO
TR

I I 1 I I I I I I I I I I i I I I I I I I I I 1 I I UT
I I I I I 1 I I I I I I I I I I I I I I I I I I I I BN

IE
R C

I I i I I I I I I I I I I I I I I I I I I I I 1 I I T
SL

I I I I I I I I I I I I I
I

I I I I I I I I I I I I I

3 D (E
I

I I I I I I I I I I I I I
W I I I I I I I I I I I I I W

I I I I I I I I I I I I I I I I I I I I I I I I I I

)
g

I I I I I I I I I I I I I I 1 I I I I I I I I I I I (

I I ! I I 1 I I 1 I I I I I I I I I I I I I I I I I
l

.

I 1 I l I I I I I I I I I

_
I 1 I I I I I I I I ] I I

5
_

II~3
aI eE -I e8 aI a5 .I is eI e3

aIIL | U

_ E
R

G
I
F

I l

I I I I I I I I I I I I I 2I I I I I I I I I I I I I

4
1 I I I I

7
I i I I I I C I I I I I I I I I I I I I C

1
I



|ji i| :Ii|

&W

I I

IJ -
I ! I F I I I I I I I I 2 I I I I I I I I I I I I I 4

I I

7
1 i 1 I I I I 1 I I C i

~f
I I I I I I I I I I I c

r
I I

8
2

T
I I

S
E

lei eI aI aI aI eI eI eII' e3 eB eII T
I I I I I I I I I I I I I i I I i I I I I I I I I I

R
I I I I f I I I I I I I l I I I I I I I I I I I I I

E
T

I I I I I I I I I I I I I I I I i I I I I I I I I I

F
_

I I I I I I I I I I f I i I I I I I I I I I I I I I A
,

I I I I I I I I I I I I I 2 I I I I I I I I I I I I I

4 1
I I I I I I I I I I I I I W I I I I I I I 1 I I I I I w E

I I I I I I I I I I I I I I I I I I I I I I I I I I S
U

I I 1 I I I I I I I I I l I I I I I I I i I I i I I O
H

I I I I i I I I I I I I I I I I I I I I I I I I I I

:

i I I ! I I I i I I I I i 1 i I I I I I I ! I I I I S
T

I I I I l I I I I I I I I I I I I I I I I I I I I I N
I a5 IIiI

~
aI15 aI aIII IU aI aII E

N
L I O

P
M
O

l
I C

5
Y

1e| gII5 eB e5 1I sI II eE A5 e5 aII 3 a3 e3 I8 e3 e3 aI eI eI aI eI eI eI|

3 R
1 I I I I I I I I 1 1 I

I
I I I I I I i I I I I I I

N
I 1 I I I I I I I ' I I I C I I I 1 I I I I I I I I I c O

d
A

I
I M

E
I 1 H

I
'

'

leIi5 IB eIeI tI II II I' eI e - aII IiI e8 13 s3 e3 eI eI eI nI eI ai !

3 N
l I 1 I I 1 I I I | I I I

l
I I 1 i I I I I I I 1 t

I

I I I i I I I I I I I I ' C I I I I f I I I l l I _L
' c

S
I nI3I aI gI a; .IeIJ5 aI eIeI aI' IeI eI eI aI eI eB eIe' ni .I

t_3
|

~ K
I | C

A
R)
Cg

I
|

F3

1 I I I I I I I I I I I I I I I I I I | 2 I 1 I [ L
O61|IgIeItI e|eIII aIeI 3I IIes I

T

N0
O

I I I I 1 I I I I I I I I I I I I I I I i I I I I I

I -
I ] I I I I I I I I I I I 1 I I I I I I I I I I I I T

A
T MI I I I I I I I I I I I I I I I I I I I t I I I I I

I I
ROI I I I I I I I [ I I I I 1 I I I I I I I I I I I I

TC
SAI

I I I I I I I I I I I i L I I I I I I h I I I I I I 3 I P
I I I I I I I I I I I I I

W i I I I I I I I I I I I 1 w D(

I I I I I I I I I 1 I i I I I I I I I I I I I I I I

)
s

I I I I I I I I I I i I I I I I I I I I I I I I I L h
(

I I I I I I I 1 I I | I I I I I I I I I I I I I I I l
.

1 I I I I I I I I l I I I I I I I I I I I I i I I 5
I1eI .3 eI .I eI aI e al eT II aIe:I

E/

RI |

U
G
I

I
| F

I E I I I 1 I I I I I I 1 4 I I I r I I I I I I r I I 2
EI%

i I I I I I | I 1 I i C I I I -I I [ I I I I i [ I cf

I
|

ii||| |:
-



92

r~.- - . 2 .+ . . . :7 mem:w=rnx me w- ~~ : r- ~~ - - -
.

_

gy- 5;
, .

- ..g... < s
~'

[4 4, g %; ''..c..- it " . W '-s t , - - i -
. .j, ~; 7 7 - g. , .

,
.. 9, y,t ;, i

".:'''a . .e : . . ' ' , ' ' ,y :

% .y T7: |
3 [." 6 , X if

'

7- m ,''Y: T. :{i '. ,.

;?p%. S ' '. q . ,-; @. y]'k' ', , *-:
.. Q r' -

- i % ' jyrg
- - s.

= ..
z. ;< .

-
, - -

.t8., . _ ...,N
.

.'''w

c .e .

. b ' .y e> !-$ ,

3.
.p L : . ,_, , - e .eO s

, s..
3--

-

, -

p. .
. . . - .- . : .w~ 2,. - .,

,
.

,. ,
- - -

. pg ,_

Q.7 44~ , ..*,' 3 --g x
). '

'',

i -. ::;g
-

u.' <e s- e

V.. ,, A:~-1. .. w. .
. . . . .. _

* :
t . . .

, v:~~| j _% f
-

*
-'? A- .l.|

_ - ,

.u- . . e' - .

s-
.. ,, . a. , . . . , -

. .
,

s- . ..,;. j . . ,,

% ,p ' . -

;,:
'#.

. , , ., .
.

- - . . . . . . _ ' , g:, -. . - , ; . .;
- -',. . . . ,

.. .q : .
. ,

. . -
.

.r '

4,
'

- - ';
- ', . . p tt ;-. ~ - ' = ?.

< - / . , L,.
-

, ..
. . . _ . . _

. , [. i . k' h.5,: -j . $;,'Y W 7$ .5 : r- Mk# -^
'

'

,.

gw . -4. . .~ -4 ;o:
, s

-

..

-

FIGURE 5.2 PREVENTION OF SLIPPING IN WALL W3 BY PRESTRESSING



, _ _ _ _ _ _ _ _ _ _ _ _ _

93

''
I |

:j } W l) Vr y ty ". \pl/(/yVifv V U.b
.

N'
b) . M _ A b OA . /\ -A

W

' s' . o 6.c r.o s.o s.o io.o si.c iz.o

TIMf IN SECGNCS
'* TABLt ACCELERAT!CN

.i

o

5 R

ito s , s

Z . I,, ,..i,,.

C 6 9 0 8.0 5.0 10.0 11.C I2 0

T!MC IN StCCNCS
DI5 PLACEMENTS Of W2

i

!

In

N4 b i A [h
!c | V" \ f )W }|M"3 f \\ y N "II"\ \{ T hh

fI A w /\ _ P. i_

- = v W L g
9

t = : ;,, .
1,,.

'i.0 5.0 F.0 f.C s.C 10.0 11.0 12.0

TIME IN SECONOS
O!SPLACEMENTS CF w4<

i-

3
m

yw@, A ,_ _ _ __% ^ ^fi b,j^3g - _-- A^y'% -A ^c y y _ _

:
-
'

:T L

' d. o s.o 7.0 e.o s.o so.o si.e it c

TIME IN SECONOS
m IN-PLANE O!5 PLACEMENTS OF W1 AND W3

FIGURE 5.3 MEASURED RESPONSE: HOUSE 1, TEST 19 (TAFT - 0.25 g)

_ _______ .



94

.| ~

C
3

M b -J\ - O,^. e -A -

y y yWc , y' , - _ - v v

"

$ T- In a

s' . o 6.a r.a eo s.6 10.o ti.o it.e

TIME IN SECON05
015PLAC[NfNTS OF C1.

I

1,

$

\;M"\[ gf / 1 V Vv"##'

"
._

# Z In m

Io s o .c ea s.c ic o is.o it c

TIME IN SECONDS
O ! 5 F L A t t i1( s T 5 Of C2

s -r

f 4 AA 4

'

$ -

t { $ l )
i i .$

-.
--- e ns e

s.o e.e t.o ec sc so.c ii.o it.c

TIMf IN S E C O N 0 'a
i.) ACC(LEEATIOh5 0F W2

s

: y WV l \n ?
.

YT.yf'
n _ f . J

I.o s.c F. o s.o e.o io.o si.o 12.0

ftN[ IN s[CONDS
m ACCELEGATIONS OF W9

FIGURE 5. 3 (CONT. ) MEASURED PESPONSE: HOUSE 1, TEST 19 (TAFT - 0.25 g)

,



95

s

|

bi I.A L A n ts

; j n ry %A_
. A

yq y v v 8pu\j v r
-

r ti:1

s.o 6.0 r.o s.o s.o ic.o si.o 42.0

TIME IN SEC0%CS
o' ACCELERATION ON TWO SIDEi 0F ROOF

.s
, f-

f~
s a e

1 1 C $$YE
's' . o s.o r.o a.a 1.o 1c,0 si.s it 0

TIME !% SELCs?S
ACCElf9ATIONS AT TDF A%3 60 TION OF ii G 0 F

FIGURE 5.3 (CONT. ) MEASURED ra ?ONSE: HOUSE 1, TEST 19 (TAFT - 0.25 g)



em

. . .

. .

- n . . k :wu :,.,.
.

,.

aa sv .a.e :.

k y =-.
.

M. . .

. . g-

'v
IN

.

_

Myci
;i

u

_
. . .
,.

m
, . A , ,.

wv
i

)

* .

g' /N wv 1

'm k
3

. .

'u .
- -

'
. wu .

O
.

' S -w'- A O
y R

T< M. . N.

e E. .

S .

C

~w
w L

a E
(v -

'- . . . 1
.- _

2' 2 , eN

~ ! S 5 T
6 WC

i

D D F b F ST
4 N C ~ Em OA
C O

^
0

y9 T( C S 0 5(
- f E T t T' .$

L

.S 4 .S Is ,(
'' C

t (

I E 1 E A- I E

h . 4 M n N 1

^-
tM (L

! P

' A
C C E

T
! g- I P

C A E A SF L M L
Ui 8

- I ? $ OT 5A - ! H. . D O.
i. ,

o :n E
^

- v S
^ A N

O O
P

. . Ib S. EY t. . R.

d kr D( - u;\v E
R\

ft1b Uf

y\ . A
S

m
j , . , .

, s E

A M
~ v_

l'Iyb 4

W ,>~

5"y . . .
.

_
.

tb .

E'j
i RW\ U

\b1\g
- G.|i 0 I_

la|;,,'' Fv . .
, t N .

'y - i t'l0 f l;| : ,; ; ,'-

-

fbt

1 c : . ,
.

,
,-

.

a
.

. f

-. . .

< '

-

s% - e77. . s- ,a *55 ;>. .



c"

e. e. e.
ee

m

? r
a

--
E

,
. L' ^L

--
C = -_

::
_ _

=
e..o. -

s , s

-- -
.

-

ai

%
- -_ )

g

'- M ^
.

1
3

% .

- t
o. ..s.

n i
0

^-
u-

-

^ -
- _ -

- - -

_ O-

R
^ T^ '
, e._ o. _ .

^
i N

.

o A n s E^. g C.
^ ?- , L^ ^- . E

-

_
(- -

_

n o. -.
e.

s..

s .
. ,

1s

A a

M
4

i 2
- 3

^ W ^ T
S

%
-

-D

% ^
EN TA

-
-

e. I
. s. ,

s W l s 2 1
- -C (

-
5 S5 f

-

D O 0 r O F E
- -^ N OmOh S-

O 5 o O
_ U( T C S C S

Of h - C T E T

s. S Hm
o. $ .S mt

- N E E

nN e4 Fs N t -
I t 1 E

:
I t

E-A r C

-- E L ! A E A S
IMP : mL _

t P
N L N5 iP

T 1 T 5 i 5 O
D 1 1 P

e. S0e 0
e.
e

E ,. EN +
f

f RA
L -
P _ D

-
I P
- EN

R

u_
. , U-

e.
s. , e e. S

As - .. E
- M-

-
-

-

A^

- -_ , ^r
- )

-

A^y
.

'

e. - e. T.
- h N5 s

.

, O.

_ ~. K
- ,. C

- (

r y
-

. t %
4.

^ e. . e. 5n

.
A, g

. . e

.
^ E

R;

^f:
s U.

f - Gq I.
.

f A F
- 3 n L e. g e,s.

V
i ! s

^ A
V V
- A

.

-.
.

e,
.

i o l a

., s.

- -'
o 1 i e 44

- .

-

e=wa 5 m zua - ~: eamzwa ."ea .

m
a

.

,

-

-
_



. _ _ ,. ._____ -

.O

!

M ,'d . YWrpfleq4 ) b4t9mh v",-- av 'k.fAAA +\AA f''' [ b -- ,'/d
|-

1. .

4 e 1e

1

4.s s.o e o s.s e o r c eo s., oc o si o ir.s is.c is.s

flPt 14 ttCC405
* Cfi[dATlun5 0F w2*

a.e ,

|
'

|uu r; f ,. t

[ Yg$ ~ kI
* t'

, y' v' ) - ~' -

'f,9 h (8,/d P * (*
f *

,

%I w 't

= u. .
i '
t.

-

... .. s. .. . . .. . . .. . ii.. i, . . . . . i...
TIFE th SftC%;5

*CCELERAT!C45 CF ',e.

' I i
|

t

"
9

'VM' gf [v' ^ ~ -f [ - [ ,~g Y. r[ -h w /* N ^- *- " - - -G ~ gv vW,

: I

==
' ' ' [. a 2.s e e s. 6.e a e e ec so o ti.e 42.s an.s is e

vint : = secc cs
*

ACCfLiaATith G4 Tw0 SIDES GF G0CF

FIGURE 5.4 (CONT.) MEASURED RESPONSE: HOUSE 1, TEST 21 (EL CENTRO - 0.31 g)

_ _ _ _ _ _ _ _



i.o
-

?

o

figkpqd4}L/-#y4pwA %4AA*FirA444*AF4/Qj / *ee- t
.. -=

' ' ' f. s 3.0 e.e s.o e.c >c e.c s.o so.o ti.e it.o i3.c se.e
TIMg |s $(Conos

ACCELfpAT1045 AT TOP Aku BOTTOM Of 400F,

FIGURE 5.4 (CONT.) MEASURED RESPONSE: HOUSE 1, TEST 21 (EL CENTRO - 0.31 g)

e
c

.



_ _ . _ _ .__ . . . _ _ _ . _ . . .

100

.s

I .

J{
hnb

1

I. _ _. A
, 7 p gy

-
A s m,. _p. s

e y vy

? I

I
''

. s.. .... is.. , . .

TIME IN SECONOS
.! TABLE ACCELERAT!0d

.I

I

)
7 1 l ;

l - ' Sk I A b hE

p'.,ve--q
.r

ae, 7,;

: _ ..
rr;!|||i

-
"

|

..
s s.o so.o as.e 20.o

TIME IA SEC0%DS
on O!SPLACEMENTS Of L. 2

.1 i

C
i d

d'r fth ; ifA'i-'

, .

1 - _.

_ - - . .. rn .1
-

in .3

| '. s.. .... is.. ,...

TIME th SECONOS'

unDISPLACEMtNTS Of W9
e

f .8

C
d

c_ f .y *c ,^.' h. *c -R
a

_

T Es

~~'s 5.e ie.o ts.e ,s.o

TIME IN SECON05
tes IN-PLANE OlSPLACEMENTS OF ul AND W3

FIGURE 5.5 MEASURED RESPONSE: I!OUSE 1, TEST 25 (PACOIMA - 0.25 g)

. - _ . - - - - _ - _ - . - . - . - _ , . _ - . _ - . . . . . . ,.. . . - _ _ _ _ -.- . .-. - . - - - -
_



. _ _ _

101

,

! ,a

C
3

hhv::-;A.': ,'y ; ::|..4 *;,*: : :.e y,

"

E T Sn a

~ 4 s.O 10.0 B5.0 it.0

TIME IN SECONDS
i*n DI5PLACENENTS Or c

|

:) .t

,

| Y
7

k* - --.-- diO2i%%&Jh4' :ik . --4

..

n.

! ''a s.o io.e is.c re.o
TIME IN SECONCS

,

" m DISPLACEMENTS Of C2

1

C
3 |

} }Y
''' Y,NV0- - - ^^'

*
<

~

|
i

$

' 'e' s.o ir.e is.o so.oj

TIME IN SECON05
ti QELATIVE ROOF P!5 PLACEMENT

I 5
,

'. I
!

- o

O m I ... Lik.t i j
!

|
' * Virrrn i-

"
_ . .
- ....

~ 'o s,o ao.e is.s o.e
TIME IN SECON05i

N ACCELERAT!DNS OF W2

FIGURE 5.5 (CONT.) MEASURED RESPONSE: HOUSE 1, TEST 25 (PACOIMA - 0.25 g)~

!

f
,

)

- .. .-- _ - - - - . --.n . - . , - - , , , . --. - - . - - . . -, - - . . - . ..



- .

&

102

.s
4

!

( y[wY-'J.I-* i +

$ I

= :t,.

'0 5.0 10.0 15.0 2 c. 0

Titif th SECONOS
to ACCftf9Att0NS Or W4

.5

^: ': '!,' ', y ,WG

I-

==
|

' s s.o so.o is.o ro,a

f li1t 1% SECONDS
m ACC!LEGAT10% 04 TWO SIDf5 Of E00r

5
i 1

l
J

I io

=0|ffff ff $b&c-

==

! 5
s.. iO., n.. n. 9

TIME IN SECONOS
to: ACCftERAT10NS AT TOP AND BOTTON Of ROOF

,

FIGURE 5.5 (CONT. ) MEASURED RESPONSE: HOUSE 1, TEST 25 (PACOIMA - 0.25 g)

i

1

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



103

.5

8

Ad /\ A n As A A /T lh _
g'/vry gvy yyv vv y y v v'vv

i.c s.a r.o e,c s.o so.c it.o

flME 1% SECONDS
'*) TABLE ACCftt4AT!0%

.s

-0 13 u 3
- e in n !

yppmypy }
Io eo r i s.c s.o te.c si.o

TIME IN SECONDS
CISPL AC EMt hT S OF W2<-

.5~

-e.
a ~~~ $NI

,,

E 0A k _jh A.. A b A n.S f A0

:. ;; yyy e jv vvy y y'vv-
j- s

$ $
1

i.o eo r.o eo n.o io.o ni.e

TIME 1% SECONOS
au CISPLACEMENTS Or w4

s

T:e
w

;b _ bJA - nh--$'

\yW
i 3

,y y; y
_-

n' vi
' ' ' " '

|ti

|
* '( ,1 |

'i.e s.o 1.o e.s s.o so.o ti.o

TIME IN SECON05
581 IN-PLANE 0[SPLAC[MENTS OF W1 AND W3

FIGURE 5.6 MEASURED RESPONSE: HOUSE 1, TEST 10 (TAFT - 0.27 g)



104

.s

- fl uo

5 ( e

b. |\ (L k
v v&Y .

I l\
'

j DV (/ v g y'
,

'
t

,

~

.o s.o i.e e.o s.o so.o :: o

TIME IN SECONOS
te r O!5PLACEMfmT5 0F C3

s

/I ng ,

' ~ ^

- i
~

LF 'V \/ \f \f f f

)

. + o 1.o s.o ,o io.a ii o

TINE IN SECONDS
DISPLACfMENTS OF C4'

.n

Z :! q
q

'

>

' I\ ~\0.]) '~
- r ~A

'

A _ n .' .

. I.
_.

"
}

' '
'

j . ;/

Ji vce -

y g y
' s' . o 6.o i.o s.o s,o io.o it.o

,

.. SLIP Of TC? PLATE RLtsi!VE TO W1 AND W3

a.C

- /3 a

U] 4

~ ' !. o ..e r.. ... ..o is.o ii.o

m ACCELERATIONS Of W2

FIGURE 5.6 (CONT.) MEASURED RESPONSE: HOUSE 1, TEST 10 (TAFT - 0.27 g)



105

4.0

9 E!) e

.
; A ~

\/ V
'

(4
*

''~
.7 6.o ' 's . n e.o s.o 2. 0 ti.o

TINE IN SEC3%DS
to ACCEL (4ATIC%s OF wo

i.a

- netw vi ,
---- Ast4Em)

|'?yh,f,)kP*I fNNb|YV hpkh
!

''i o e a p.o so oe io.c is e

T i r1! IN SICONDS
*CCttt4AT10% ON TWO S!0[5 0F WO?fr

T $$!dN

' ~ ~

U
\ \) Y U }j

''s. 6.c i.e s.o s.o io.c si.e

T i t* f IN SECCN05
ACCELERAT10NS AT TOP AhD OCTTOM OF E00Fna

FIGURE 5.6 (CCNT. ) MEASURED RESPONSE: HOUSE 1, TEST 10 (TAFT - 0.27 g)



. . . - _. - ~ - - - - _ _ _ . _ - , _ . - _ _ . . _ _ _ ~ . . _ . _ . _ _

106

o'1 A
j

'
*

,o* ,o .
..

.. .
#' | ,#'

,/,, '' |
a

'

:',.-
1 ,- :

,

r :
:

.
* i

i i , , 8

g0 1 ;' .
i , .
s e

.
i : . $

, 8

li ! /4

/

d"LI WI WALL wt
,
,
'

.
|

I |

IlME* 7.2760 5tC0h05

I
n,

} o
'

/ f/#' s '

|
,- :'

,-
/ 1,

,' , s' *

|
'

; , '

,s'a t ,'i

|
," e

* '

.,',-< -'
|

,

,
,.; i i .

, I 4 q

I 6 q

10
g '

16 ,
' s

* a

0 1

8 e

e

'8 e

e*
I

'8 i
i yggg ygWALL W2

|

TIMf= 0.3500 SEC0m05

A si

,# |
,o' */\

, o' e* *

a'o, S
,# g

n / e

# g
,# P #

8
8 s

," * ,
e ,

a.

*.',r ,
. , ,

8 e a e

I e #
,

8 8 6 3

* s s e

s ,

e |* i
I I* II

E
I

8
# i
'l i
8 I

f
8

Walt W2 i' WALL wt
|

i

Tinte 10.0590 $tta os

xu - u mas

FIGURE 5.7 DEFLECTED SHAPES OF OUT-OF-PLANE WALLS: HOUSE 1
TEST 10 (TAFT - 0.27 g)

___ .- _ _ _ . . _ _ _ _ _ _ _ __ _ __.



107

1 4 /l
. i }'4 . { .' |

* : : ,

5

*
,

,'*'

i l' |
''

\ l', |
''

.-,

|
' ' : : |

'

< , , , .

| | | |
. . . .
, , , .
. . . .
', ; 1,

i .
i . .,

R ,
, , ,
I ,

.att . ..it .. . it .: , .att ..

time. s , .rs, se c. .i tina. s... . sete.as

. i-'f| _, | -

I
.- |,. ,

. . . -
. . - , -

, < ,

,,
,

,

| '

-
.,

,;$' ,

'
,

.
,

, .
. .

.

.
1

.,<

,

.att . .att .. .att .: ..it ..7

/'

vies. e.s.s. sace..s riar. v.t... site es

/ / ..s _
m

-
:,-' , ,--,-

,- :,-,' .
.

, ,-' '

: ,- :,

,-,' |
.

,

' , . ' , -' |
. ,

.'
'

,
, . ,
i . ,

| | :
' '
,

. , ,
.

. .
s
.. ,

.
..tt .: ..tt .. . ..tt .: ..,t ..,

l

1

! ,,... ..is,. su ... ,,... ..r... .......
1

uti - e 1 tags

FIGURE 5.8 DEFLECTED SHAPES OF OUT-OF-PLANE WALLS: HOUSE 1|
| TEST 19 (TAFT - 0.25 g)
,

l

i
i

1

I



__ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

d

1086

s,- - ,/m . %' ,/11 .

< <

,-y

; *

|| ...,
,

"

f i

. ,

| |
'

| | |
; ;,

|
'

,

/ :
,/ WALL wi wall we Watt ut i valt we

',
/

/
vaar. t.seca secases vine. s. sono setenes

, |
>*,,,-,'| [[

,57 ,'l
'

: !
, . -, . e i

| e

.- /' :,,; ;

,< : ,,.-
! |

'
. .

; ,' | |, ,

, . ,

I,

*
I,

| | |*

, , ,

6i e

/j'
:-

: i:
i wall W3 fr watL we weLL wt mall 's t

>

T l af . 19.5168 SE(8 ebb flate ll.lile SE(Geel

pe , - e t eu e s

FIGURE 5.8 (CONT.) DEFLECTED SIIAPES OF OUT-OF-PLANE WALLS: ilOUSE 1
TEST 19 (TAFT - 0.25 g)

|

|

-



r

109

.5

o

b b_M i ag' v v y\/ V y''
_m _" '~ ~

n
e

%

I. e i.e ..a s.s e.o r.o s.o
TIMt th SEC0%DS

6 TABLE ACCElfRATION

.s

e

Y
';

,. o

pm_ '_' . hg - _.% _._c

i
"

I

5, Z ,! $,n .
. - . a.

'lc 3. s .o s.e s.c s.o eo.

TIME IN SEC0%c5
DISPL4CCMf4TS Of wt.

5

m

[i"
i

b, - --o _ A. , .. - - . % 4
-

,|
_

'

1
-

N|

'I.o 3.0 *.e s.e 6.o 1.o eo
T!PE Th SEC0h0S

0!$PLAC(F[ HTS Of W4<>

5

m

Y ti
T li = ," /

2 I Ii\ < \ l\' ' '\

I
- - - - '^ Nc

~

~~ i ''s V s'
'

3 ' (t sj '

(< G - -'
"
_ \; \l

'

5 -- :1

''I. o 3.e *.o s.o s.c r.e e.o
TIME th SECONDS

to IN-PLANE 015PLACENtMTS OF WI AND W3

FIGURE 5.9 MEASURED RESPONSE: HOUSE 1, TEST 13 (EL CENTRO - 0.28 g)

|

!

_ _ . _



_ _ _ _ _ _ _ _ - -

110

s

C
L

a -- .- - - - -)Qf ne -g

)

E
r : ", .'

,

I. o 3.o e.o <. a s e 7.o e.o
TIMf I '. SEC0905

DI SPt A C E Mf mT S OF Cii.

s

<,

I

c mg - - - %- A- - - - -v.

= c
k Z | ", ."

,

Ia ,o e o sa n.a e o e o
TIMf IN Sfl0N05

oi 015PLACEMt%T5 0F C2

-

s

+,MI
,

_-m a-: fw_-+- w Mwenw -c m-v
,1 _I

,' Y') k) 1 J
-

,U,

,

t

j j

'l.a io ..o s.o s.a r.o eo
flM[ In 5fC0405

,e St!P GF YOP PLATI le f t A T 1 v t 10 wt AND W3

i.e

. li
'

A

.
/ k

h .~:0

' ' ' $ .T s.e e.e s.o s.e 1.0 e.o
TIME Im SECONOS

I** ACCELEGATION AT TOP Of C1 AND C2

FIGURE 5.0 (CONT.) MEASURED RESPONSE: HOUSE 1, TEST 13 (EL CENTRO - 0.28 g)



111

i . e -- r

[ .

|.avy %whdh}sp
? $ I,s e

'''?.c s.e e.o s.o s.o r.o eo
T I M r. IN SECON0s

i ACCttteATIONS OF W2

i

Qf 2 y .

T Sa m

i.t

flrt IN S t' C O N G S
ACCtitNATION5 Of W4

i -

0W A' f
f y

- [-;-

- 'V:
= TO'af'

' ' !. e 2.o ..o s., ... ,.. ..c

r!NC IN 5tCON05,

j ACCftfRA110N5 AT TOP AND BOTTOM Of 400F*

I

| FIGURE 5.9 (CONT.) MEASURED RESPONSE: HOUSE 1, TEST 13 (EL CENTRO - 0.28 g)
f

,

!

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _



_ . - _ _ - _ _ _ u __ _ .__.

112

,

I

,') '

,-/ | ,'

,f'V
'

, | ar

,''

' **
, ,

|

|

,

e

!
;>

WALL WP .aLL .e . alt ur e .aLL .e

'.

Ylmt= 3,0900 littels tfM(* . 6190 lita.Sl

; 4 !,-:"' | ,' :
-

' '
,

| ,,i' ,, |
< ,<

| *

.'.

,

j
.... ., : ..u...... ., ...L ..

,
. .

i ,,-.. . .. . u..., . , . . s..... ,u...,

f. ,. 1
/ :

/' !
'

:

i'
,-

'

,-

, .. . .' a; .;
,

. !. :

| |

|

1

.' .a u . . ..u or ..u....a.r
,

vire. u.eeen stes.es eine. ir.. re sets.se

...-i...

FIGURE 5.10 DEFLECTED SHAPES OF OUT-OF-PLANE WALLS: IIOUSE 1
TEST 21 (EL CENTRO - 0.31 g)



113

,. y ,n zu,

--, '/ -
| ,- /,/ - |,

,

. ,- , -
,

,;$' ,-'
"

*

_,

;' !, gf !
'

i ,9- i.-
..

. . , - |j - '
| |,- gz

.r .. . .

$| | | |
'

d, | | |
. , , ,

'

|

|f | -|
| | 1. |

| [ /'/
| .

I
.

'

| /

; ,' / ', ,

; -/ watt WJ ,/ WALL W4 ,/ watL v2 uAtt we
.

,/ /,/-|
// /.<

/
'Iat. 6.4000 sEC080s 'IPf= T.ss5G sitseGs

,- 1 /il r/1 '

, [. '{ \ .' | ,h' | , ,-
* 'I

. ,/ ,- ,/.' | ,/ ]<
-

,
,.s ,, ,- ,..: /. /,- . ,,s

s | t ,# ,

.' ,-<-, ,r'' |y

/ i
'

.- :I
! | / :' | (! 3

|I || ,'. . . .
| | |!'

i |'
; | || y

| J ||

|Y
f

| | / $ /'
'

/ ' '

p [ watt' '

watt wz- w4 wats wr / ..t W4

/' /- '

. ., , ,.

tt-t- s.anse srcemos time. s,eseo scre=es

s/: gh, ,, .-?, \, .

7
-

-,- |
. ,

.

d's
-

,
.

h| |

.

.

.

|
! / i

/
' ad a t t w2 WatL v4 WALL 'w 2 WALL W4

i [: /

fint. no.i3re srceeps fire. is.32se sitoons

m - . :.c

FIGURE 5.11 DEFLECTED SHAPES OF OUT-OF-PLANE WALLS: HOUSE 1
TEST 25 (PACOIMA - 0.25 g)

{
i

{

f



.

Hb

G
N

1I eI aIII aI aIIIaI I
I I I I I I I I I I I I I

i I I I I I I I I I I I I T
I I I I I I I I I I I I I

I I I I I I I I I 1 I I I
S
E

I I I I I I I I I I f I I
I I I I I I I I I I I I I T

I I I I I I I I I i I Y I i I I I I I I I | I I I E
R

E
I 1 I I I I I f I I I I I

I I I I E I I I I I I I I

O
FN I I I I I I I I I I i I I I I I I I I I I I I I I I

E
A I 1 I I I E I I I I I I I I I I I I I B

L I I I I I I I I ,

P I i I I I I I

l
I I 2

I

E- I I I I I I ! A I 1 BF
I I I I I I E I I

S
UO l O

- EIEI 1 I I I I I I

HT I II I I I I I 1 I I I I I i
F

U :

O
I I AIIIEI I I S

I 1 I i
T
N
EI 1 I I

N
I i

I i O
I 1 P

I M
I I I I I I I I I I I I I I I 1 I I I I I I I I I 1

O
C

I i I I I I I I E I I I I I I I I I I
,

eEeI aI Y
E I I I l 1 T

IIi3 aI
_ R

N
O
S
A
M

E
H
T

I I I I I I 1II I I I I I I I I I I I j I I I I I T

IIaB eIII a5 t5 eII1 tItIII aIaI

I I E I I I I I I I I I E I I I l I N
I

I I I I I & ~

S
I I I I I I I I E I I I I I I I I I I I I I I I I I K

I I I I I I I I I I I I I I I I I I I j I I I I 1 T C
A

I I I I I I I 1 I I E I I I I I I I I I I I I I I I R
I I I I 1 I I I I I I I I I I I I I I I I I I I I I

C
F

I I I I I I I I I I I I E I I I I I I I I I I I I I O
I I I I 1 I I I I I I I I I I I E I I 1 I I I I I I

N
OE I I I I I I I I

IN T
A

I I I I I I I I I

U-

- L
I I I I I I I I I B-

-

P I I I I I I A I I B I-

R-

T- E I I I I I I I I

S-

_
. N I I I I I I f I I I
- I

I i I I I I
D

E[I-

E-

- 7
I I I

-
I 1 I I I I I I I I I-

)

_
E I

--
I I a

(

-
1 I I I

2
-

I I I 1
I

.

1 I I I 5

I I 3I EEI' E
R

I I I I I I I I I I I I I I I I I ] I | I I I I I I

U
G-

-
E I I I I ] I I I I I I I

I I I I I I I I I I I I I

II8 I'_ a'|III I3 II

F
-



1

HHU

.

Ie nIaIeIaB aIIIEI aI 4I I I I I I I

I_
I I I I I

I I I I I I I I I I I I i 1
I I I I I I I I I I I r

I I I I I I I E I I I u I T
- I I I I I

I i I I I I I I I I I I i SI I I I I I I

I_I I I I I I
i I I I I I I I I I I I I TI I I I I I I

E

E
I I I I I I I I -I I I I I

I i I I I I I I I I I I I R
EN I I I I I I I I I I I y

I I I I I I I I I I I r I T
A I I I I I I I i I I I I I I I I I I F

L I I I I I I I
i

~ A

P I I [ I I I I

l i 2
,

N n
i

I
- I I I I I I I A i I

F
I I I I I I I I I

B E
SO I U-

-T
IEII

-

1 I I I I i I

O
F

U
I II I I I I I I - I I I Y I i H

O
I 1

"
I I :

I I
I i

S
T
Nh I

i I

E
I I

I i N
I I O

PI

, MI I I I I I I I I I I I I I I I I I I I I E 1 I I I O
I I l I I I I E I I I I E

i I I I I I I E I l I I
C

Ia B a1aI

~
aEaIaeaE

Y
R
'
?

O
S
A
M
E
H

Ie nI nBaI aIAIAIeI T
I I ~I I I I I I I I I I I I i I I I I I I E I I I I

N
I I I I I I 1 E I E I I I

I I I I I I I I I I I I y I
I I I I I I I I I I I I I

I I I I I I I I I I I I I S
KI I I I I I I I I I I I I

I I I I I I I I I I I I I

C)
AgI I I I I I I I E I I I I

I I I I I I I I I I I I I

R
I I I I I I I I I I I I E

I I I I I I I I I I I I I C3
3

I I I I I I I I E I I I I I I I I I I I I I I I I I F .

I I I I I I I I I I I I I I I I I I I I I I I I I I
O0

_ E N -
. N

I I I I I I I i

O_

IO_ I I I I | I I I I

TRA I I I I I I I
I I UTL

P I I I I I I I A I I B BN
I E
RC- I I I I I I I I I

TN I I I I I I I I I SL
I

I I I I I
-

I I I I I I
IE
D(-

F I I I I I I

I I
~f

I IF

I i )

bI I
I I (

2I I
I I

1
I I

I I

5_
I I EI '

~

_
L { I~ I I I I I I h EI I I I I I I I I I I I I

I I R
1 I i

U
_

I I I I I I I I I I I I I

1IT' a .4uI
I

[8
I I I I I G1 a5I*

I
_ F
_
_

_
_

_
-

-
_

-

_
-
-

-

-
-

-
_
-

-
-



H@

I I g I I
IBIII3 aII5 tI ai aIIs |

1
5

I I I I I I I

I_I I " A I i
I I I I I I I I I I I x I T

I I I I I I I I I I I j

I I I I I I I

I I I I I I I I I I I
I I I I I I I I I I I I

S
E

I I I I I I I I I 1 I
I I I I I I I I I I I I T

E
I I I I I I I I I I I I

I I I I I I I I I I I I R
E

N I I I I I I I I I I I r
I I I I I I I I I I I I I T

A I I I I I I I I I I I I I I I I I I
F
A

L
I I I I I I I I

,

P I I I I I I I

l JI 2E
F l

- I I I I I I I A I I

B EF
I I I I I I I 1 I S

O I U
- EI3~ I I I I I I ! O
T I II I I I I I I I I I f 1 I

HF

U :

O
1 I I I

S
TI I

1 I

N
1 I

I I E
NI I

I I OI I

P
I

M
I I I I I I I I I I I I I I I I I I I I I I I I I O

C
I I I Y I I I I I I I I I

I I I I I I a I I I I I

II III8 II Y
R
N
O
S
A
M
E
H
T

IIaIII aIII eI

.

I I I I I I I I I I I I I I_ I I I I I I I I I I I N
I I I I I I I I I I I I I

I I I I I I I I I I I I r
I

SI I I I I I I I I I I I I I I I I I I I I I I I I

K
I I I I I I I I I I I I I I I I I I I I I I I I r C)

A g
I I I I I I I I I I I I h

I I I I I I I I I I I I R
I I I I I I I I I I I I I

I I I I I I I I I I I I r C5
4

I I I I I I I I I I I I I I I I 1 I I I I I I I I F
O0

I I I I I I I I I I I I I EEII I I I I I I I I I I I

N -E I I I I I I O I O
N I I I I | I I I I

I O
TRA I I I I I I I I I

BN
UT

L
P I I I I I I I A I I B I E

RC
- I I I I I I I I I T

N I I I I I I I I I
SL

I I E
;-

I I I I I I D(
I I I I I I I II- 1 I I I I II

I I I I
)

c
I I | I (

2
I I I I 1

I I ] I 5
I I

aI E

_ E
I I I I I I I I I I I I I

I I I I I I I I I I I I L R
U

I I I 1 I I I I I I I I I
l I 1 1 I t I I I I I I G' I8 IJ~ III aI a# II aIII a|a1IT I1

F



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

IN-PLANE OUT-OF-PL AN E
I I I I I I I I I I I 1 i | I I I I I I I

I I I I I I I I I I I I I I I I I I I I

I I I I I I I I I I I I I I I I I I I I I
I I I I i I I i 1 I I I I I I I I I I I I I

I I I I I ] -

I I Ig
I I I I I ] I I I

I I I I I I I I I
I I I I I I I I I

I I I I I I I I I

I I I I I I I I

I I I I I I [ ]
I I I I I I I I I

I I I I I I I I I
I T' <' ' ' ' ' ' '

I r-- i I I I I I

I F' I I I E I I I I[ I I I I [
I I' - I I I I I I I I I I I I I I

I I I I I I I I I I I I I I I I I
I I I I I I I I I I I I I I I I

I I I I I I I I I I I I I I I I I
I I I I I I I I I I I I I I I I

I I I I I I I I I I I I I I ] ] I
I I I I I I I I I I I I I I I I

I 3 I I I I I I I I I E I I I I I

I I I I I I I I I I I I I 1 I

A Al
-
H
4

Il Is 1 I I I I n i I I I I I I I I I I I I I 1

3 I / I i 1 I I I I I I I I I I I I I E I I I I
el I I I I I I I I I I a I I I I I II I I I I
I I ; I T I I I I I J I I I 3 | I I I I I I I

F I I I I
_

I I I I
I I I I I I

I I I I

_

I I I I

I I I I I I I
I I I I I

_
E I I I a

I I I I

~

I I I
T I i i I i 1 I i I

i I I I y I I I I
I I I E _

g I I I I

I I I

I I I I

I I I I

_

I E I

I I I I

_

I I I I

_ E I I I

I I I

[ ] I I Ya"I I I Ig}
e I I I I I

_

1 I I I

I y I I

I I I I
I I I I

_

1 I I

I I I I [ 8 I I I I
I i i I I I I I

I I I I g I I I I I I

I I I T 1 1 I I I

B BI

FIGURE 5.12 (d) DISTRIBUTION OF CRACKS IN THE MASONRY COMPONENTS: HOUSE 2, AFTER TEST 16
(TAFT - 0.40 g)



_HHW _

-

- II eIII aI
9

.
I I I I I I I

-
I I I I 1

I I I I I I I I I I I I I
1

TI I I I I I I x I I I I I
I I I I I I I I I I I E ]

S
I I I I I I I I- I I I I I

I I I I I I I I E I I I I E
I I I I I I I -I i I I I Y

I I I I i [ I I [ I I 1
T

-

E
I I I I I I

I-
I I I I I I I I I I I I I I I I I R

E

N I I I I I I I I I I I I I
I I I I I I I 1 1 I I I I T

A I I IIIIII'IIIEII I I I I I I I I I I I i I I I I I

F
A

L
I I * I I I I I I

,

2P I I J I E I

l
I E

/ I I

- E I I I I I I A I I B E
F

I I | I I I I IEIL
S
UO I O

T L
' I I I I I I I

H1EI-
F

U
1i I I I I I I I I I I I I

:

O
I I I I S

I i I I
T
N
EI I I I

N
I I

I I O
I I P

I M
O

I I I I I I I I I I I I I I 1 I I I I I I I I I I I

C
I I

j N
I I I I I I I I E I I I I I ] I I I I I E I

Yi3 aI i.I IIIE1I aI aIIIaE

R
N
O
S
A
M
E
H
T

lI eI eInI aI a[II aI aI aI aI aI aE

I I I I I I I I I I I I I i I i I l I I I I I l I N
I I I R I I I I I I I I I I I I I I [ I I E I I I 1

I

I I I I I I I I I I I I I I I I I I I I I I I I I I
S
K

I I I [ I I I I I I I I I I I I I I g I I I I I I I C
A
RI I I I I I I I I I I I I I I I I I I I I I I I I

C )g
I I I I I I I I I I I I I I I I I I ] I I I I I I I

I I 1 I I I I I I I I I I I I I I I I I I I I I I I F 1
O5

_
._

_
REIII I I [ [ I I I I I I

N 0.

I I I I I I I I I I I I E

IEIJ

_ N
I I I I I I 1 I

F OE %

_ I

A
I I I I ] I I I I T-

U A_

L BM_
I I I I I I I I I

B I I
P I I 1 I [ I I A I I

R O
_ - I I I I I I I I I T C
_ S A. N I I 1 [ I I I I I I

-

-

I I I I I I
D (P_

I

_ EI|J
_

-
I I I E I I I [K- I [ I I I I

-

I

)
I I I I e

_
I I I I

(
.

2
I I 1 I 1

I I I I 5
1 I

I I

r a
J1 ~ - E

I I I I I I I I I 1 I I I
I I I I I I I I I I LT I

U
R

I I I

1_
I I I B I I I I I

l l 1 l l l I I I T I

a
G

_

II a' 1I aIaI ee a gs1 I
F



- - - . - - - .

IN-PLANE OUT-OF-PL ANE
I I I 1 I 1 I I I I I I I I I I I I I I I

I I I I I I I I I I I I I I I I I I I E

I I I I I I I I I I I I I I I I I I I I I
I I I I I I I I I I I I I I I I I I I I I

I r I i I I I A I I I

ZI I I I I I I E

1I I I I I I I I I
I I I I I I I I

I I I I { 1 I I I
ZI I I I I I I I I

I I I I I I I I I1I 1 I I I I I I I
I I I I I I I _I -

I J I I I I I I I II I I I I I
I I I I I I I I I I I I I I I I

I I I I I I I I I I I I I I I I E

I I E I I I I I I I I I I I I I
I I I I I I I I I I I I I I I I I

I I I I I I I I I I I I I I I
I I I I I I I I I I I I I I I I I

I E I I I I I I I I I I I I I I
I I I I I I I I I I I I E I I I I

I I I I T I I I I I E T I Y I

A Al
W
W
@

m I i I I I 1% I I I II I I I I I I I I I II
JI I I I I I I I I I I IJ I I I I i | # I I I i 5

II F I I I I I I I I I I I1
"7,

I I I I II I I I I
s_ y j g y y y g y g 3 i I I 3 I y I t y g g I

( l I I I.
,

I I I I
{ I I I I

I I I
I E 1 I, I I I I

"

E i I Ia I I I f
I I | I I I I I

I I I I I I I
{ I I I I I I I I
I

I
~'

I I I I E I I
I E I I I I I I

I I I I E A I

I I I In I I I E"

I I I I I I I I

a

I~

I I I I I I E I a
~

I I I E I I I I
I I I I I I I l a~

I I I I I I I E

|
,

i i i i

1 i i i i l
1 I E I I I I I

E EI E I I I I I ] I [

B Bl

FIGURE 5.12(f) DISTRIBUTION OF CRACKS IN THE MASONRY COMPONENTS: HOUSE 2, AFTER TEST 21
(TAFT - 0.08 g)

|

|



MO

1I eI e51IEI eI eIay II ej 1g gg1|
6

I I I I I I I

J
I i I I

i I I I I I I 1 1 I I I I
2

TI f I I I I I I I I 1 I I r I I I I I I I I I I I

S
I I I I I I I ImI I [ I I

I I I I I I I I I I I I I E
I I I I I I I _1 I I I i I I I I I I I I I I I I I

T
R

E
I I I I I I I I [ I I I I 1 i I I I I 1 I I I I I I

E
N I I I I I I I I I I I I I I I I I I I I I I I I T

F
A I I I I I I I 1 I I I I 1 I I I 1 I I A
L I I I 1 I I I I

,

B B 2P I I [ I I I I

l E F I

- I I I I I I 1 A I I B E
F

I I | I I I I IfI1 S
UO I O

- REI' I I I I I I I

HrT I II I I I I I I I I I I I I

U :

O
I I I I S

TE I I I

N
k I I I E

N
I I I I O

L I P
I M

I I I _I I I I I I I I I I 1 1 I I I I I I I I 1 I I

C
O

I I I I I i I 1 I I I I I I I I I I e I I I I E

1I
| a31VI Y

R
N
O
S
A
M

E
H
T

|I eI aI tI *III aI t3 I

I i I I I I i I 1 I I I I | I I I 1 I I I I I I I I N
I I I I I I [ I 1 I I I I I I I I I I I I I I I I Y

I

I I I I I I I I I I I I I 1 I I I I I I I I I I I I S
K

I I I I 1 I I I 1 I I I I I I I I I I I I I I I I I C
I I I I I I I I I I I I I i I I I I I I I I I I I I

A
R

I I I I I I I I I I I B I I I I I I I I I I I I I I
C
F)

I I I I I I I I I I I I I I I I I I I I I I I I 1 I

Og
EEI I I I I I I I I I I

N6
I I I I I I I I I I I I I EEH J

E I I I I I I I I
r O2

IN I I I I I I T I I T0
A I I I I I I I l I B -

' U

P
I I I I I I I A I I

BL I
RT r,

- I I l I I I I 1 I

SAN I I I I I I T I I I T
I

I I I I | I D(
;r

I I I I I I I I[I I I I T I I

)
I I

I I g
(

I I I I

2
I I

i I 1

I I l I 5
_JP a

I I I I 1 I I I I

_ EI I

,
1 I I I I I I I I I I I I I I I I

U

J i

R

I i 1 l I I 1 I l l I GI I I I I I I I I k I 1 I |

BI e3 mI aI E9 ei au aI1I tI aVi II1

F



_______ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

.

IN-PLANE OUT-OF-PLANE
g g I I I I 3 I I I I I I I I I I I I I

I I I I I I I I " I I I I I I I I I

I I I I I I I ' ' g I [ [ ] I I ] I I
I L I I I 1 I I I I I I | | | | J l I | | I

, , , , , g A i I I
1 1 I I I I ' '

Z, , , g
' I II I I I I ' '

, y
I I II_ I I I I K ' ' 'I I , y I I I

| I I I
g

I f I I I ' ''
I E I,

u I I I I
I I I ' , 7

I f I ' ' ' s _I F I I E I I
g I I I I I I I I I [ I I I I I[ g g I I E I I I , g 3 | I I E E
I I I I I I I I ' I E E E I I Iy I I y I I I I I g g I I E I I II I I I I I I I , , y g

I I I I I I I I ' g
1 [ [ I I I I| I I I E E I I I I I I I I I Ii u I I I I I I I g g i I r a u I

I r I u r Y i

1 A Al
, -

PJ
H

I I I I I E I I I II
f

-

y y y | | I y i I I 8 I I I I I I ' ' ' '
l

,_I F I I I I I I I I I l y g y
I di i I I I I I l I I I 3g y y y I~E | I I

I I I ' '
* I i I I

, ,
I I I-

I I I I
-

, g g
I I I I ' ' ' '

I I I I
-

g g g g

, ; y

i 1 1 1-

1 I

I E I E
H , y

g 1 1 1
i I I I I

4 I-:n ,s
, . , I I . I I

I . I I . I -

F-T- '

|I |I
~ . , I I'' ' ' ' '

* ,- , I
1 i I i

i_ i :
I I I I

; ; ;I I . . I I . . . .
1 1 - -

B BI

.

FIGURE 5.12(h) DISTRIBUTION OF CRACKS IN THE MASONRY COMPONENTS: HOUSE 2, AFTER TEST 30
(EL CENTRO - 0.37 g)



WJMF

_

_

_

_

_

2
3

i3 a' aE aIaIis I II a|IEIe aI

I l I I I I I ' I 1 I I I
i I 1 I I ] I I I I I r T

I | I I I I I I I I I
I I I I I I I I | I y I

S
E

IIJ
I I I I I I I I I I

I I I I I I I I I I I I I T
I E I I I I I- i I I I I

I ] I I I I I I I I z I R
E

E
I I i I I I I ' ] I I I I I ! I I I I I I I I I I T

F
N I I I l I I

Ih1
I I I 1 I [ I I I I I I I I I I

A
A I I I I I I I ' I I I I I I I I I ] I

,

L 1 I I I I i I j 2

P I I | I I I I

l fI I E
I IE

S- I I I I I I A I I B UF
I I l I I I I I&II OO I

T
IEI' II

F
I I I I I I I

H
-

-

U
I |I I I I I I I I I I I I I

S

O
I I I I T

N
I 1 I I E

NI I I I

O
I I P

I I f(
I I

M
-

I O
I I I I ] I I I I I I I I I I I I I i i I I I I I 1_

C_

Y
I I 1

"
I I I I I I I 1 I I I E I I I a I I I I I

RII eIIDI' II aIi'

N
O
S
A
M

E
Hg T
N

I I I I I I I I I I I -1' I3 aIaI aII8 eg

II I 1 I l I I I I I I I I I

I I I 1 I I I I I I I I I I I I I I i 1 I I I I I S
K

I I I I I I I I I I I I I I I I I I I I I I I I I I C
AI I I I I I I I ]

X_
I I I 1 I I I I I I I I I I

R)
I I I I I I I I I I

NI I I l 1 I I I I f I I I I I F2

I I I I I I I I I I I I I I I Cg

_ I I 1 I I I 1 I I INI I I I I I I I I I I I I I I I
i

I I I I I I I I I

_ O5
.

J _-

N0_ I
I I 1 I ] I

ILI
I I I EBIlEI I I I [ I I I I I 7

_

_ II

E I !J- %I I I I I I
F I -

OIf

TN I I I I I I Y I I UA
BMA l I I 1 I I I B I II

L
P

I I ] I I I I A I I B RO
TC
SA

- [ I & I I I I I I

IP

I
4

I I I I Y I 1 D(N I I

r
I I I I i I

I )
I ! I I 1 I I I I I I I I I

i
I I

- I
i I (

I i I I

2

I I I I

1

5
I I 1 I

E.1
11T6 REn

- U_
_

I f I I I I I I I I I I I I I I I I I I I I I I 1

G
I

I I I I 1 I I I I I
I

I I 1 I I I I I I I If
I

I

U_' 13 4 IIII aIIIa]alU3 1I a FII
'



123

.5 -

\
"

{- gv^"AgM17pdb+~~%~

.sl .

*.o 3.0 e.o s.o s.o 7.o s.o
TIME lh 3fCON05

TABLE A. C C E L E G A T I O Na

l T
" - - - -

:

$
,

^' w%..pffrypwr .= - ---

"
__

%
!

l ! !
''

IN PLASE OlSPLActMENT OF WA(( A
.1 ;

1

+

E
% .,

j[H
. -- 4,% , !\ fruk_, y^:;,.0 ( ''' -vnc -.

_.

liy<
VE v

a

i

*].c 1.c e.c s.o s.o r.o a.o
TIME IN StCONCS

* IN PLAkt CISP(AsEM[hi Cf WALL 9

| . ..

i il
-

' h

k.. .] !) k ) ._ A _.* At M ,,
" '

i M** ' / y} IhN 'd Y U II
'C .M!i .~

V'
,,

V -

i . _ . .

V ' -: :m:: (
W

.1*.o s.o 4.o s.o s.o r.o e.o
TIME IN SECONDS

i<> O ! S P L A C E M E h T S OF Watt A1.#ERTICAL PROFitE

FIGURE 5.13 MEASURED RESPONSE: HOUSE 2, TEST 14 (EL CENTRO - 0.33 g)



124
|

|
|.s
'

I

:
3 i

O ^ b k=h [
- <- vv v tg-- -- %

5 y! V
ys p y,

,

''

!,i ==

'i. . 2.. ... s . .- ... ,.. ...

T!MC IN SECONDS
* CISPLACENENTS OF WALL 81.MORil0NTAL PROFILE AT 2/3N

.1 -

)L amz L ni un
,(v

m

7 vvv v*v. pp y

i k )
i

~ I. , i.. ..a s.. ... 7.e ...

TIME IN SECONDS
200t DI; PLACEMENTi

.5 -

$ .,

2 [ , ,

7
.% n J N A i h' a,,

,, - -

, _ -/w ita t -~%/ --

yyyvi yv '' -vv

m -- ..m m ea
I2

| |
' 'f. , 3.. o.o 5.. 6.. 7.. ...

TIME IN SECONOS
m ROTATION OF RAFTERS WITH AhD WITHOUT STRAPS

6..

O

f fhg/T'f cia..-.AD.A . ?_A A _ _ _ --

'"4'''' * ' ' ' *
! g 9. ' j V# 'U

- =:

I
+!. . 3.. ... s.. ... ... ...

TIME IN SECONDS
m ACCElfRATIONS OF WALLS A AND 8

FIGURE 5.13 (CONT.) MEASURED RESPONSE: ilOUSE 2, TEST 14 (EL CENTRO - 0.33 g)



- - - , _-
, . . ..

125

t
'

Il p

Ius

E l'

l n . _..k n.m5 I
' II A L AJR A U

* ~s.ms'
\sy

}' yj yn vvu ' v. -"

" 0 C EU'= - un

1.s 2.o ..e 5.o a.o ..o ..o
TIME IN SECONOS

m DISPLACEMENTS OF WALL Al. HORIZONTAL PROFILE AT-TOP

.1

C

u tf ( y v v v. y
- W_n _

- -
i n AR ^ ..y~ g n, v -

-

-

1 D'*

I* - aurra
rr uf;'=#,

'

"l . o 3.s *.o s.o s.o r.o s.o
i TIME !.N SECONOS

DISPLACEMENTS OF WALL A1, HOR 120NTAL PROFILE AT 2/3He *

| .

I

{,,

h l*

/
3

Gb '2 (i h A[.n |JL an n n.~
'*

, --

. $"5 VM V dj i]
" ' '" '

. (3 \i ';.y

\ \ ye- i-
> .-w r - 1 x ::,, .
, . ,- w "2 =

--- e 3n e
% ,_

4 . s. . I 1

i.e ... ..e s.o ..o ..e ...
-

'*;

-[a,.
TIME IN SECONOS

m DISPLACEMENTS OF WALL Bl.WERTICAL PROFILE- -
,j1

'..

'' ~3
'{ s.

! -
,

* ,*C. C, 9{ R
*

,

. ,

. : , :' '.g
. f

u

f .l\ b]''

Q
- hA A L,I\

' " " 'V"~'Y.* - ' i '

( .
k

'

.,

(; %: : ) -
,

_ - . . .
; - :.- :;n'
i v, a , e

k
*

"").o 3.s e.o s.o a.o 7.o e.o
TIME IN SFCONDS,

I wiDISPLACEMENTS OF WALL B1,HJRIZONTAL PROFILE AT 1CP

|
|

FIGURE 5.13 (CONT.) MEASURED RESPONSE: HOUSE 2, TEST 14 (EL CENTRO - 0.33 g)
,

.

,

,, , w, ,,--n--- , ,--,.n --,,a,,-. , , ,



- . - _ - _ . -- . . -.a,,._ - . . = = - _ . . , _ . .. . ..

i'

j 126

,

,
i..

!

i
' u

I I k I' UMAYM e AA A . M . . a m.>h .. & _
~~ r-_.

'

N ' y I ' wr-
. _ a,y y 'il' ,

-

=:: .

i

: - ' !. . ... ... ... ... ... ...

1 TIME IN SECONOS
m ACCELERATIONS Or uALL Al

'

i.e

!

2

t o

rY.Ata
e

. 14! A a.' la . . M M _a / St.An , ..sd. 4_ m _.

g j y rypy vv v wwr -_ _ & ,_ -

i
= e be n

i ' ' -i. . ... ... ... ... ,.. ...

TIME IN SECONOS
M ACCELERATIONS of WALL BI

1

,
n..

I

L

J / bAA is 3mA *Am A v "r-

'

j v y j y 7 \f vv y v 'vvv ~~

===i .

|

i t

~ ' !. . 2.. ... ... ... ... ...
'

TIME JN SECONOS ,

' :> ACCELERATIONS AT TOP AND BOTTOM OF ROOF

FZGURE 5.13 (CONT.) MEASURED RESPONSE: HOUSE 2, TEST 14 (EL CENTRO - 0.33 g)

l

.

!

I

1

L

i

1

.

!
'

_ . _ . _ _ _ _ . . -. . - , _ . . _ .-. - . _ , , , - ,, ,, - , .-- ... - ,



127

.s

, p ~i N - , yv m v.
< 0 /\ A ! Ob N ^^b '.

S AA .s.- y-w vy ; gw~ nv ~~.

'I. o F.o s.o s.o 10.o st.o aa.o i s.o

TIME IN $[ CONC %
TABLC ACCfl[kATIONr.

+

|

IC
d
"

- -

. _ - } ,, /. ,,o _ ~ _ - _- ~%- ~ _ _ _ - -
-

C
"

''

IN PLANE DISPLACEMENT OF WALL A
.i

64

7

E A - ~ ' '

''y----y, %- [. - '' ^ ^ ^
^y^,,j %''

^o - y -y y
'

,

:
o

's' . o 1.c s.c s.c 10.0 si.o iv.o ti.c

TIME IN SiCONOS
IN PLANE ZjSPLACEM[NT PF WALL E

.t .. . ..

N

\\ )=

! AAA_A _b/SanAAnf$ L _- AJ
5, a v grw p puv p ; t uy yv-

0 V'
f

"; = ::, .
- . ia .

l

' s' . c'

,.o s.o s.o 10.o ti.o 12.2 ti.o

T i rit IN SECONOS
DISPLACl1ENTS Of WALL A1.VCETICAL PG0 FILEto

FIGURE 5.14 MEASURED RESPONSE: HOUSE 2, TEST 17 (PAC 01MA - 0.27 g)



__ ____ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ . _ . _ . _ _ _ _ _ _ . _ _,. _ _ _ _ _ _ _ _ _ _ _ _ _ _

128

'

T f
" '

C
, 4 5

x a

AA _Jki \ a/ k. i_AJ, -

A, y v
_ / (5

vv ,

yv 1 w yv-
,

=
5 l r. E' 'a

f ~**** LIF T

2.. ... ... ... .... n.. in.. ii..

TIME IN SECONDS
te. DISPLACEMENTS CF WALL Al,HORIZ0hTAL PROFILE AT TOP

.1

$

gs . A b AAAA AA A n,A A _ nvvsm

yv - vv _- yv vu ywy
.. .~. 8" '*

i '3

~! . . ... ... ... .... n.. in.. is..

TINC lh SECDNDS
DISPLACEMENTS CF WALL A1. HORIZONTAL PROFltE AT 2/3M

.

m

Y d

Q A A AAAA kQ E'hM k A eo'

a z._-

( q y avvv yt g'gO p v1-:

=,

( ==:m:-

' 'd. e ..e s.o s.o io.o it.o it.e 33.s
TIME IN SECONOS

v, DISPLACEMENTS OF WALL Bl. VERTICAL PROFILE

.1 s

C
5 ,

b AAAA kA I IN kA~b F\ m - s A4 i

5'(vv' g{ jf yvvv y' yy(p vir t

I' .....w,

y --- wua

V V

' d.e' v.o s.o s.o is. si.e nr.e si.e

TIME IN SECONDS
tel DISPLACEMENTS OF WALL Bl. HORIZONTAL PROFILE AT TOP

FIGURE 5.14 (CONT.) MEASURED RESPONSE: HOUSE 2, TEST 17 (PACOIMA - 0.27 g)

.. ._



129

.1

U
x.

/<naA n Au I\ .M O A A -A A _. 3 ,e-

v vv v -v''

uv v -Ny yy
v ]1 \.!y y yv

-

i \| ==

'd.o'

7.o e.c s.o so.o ti.o tr.c 12.0

TIME ]N SECON05
O!SPLACEMENTS OF WALL PI, HORIZONTAL PROFILE AT 2/3M1"

.2

f

b l\ f\ iuA [\l\h n l\n i i . hAE
i

;- y gn p 7--

$ )
d

i.
''6.o 7.0 e.o s.o 10.0 11.0 12.3 L3.0

TIME IN SECONOS
to ROOF DISPLACEMENT

.os

2 ,r

<

b i b [\ A N bA [ M k-A M
N v v/%---_mvy--m

f._

y vvvvvu y 99 y gj y v.

- _ . , , . _ _
2 . . . , M/0 AHLuts

""d.o 7.0 e.o s.o 10.0 .o it.o 33.0

( TIME IN SECONOS
tu ROTAT]CN OF RAFTERS w!TH ANO w!THOUT STRAPS

|
,o

l

a

. . A t,V L . A A.,. _ nmbA
m ,y-m g ik .? ,o m e. /tA r_ u

. m vg , .p y y w -- yy
7 4p yg y w -- y - u. _

2 .

" _a
....g

''' o 7.o e.o s.o 10.0 si.e 12.0 a3.0

T]ME IN SECONOS
to ACCELERATIONS OF WALLS A AND 8

FIGURE 5.14 (CONT. ) MEASURED RESPONSE: HOUSE 2, TEST 17 (PACOIMA - 0.27 g)

|



_ . ,.. . . _ . . __ _. . . _ _ __. __ ...

130

a . e,

,

I
a u

d J Anm \u d . b AJ
' -zu'''_$ b

\f y, p yg - & LMf 'F w *iu
r yq v' F v '

)
i 3

r :Li. ;
4

-'!.. . . . .... ... i... ii.. n.. is...

TIME IN $EC0hD5
orACCELERATIONS OF WALL Al j'

l.4-

i

o;

l b AA . AA 2Ak A
, , ,Ay .g,,-y_ A.!. ad .m AA N,ll 'y yv e ,., * m u <

.a,m a._ -w, c -wyv

o

C:Li.
,

'''!.o r.o a.o se sa.e .i.e .o 12.0

TIME IN SECONDS
w ACCELERATIONS OF Watt 81

3.0

L

o
4

\/ V' W YJ
'

i 'bW' ''

C Ev' TIE'

''!.. , . . ... ... ..., , . . a.. ,s.e

T!NE IN SECOND$
s=> ACCELERATIONS AT tup AND BOTTON OF ROOF

+

,

rIGURE 5.14 (CONT.) MEASURED RESPONSE: HOUSE 2, TEST 17 (PACOIMA - 0.27 g)

,

i

e

i

!

!

s

f

.. - -. , , _ _ , _ _ , , . , _ . _ _ _ - . , , _ , __. . .



131

.s

i
$ AAM nl\ A AA J4__2 _n.- ,

* 1 v tr.s s, v ' v- wy y

I
*).o 3.o ..a s.o s.o 7.c s.o

ilME IN SECONDS
m TABLE ACCELERATION

.5

C
3
x
~

s ,,f ---__n- _ __ r __ n-
._

<a ., _.

, -

'

lh PtA%t DISPLACEMENT OF WALL A
.s -

C f

c
- -

\} \;\/y'%
^ ^^^ - ^^^- ~ ^ ^ ^"'* '

^ ^

I d ' \) * '' '"~

:
i.e s.a ..o s.o s.o r.o s.o

TIME 14 SECONDS
i. ! N PLANE O!SPLACEMENT Of WALL B

.s

C

l\ b b fta t.Ana ah.. %.. . _.

C - yp - pv vv v- - v--z wr |
r

: u =:m-

')s 3.o e.o s.o 6.o r.o s.o
TIME IN SECONOS

(< 1 DISPLACEMENTS OF WALL AI. VERTICAL PROFILE

FIGURE 5.15 MEASURED RESPONSE: HOUSE 2, TEST 30 (EL CENTRO - 0.37 g)

1
l



_ _

|
132

'

.5 ,

*
.

w r.,

IIA - -
= v 1

-^A AAA A -A1 -v vv v- -v--yy y
- -.

= - -.,

Z UW" '

' 1. .' -

. . . ... s.. ... ... ...

TIME IN SECONDS
m DISPLACEMENTS OF WALL A1. HORIZONTAL PROFILE AT TOP

.5

Is

N k fi da , a Am . _ cta .. _~~~..n/ _

uv v v -gq v yv- '' " ---yp:
>-

3 ~~ LIFT

' 1. . s.. ... ... ... i.. ...
-

TIME IN SECONOS
w. DISPLACEMENTS OF WALL A1. HORIZONTAL 'ROFILE AT 213H

.5

m

E A A AA.AanS A Am.m mm
- -uvo e yv - - tfy --._

- m._.
,

p ywt-

: = ::,,.
- .1/3 ms

s!.i -1.. ... .. ...... ...

TIME IN SECON05
m 01$ PLACEMENTS OF WALL Bl. VERTICAL PROFILE

; .5

- C n
I z ,

- . b J% MA lh
-

1 -

vv- <yv - yv- -.
- Am-A-| g

y( gyv s
-

- 't . . . ewn
.

n ..- w I

1.. >.. ... s.. ... u.. ... .

-TIME IN SECONOS
w DISPLACEMENTS OF WALL Bt HORIZONTAL PROFILE Af TOP

i

!

,' FIGURE 5.15 (CONT.) MEASURED RESPONSE: HOUSE 2, TEST 30 (EL CENTRO - 0.37 g)

'

;

- , -. - . - . , . - -. - - . - - - ,, . . --- .--



133

.5

m
<e.1

E
u Ie

k . /k A _ h b.
~ g-'' '

z ': ' ' 'ryV. k W ~L- a. 2 - - - _-_jwy

i. %-

C IdT

'I.o 3.o ..o s.o s.o 7.o s.o
TIME th SECONOS

W DISPLACEMEN15 0F WALL 81. HORIZONTAL PROFILE AT 2/3H

.s

m
,

r
u

T .A m . b_m
, q

, /\_b /\
py yy v--~_myv_y,- _

c

-
-

z
a

'I.o 3.o ..o s.o s.o i.o eo
TIME IN SECONOS

t" R00r O!SPLACEMENT

.on i

m
sea

z
u
z ,

['s
~ b!'',

C., ; [ gi;,.iG7g. ''rQ,,% 'c4 h~= '~ w
.%_,,

_

,.
. . m

- .. ,

f T ?|uYE5

1

'" U P l. l f T OF WALL A FROM FOOTING
,

l .01

;

e .

a ns
'. ,

f''h''v1vd Mi!<)b.e
l ||'

I 1'k'}
! r ,

| |$
!Iz < ~ .

, n e A. | k
'' n n nA-m ^ ^ r

,
. \j ' - ! ''. . ' I',)

'~

's ' '"^^
-

' '

,

__E._

---- LEFT EW2

i

~' 'l . o 3.o ..o s.o s.o r.o s.o
TIME IN SEC0h0S

bi UPLIFT OF LALL 0 FROM F 04 i LNG

FIGURE 5.15 (CONT.) MEASURED RESPONSE: HOUSE 2, TEST 30 (EL CENTRO - 0.37 g)

!
|
1

l

|
|
,

.-- - _ _ _ _ _



i134

s.

e 4

kh M r .nl! se 1 . _ m .4 e

; vp p. pyry p yr
i, -- c<

j =:

- ' 1. . i.. ... s.. ... ... ...

TIME IN 5ECOND$
i=> A C C f L E R A T I O N S OF WALLS A AND B

t..

bb L Anr,

g y (V
m' .v' VV V

, * "

(-

=: .

-'1.. ... ... s.. ... . . . ...

f!ME IN SECON05
m ACCELER ATIONS OF Walt Al

i..

h

k A Ab bA . A, A A A
- -

n AaA

vv v 7-gr
x m

; y 4 yv s
-

,

= | L, .

' ' !. . i.. ... s.. ... i.. ..
TIME IN SECONOS

tal ACCELERATIONS OF WALL 81

4..

b[ bb b kAiA xAAm A a rs t,

/ V jV V y.V V'V 'VVVV' ."~ VVV

V ===

~ ' !. . ,.. ... ,.. ... ... ...

TIME IN SECONOS
4=1 ACCELERATIONS AT TOP AND BOTTOM OF ROOF

FIGURE 5.15 (CONT.) MEASURED RESPONSE: HOUSE 2, TEST 30 (EL CENTRO - 0.37 g)

i

. . _ . . _ _ . -_ _ - . . . . . . . _ . _ _ _ . . . _ __



,

1

135

|*,, ,4 .n ,,ft, t *'
s

,s' | / ,"
/,/

,

.- / ,- |, ,
, - n , / , ,-

, -
*,,,' , ,'

,s' , / ,
,' s , /*et,,

, t , , s , j s

, , a' , ' ,,
,,,o n,,- e , ,o *," . s ,, ,*s, , , ,

e , , ,,
n

/ | / , ,* |
* *

| / , s

,,/ | |
,

. . - | | ,-*

,/ ,- ,, ,
* ,' ,e,-' ,i

< ,, , ,, ,

/ , ," e, / ,*,1,
* ," ,e ,," *

i ;* 's |
* * , ',,,,*

'/,

. .. ( | r, a' ||
'

s ,. ,

| <| s' |
''8

, . . . ,
, ,

a : ,, ., ]', , e, ., ., .
.,

| ,e ,i ,
, ,

WALL Al * WALL el , vALL Al a WALL 01*
,,

e, , e e i 8 a
, ,* i

i, e, a,
,

* a
, , ,

i

I
k

TIME. 2,4624 StftnOS TIME. f.8495 st'8eBS

, , , ,, n,e ,, n,
',

|

,
,

,-,,,'-,/,',
| ', * || ,' <,

,/
,s' , /n, |

,
. , ,, ,. ,

s
,,

.,
,, n,,

,,/ ,,
* ,,

, , , , ,,
, . , ,a,, , ,-

*
,, . , / /,, , .,,-, ,,- , .,/ /, , ,/ | /,/ |

, , '

.- ,/ | ,-

, ,,,' / ,,,-, a, , ,,,' ,

< , ,, ,, -

,1,,- i ,- ,

,f t',',i
*,- ,

., / - / *' , ,- ,,- s

a, ! ,! ,*| | ,* jf
'

f |<

i,,, ,e,, /
,

n <
,, '* , , ,. , ,

| , v , , v.
. .i . .,,
, ,,, i, , i

f.
, ,8 4 L L 4I .il A L L II WALL A1 e, A L L $1
*
,.

,

/
Tine. r.a.ss secomes Tiet. r.sses secomes

,/,
A ,A ,A

* *,#s ,/, . / ,,,, ,
, ,

| ,/ |
'

| *,,* ,

, / ,n ,1 .,- ., ,/, ,n,
,

,

,/,,,, ,
/. / ,, /,/ ||,<

., , . - ,- ,-
,

,-,

, ,, , ** ,/ , - / ,, , ,/ .*," ,
I / ,/

< -,' / ,/ , , ,

,-)|
',,,/ e

, , / ,,- ,
, / ,

,
-

* s' -

/?, |
*

,, .
|/ ',,

| |
|,',,,,|

,- ,/, /./ / .
t , ,

,,,,,, r< , ,,, ,
i ,i e

8 / ,
|

., , ,

. .
I g a,
b ,

, s WALL Al i WALL 81 WALL Al WALL Il
* *
8 ,

Tipt. 3.8707 stC8sgs Tint. 3.3150 SE t ees s

MAE - O_5 lehn

FIGURE 5.16 DEFLECTED SHAPES OF OUT-OF-PLANE WALLS: HOUSE 2
TEST 30 (EL CENTRO - 0.37 g)



- _

136

/: -A , ?
,* '

'5
/* | ,9 ' ,-,' : ,- ;

, ' , |,/ - '# ,1, | / ~||

,,,',1,,-
-

,. ,-
, ,. . . .

; .-7,',,,
, .

/,, * .
, ,, ,

,' ',.: : ,- -,-: ,

,-: y,- : ,- ,,
<

<,

. ' }. ,. , . . , . -
''

, '|
'

,','.. .
. ,

; ,

,. . .. . , , ;,- :
.,

1,- .. . i ,..
r. . .. . - . .. ..i ' ..

. . . . .. ... . . . .

j e. A L L Al | WALL 81 | ! ! j Watt 31wagt 31

'|
''

e

: ? .

e

tipt. 9.9150 5tCOuS5 1Ing. 5.2161 St(Geal

w - e a rows

!

FIGURE 5.16 (CONT.) DEFLECTED SIIAPES OF OUT-OF-PLANE WALLS: HOUSE 2
TEST 30 (EL CENTRO - 0.3 / g)

,

)

Y

I

t

f

i.

!

!
. - - ._ . _ . - _ - _ _ _ _ _ _ _



> __m__-_m ._ .a_ _ e. s__2-- .w .__._u__ __. __ , _ _ _ _,

137

.

. _ . .-

,

.;

' .' k<
,

.~?

_ I,,
R. . ..

j 'd

3-: p.
f : ;,[g- te - -\_ ;. ,

:. a- -
,

, - . v 3 -O' _

h
g-

,

"

A; s; .g .
!

'#'
N,

j.E:A' - -N
-

/'<-. ,| g~
- - , . .

__

'

\_
[ -,!Ae

,

s zgix. ~ ..t. _~ - - -- -

(a)

I

'
u~,

.-
#W as-&

'Y

.L. ,
,

e;
, .

' f ,{ j -.4_' ,

,

bf$ ; ' ,

3

r
-

l =. -

- -- :
I1. '

k
'

_. _ . . . , _

.

.

_

:

'1 n.'' r*

-

Li
*

1
y

f. . d
,u._~

s,y ; g g
. ;: n-

- :- ))%g. /- *4,

"t . . .s . , _ ,'

(b)

FIGURE 5.17 ggyLURE OF HOUSE 2

- . _
_ _ _ _ _



-A----- - 4,_x-' a .A _.---__m. - - - - --a-2-.-A ,,aa--__.-- -- - - - _ _ _ , _ _ _ _ _ ,

138

.|

|

. 1

_ .f _| -f
P :i4 ,

-|
'

.,

|

i
!

!

1

:

.i. ..

'J . T.j i

\y .._ q.,
-

.;
i

'i
:

4
,

kf '
p
y;',

. .

(C)

FIGURE 5.17 (COIJT. ) FAILURE OF HOUSE 2

|
.

|

. .--. - -_ .. - ,



;

139

6. ANALYSIS OF TEST RESULTS
f

,

6.1 Introduction

In Chapter 5, the most important experimental results obtained

during the tests of Houses 1 and 2 have been presented in various

graphical forms, and the significant response mechanisms observed in

the wall components of these houses have been described. The purpose

of this chapter is to provide an evaluation of the observed behavior,

including comparisons of the strength levels determined during the tests

with code provisions and results of other tests.

For convenience, a brief summary is first presented of factors

influencing the strength of masonry components, based on other research

findings. Section 6.2 is concerned with strength of walls subjected to4

out-of-plane loads while Section 6.3 summarizes behavior in response

to in-plane loads. Then the results obtained in the present test

program from Houses 1 and 2 are discussed in detail. Section 6.4

considers the maximum force levels developed in the various components,

Section 6.5 describes the post-cracking behavior of the unreinforced

walls, Section 6.6 deals with the performance of the partially rein-

forced walls, and Section 6.7 summarizes the amplification of base

accelerations observed at various locations in the test structures.

6.2 Out-Of-Plane Strength

A study was made of the present state of knowledge concerning

,

the out-of-plane strength of masonry walls as a part of the EERC

masonry research effort, and the findings of that study have been

summarized in reference (5); only the most important of the conclusions

will be restated here. Three major factors influence the out-of-plane

,

strength of masonry walls:

.

.
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'

(1) Amount of vertical load. For loads less than the " cracking"

level, increased vertical load increases the out-of-plane

capacity of a masonry wall. However, for the amount of

dead load supported by the walls of a single story house,

this factor is not important.

(2) Reinforcement. Either vertical or horizontal reinforcement

can be effective in increasing the flexural capacity of'

masonry walls; the reinforcement is more effective, of
i

course, in the direction of the shorter span between

supports.

(3) Mortar tensile strength. The tensile strength of the

mortar bonding the masonry units together has an important

effect on the out-of-plane strength of the wall. The

tensile strength varies with many factors, and it is

difficult to estabilsh general conclusions concerning this

factor.

6.2.1 Moment Capacity of Unreinforcel Walls

As is noted above, the out-of-plane strength of masonry is

dependent on the mortar tensile strength and on the amount of in-plane

axial compressive load. For the values of axial load expected in

masonry houses, the critical combinations of axial force and moment

!

can be derived by the principles of mechanics, assuming a linear

stress-strain relationship and that plane sections remains plane.

The derivations of these relationships for solid sections and for

symmetric hollow sections is presented in Appendix B. Secondary

factors such as nonuniform axial load resulting from self-weight, the

influence of arching, and rotational constraints at top and bottom

---- .- - - - - - .. _~ .-
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tend to increase the capacity above the value given by this predictive

model, but for reasons of simplicity and conservatism these factors

probably would be neglected in design.
,

For the present study, the flexural tensile strength of the

masonry was determined from the diagonal compression test results

sunnarized in Table 2.4, assuming a factor of 2.6 between the nominal

shear stress at failure in the diagonal compression teot and the

flexural tensile strength f . Onthisbasis,averagef(valuesof
53.2 and 147.2 psi were found for Houses 1 and 2, respectively. Using

this flexural strength end the compressive strength obtained from prism

tests, interaction curves were derived for 1 ft wide unreinforced

sections of the walls of Houses 1 and 2; the results are shown in

Figs. 6.l(a) and 6.2(a). Inasmuch as the axial bearing loads on the

walls were only about 480 lb/ft, the curves have been plotted only for

values of P less than P . The second expression in Eq. B.19 gives the

curve labeled " cracking line"; this defines the moment capacity for

the low values of axial load involved in these tests. The most

important observation to be derived from this analysis is that out-of-

plane flexural strength of the unreinforced walls depends essentially

on the tensile strength provided by the mortar.

6.2.2 Moment Capacity of Reinforced Walls

The moment capacity of the reinforced masonry sections may be

; derived by standard procedures developed for reinforced concrete,

assuming a rectangular compressive stress block and that plane sections

remain plane (28) Tests have shown that the reinforcement is fully.

effective in walls laid with running bond where the bar spacing is

8 ft( , so this procedure is applicable to the partially reinforced

walls employed in these tests.
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Using the measured material strengths and standard reinforced

concrete procedures, the failure envelopes for moment and axial force

were derived for 1 ft sections of the walls of Houses 1 and 2. Results

are presented in Figs. 6.l(b) and 6.2(b). In the former figure, the

amount of steel corresponds to two #4 bars in the 8 ft section; the

two curves in the second figure represent the single bar in the wide

and the narrow piers.

It is interesting to note that the flexaral capacity of the

unreinforced section for House 2 (shown in Fig. 6.2(a)) is greater than '

that for the reinforced section shown in Fig. 6.2(b) . This apparent

contradiction is due to the high tensile strength considered in the

unreinforced masonry compared with the very small steel area included

in the reinforced sections; the bases of the calculations are entirely

different.

6.2.3 Review of Allowable Flexural Tensile Stresses

Because the moment capacity of the unreinforced masonry walls

is governed by the flexural tensile strength of the mortar bed joints,

it is of interest to compare the allowable tensile stresses specified

in various codes with the test results. Table 6.1 presents a list of

allowable flexural tensile stresses for unreinforced brick masonry

specified in several current codes. It appears that the UBC and the

-1970 Canada Code permit considerably higher tensile stresses than are

considered normal in Europe. The Swiss code is the most conservative,

although it allows for the beneficial effect of dead load stress, with

a maximum allowable stress of 56 psi. All codes except the British and

Australian (which is based on the British) allow for different mortar

strengths.

_ _.
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,

1

A ' plot of mortar compressive strength versus modulus of rupture,

compiled from various in"estigations and reported in reference (5), is
4

given in Fig. 6.3. Also included in the figure are the UBC allowable'

flexural tensile stresses normal to the bed joint for inspected brick

masonry and unit masonr3 construction. The figure indicates that a

factor of 2 separates the code allowable values and the lowest test

results.

!
'

6.3 Shear Strength

i

Because of the growing use of masonry in seismic areas, and the'

fact that its poor reputation for seismic resistance stems largely from

inadequate understanding of its fundamental behavior and improper
.

detailing or construction practices, the shear strength of both

enreinforced and reinforced masonry has been receiving increasing atten-

J

tion in the research community. In references (2) and (3) , the state-

of-the-art with regard to shear strength of both plain and reinforced
4

masonry is reviewed in detail. The following information regarding the
,

theoretical strength of masonry walls loaded in-plane is excerpted from

reference (3).

A major observation derived from recent studies is that masonry

| walls exhibit two distinct modes of in-plane failure. In what is
4

1

; generally recognized as the flexural mode of failure, prediction of

! strength depends on the assumption that plane sections remain plane,

i
i and on the stress-strain relationship of steel. Because the kinematic
!

! assumptions are reasonable and the material properties can be
:

established through tests, the ultimate strength of a reinforced wall,

!

[ in flexure can be determined with reasonable accuracy. On the other
,

; hand, shear failure (diagonal cracking) predictions are bar,ed on the

!

I

, - - , - , -----.,-.m- , , - - - + , , - e , - - - - - , - n--
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<

solution of a two-dimensional elasticity problem for a non-homogenous, 1
,

\-

] inelastic material with given loads and boundary conditions. This result !

|

l must be integrated with information on a biaxial failure mechanism valid
,

,

for all ranges of stress (30) Since neither basis is well-defined for
'

i .

masonry, the methods for estimating the ultimate strength in the shear

mode of failure can on.y be considered as approximate. The following

subsections are concerned with the shear strength of L reinforced panels i

and the in-plane flexural strength of vertically reinforced walls.
J

!

6.3.1 Diagonal Compression Strength

Oi.c of the earliest methods used for determining the shear

{
strength of masonry walls is shown in Fig. 6.4. The external hold-down

,

force P is applied to resist the overturning moment of the panel.
I

This method was used by several investigators (31'32'33) and formed the
:
1

basis of the standard racking test described in ASTM E72 This.

i

i method provides only a relative measure of the shearing or diagonal

tension strength of a panel and is useful only for comparison with other
!
! panels tested in the same manner. The extent to which the assumed

state of stress is violated is a matter of speculation. A subsequent
:

i variant of this test method involves the use of an internal hold down
!

as shown in Fig. 6.5. In this arrangement, overturning resistance is
,

i derived from the development of adequate bond between the tie-down
!

i.

j steel and the grout.

j Probably the most commonly used technique to determine the
1

| relative shear strength of walls is shown in Fig. 6.6. Other investiga-

tors have used a similar diagonal compression test but added a com- j
,

I pressive load to two opposite edges so as to provide a nominal com-
'

pressive stress 0 .

.

s.--a. s-- - , = - -- , , . . -,- ----n-- , - --------,.--,.,,,----m-m , - , . , , , - , - ,n ,~ -.
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i

The following expressions give the state of stress at the

4

)- center of the square panel loaded as shown in Fig. 6.6:
;

i

0 = - 0.823 i + + (1.556 i) + (6.1)

G = - 0.823 i + - (1.556 i) + (6.2)
3

a= cot ~ (6.3)
_

.

3.112 T
.
.

1

In these expressions 0 is negative for compressive edge stress,

and
!

?

1

; T=0.707f
i

!

j- is always positive. Equation (6.1) is synonymous with Eq. (2.1).
_

Hypotheses for the failure of masonry panels can be examined on
4

. the basis of Eqs. (6.1) and (6.2). If one accepts the premise that

i failure wi .1 occur when the principal tensile stress given by Eq. (6.1)

!
.

reaches a critical value or when the principal compressive stress-
1

,I expressed by Eq. (6.2) exceeds the compressive strength, f , of.the

material then a critical combination of normal and shear stresses may

,

. be obtained to define the failure surface. Although it is more likely
I

! that failure in masonry occurs because of a critical combination of

normal principal stresses (as in concrete), the above theory is
s

adequate for mest practical purposes. In the absence of appreciable'

compressive st?ess, and a state of " pure" shear, it then fol3ows that

|
failure will <>ccur when

|

_ ._ _ _ _, ._..._ .. _ _ ___. - _ . . . _ _ _ _ _ _ _ _ . _ _ , - . , _ . - - , , _ _ _ .
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-

0 =0 = 0.73 Y , (6.4)1 r

Entries in Table 2.4 have been made on the basis of Eq. (6.4)

A critical note may be made on the general applicability of

Eq. (6.4). This equation not only does not recognize the complex state

of. stress resulting from the non-homogeneity of masonry, it is more i

applicable to the types of failure observed in diagonal compression

tests, than to pier tests .

6.3.2 Flexural Strength

The lateral force at which flexural failure of a vertically

reinforced masonry pier will occur can be establisl.ed through methods

common to reinforced concrete. Assuming an ultimate crushing strain

for masonry of 0.003, the flexural yield load P for the reinforced
y

pier in Fig. 6.7 can be obtained as follows:

EA . d.
f (6.5)P =

y H y

where the variables d and H are defined in Fig. 6.7, A is the area
si

' of the vertical reinforcement at location i, and f is the yield
! Y

| strength of the steel. Of course, for T flexural type failure to occur,

premature failure must not have occurred due to shear or bond.

I

'

6.4 Experimental Force Levels

This and following sections provide an analysis of the results

presented in Chapter 5. Given the measureu tLble motion characteristics
!

1

! and the measured structural response, an approximation of the force

|

| levels acting on the resisting elements and connections can be determined.
|
,

From these force levels the stresses at critical locations both at and

- - - - _ _ - _ _ . .. _-. ..-_- - _ . - - _ . .,
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before cracking can be obtained from the theory presented in Sections

6.1 and 6.3. Once cracking of an unreinforced element has occurred,

this method of analysis is no longer valid. Section 6.5 examines the

the post-cracking performance of the cracked unreinforced piers and

panels.

In order to approximate the force levels and stresses on the

various elements of the test structures, the following assumptions

were used.

(1) According to established practice, plywood roof systems are

considered as flexible diaphragms and lateral roof loads

are distributed to the resisting elements on a tributary

area basis. Hence, each in-plane shear wall was assumed

to resist half of the inertia force generated by the roof

structure. In addition to the inertia force of the roof

structure, each in-plane wall was assumed to resist half1

the reaction force at the roof level generated by the

vibration of the out-of-plane walls.

I (2) The maximum inertia force generated by the roof structure

was determined by multiplying the weight of the roof by the

maximum acceleration recorded by the accelerometer located

at the level of the concrete weights (see Figs. 3.5 and 3.6)

This is a reasonable estimate of the inertia force when the

i trusses are parallel to the table motion and is an upper

bound when they are perpendicular.
!
;

(3) The moment which a given out-of-plane wall must resist

arises from self-generated inertia forces. These were

i obtained from the maximum accelerations measured at the
!

i

|

|
- _ - . .. . . . __ _ _ . _ _ _ _ __
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top, two-thirds wall height and the base of the wall,

assuming that the maximum value at each accelerometer

occurred simultaneou31y. A study of the time history plots

of Chapter 5 shows that while this is not strictly true it

is reasonably accurate, and the moments determined from

these readings are within a few percent of the maximum value

obtained from simultaneously occurring accelerations.

(4) Bounds on the uoments that an out-of-plane wall had to

i

resist were obtained by assuming that the top of the walls

had no rotational fixity and that the base had one of two

fixity conditions. In the first case, full fixity was
!

assumed at the footing level (k , see Fig. 6.8(a)),
O

2
and in the second case rotational fixity was neglected

,

(k = 0).
O

2
,

;

(5) To determine the stresses both at and before cracking, the

.

seis-ic forces described above were applied as static loads

and the stresses determined at crack locations. Cracking

!
in most cases was determined from visual inspection after

each test. In some instances and especially at the wall-

footing connection cracking may have occurred before it was
i

visually evident and marked on the sequential crack patterns

of Figs. 5.1 and 5.12.

..

6.4.1 House 1

Significant developments recorded during the testing of House 1

are sv w rized in Table 5.1, and the crack occurrence is shown in

I Fig. 5.1. These data provida a means of visualizing the response

nicchanism from which an assessment of the forces is derived.

-- . - -- - . -- -_
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To aid in the determination of the experimental force levels,

Tables 6.2 to 6.4 contain summaries of maximum displacements and

accelerations recorded for each test. The location at which each

measurement was recorded can be determined from the channel locations

shown in Fig. 3.5. Table 6.2 lists the maximum accelerations and

displacements measured at the top of the in-plane walls: Table 6.3

contains the maximum accelerations at the concrete weight and drywall

ceiling levels; in addition each is expressed as a ratio to the peak

base acceleration. Table 6.4 contains the maximum acceleraticas of

the out-of-plane walls measured at the top and at two-thirds of wall

height. Tables 6.15 and 6.17 provide a summary of the tensile stresses

corresponding to the formation of visually noted cracks.

(A) Out-of-Plane Walls W2 and W4

The maximum moments on W2 and W4 were calculated at 50, 60 and

70 percent of the wall height for each test and are given in Table 6.5.

The moments were calculated for a 1 ft width of wall from the accelera-

tions given in Table 6.4 and the unit weight given in Table 2.1. The

two fixity conditions previously described were used to get upper and

lower bounds. The reaction forces imposed on the connections at the
;

: roof level are also given in Table 6.5.

The moments given in Table 6.5 were based on the assumption that

,

the wall was uncracked and, therefore, are not valid for a wall with a

horizontal joint that is cracked along its length. In this case the

wall vibrates in a manner similar to a three-hinged beam as discussed

in Section 6.5 and requires a greater number of accelerometer readings

over the height to determine moments and connection forces.

.
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The tensile stresses at the crack locations were calculated from

= 0 0fthe moments corresponding to the pinned-pinned assumption (kO
2

Fig. 6.8(a)) since these give an upper bound to the tensile stressee.

The lower axial load regions of the interaction diagrams for the

unreinforced wall W4 and the reinforced wall W2 discussed in Section 6.2

are given in Figs. ' 6.l(a) and (b) , respectively, During the-first

phase of testing (up to Test 13) W2 and W4 were load bearing and the

roof load per unit length of wall was of the order of 480 lb/ft.

During the second phase of testing W2 and W4 were non-load bearing.

Because of the small dead load in comparison to the pure axial capacity,

the flexural capacity of the out-of-plane walls in both phases of test-

ing can be considered to equal the intercept on the horizontal axis of

Figs. 6.l(a) and (b). It should be noted that for the unreinforced

| walls the intercept is directly proportional to the tensile stress
<

normal to the bed joints. For House 1 this was determined indirectly

(Table 2.4) from the diagonal compression test to be 53.2 psi, leading

to a flexural capacity of 3070 lb-in, for a 1 ft width of wall.

During the first twenty tests the maximum moment (Table 6.5) on

a 1 ft wide section was of the order of 1000 lb-in, so that W4 should

not have cracked. However a horizontal crack occurred at the sixth'

course from the top and was visually noted after Test 20; during Test'

f 21 (E-0.31 g) its effect was visibly demonstrated as Fig. 5.4(c)
;

indicates. The tensile stress normal to the bed joint at the crack

location corresponding to the experimentally determined moments of

Test 19 (T-0.25 g) was approximately 11 psi. The maximum moment

resisted by W4 before cracking was during Test 13 (E-0.28 g) when it

was load bearing. The tensile stresses corresponding to the moments

of Test 13 are approximately 21 psi at the mid-height of the wall and
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13 psi at the joint that cracked during Test 19. These values can be

compared with the 53.2 psi determined indirectly from the diagonal

compressive tent and to the UBC allowable values for unreinforced unit

masonry with Type M or S mortar of 6 psi and 12 psi for uninspected and

inspected masonry, respectively.

After W4 was repaired (entire wall covered on both sides with

fiberglass based plaster) the theoretical capacity of the wall could

not be determined since strength characteristics were not determined

for the surface bonding plaster. Cracking reoccurred at the same

location in W4 during Test 27 (P-0.49 g). The moment on the walls at

this stage was of the order of 2000 lb-in, or almost double that when

; the wall first cracked.

The flexural out-of-plane capacity per unit length of the rein-

forced wall W2 was computed to be 7240 lb-in. (Fig. 6.l(b)) for no

axial load. This capacity is based on the assumption of a cracked

reinforced section and is therefore independent of the tensile strength

normal to the bed joint. It is interesting to note from the visual

crack patterns of Fig. 5.1 that the only visual crack in W2 was at the

first joint from the footing. The maximum moment on W2 occurred during

Test 28 (P-0.63 g) and was of the order of 3700 lb-in. This is half

the computed reinforced capacity, but exceeds the computed unreinforced

capacity at which visual cracking would be expected to occur.

(B) In-Plane Walls W1 and W3

The model in Fig. 6.8(b) was used for the analysis of both sides

of the structure of Fig. 3.1. The proportion of horizontal force that

each element would resist was determined from basic principles with

stiffness properties based on overall dimensions. The results, based

._ _ -- _ , , - ,
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on the assumption that all piers were either free to rotate at the top

(k = 0) or fixed (kg = a), are summarized in Table 6.6. As would be
g

expected, W1 and W3 resisted a far greater part of the total force than

the two corners. In the opinion of the authors, the top fixity con-

ditions were closer to being free (k = 0) than fixed, so the propor-g

tion of the total horizontal load resisted by the central wall when it

was uncracked was put at 90 percent. After Test 14 when W3 was repaired

and C2 and C3 were left in their cracked state this proportion was

probably closer to 100 percent. The distribution of load when W3 was

cracked is difficult to assess because the cracked response is non-

linear, as is discussed in Section 6.5.

First significant cracking for W3 occurred during Test 9

(T-0.21 g) along a horizontal joint 2 ft 8 in, above the footing,

(Sec. A of Fig. 6.9). Assuming that W3 responded as a cantilever

element, the flexural tensile stress at Section A determined from the

overturning moment generated by the maximum lateral load of Test 9,

was 42 psi. The maximum stress at this location prior to visual

cracking was 29 psi during Test 8 (T-0.19 g). It should be noted that

a hairline crack was noticed at this joint before testing commenced.

Test 10 (T-0.27 g) was performed with W3 in this cracked condition.
I

! After Test 10, the joint was mechanically blocked to prevent

sliding, and during Test 11 (T-0.28 g) a new crack formed along the

second course above the footing (Sec. A' of Fig. 6.9). The tensile

stress associated with cracking at this location was 64 psi, whereas the

maximum tensile stress prior to visual cracking was 42 psi during

Test 8. Tb calculate the tensile stresses, the mortared area of the

units was used, (i.e. the center web of a full unit was not considered) .
:
I



153

After Test 13, W3 was fully plastered on both sides of the wall with a

fiberglass based plaster and further cracking did not occur until Test

27 (P-0.49 g). The theoretical strength of the repaired wall could not

be determined (see Section 6.4.l(A)).

The shear stresses based on net area when flexural cracks

occurred in W3 were very low, of the order of 9 to 11 psi. For the

repaired wall the net shear stress was approximately 23 psi when

flexural cracks developed.

The shear force associated with yielding of the vertical rein-

forcement in the reinforced wall W1 was 9400 lb with no dead load and

11,600 lb with a dead load of 480 lb/ft. The maximum forces imposed

on W1 were 2700 lb during Test 13 (E-0.29 g) when it was non-load

bearing and 10,100 lb during Test 28 (P-0.63 g) when it was load bear-

ing. The net shear stresses corresponding to these forces are 11 and

29 psi, respectively.

6.4.2 House 2

Significant developments recorded during the testing of House 2

are summarized in Table 5.3 and the crack occurrence is shown in

Fig. 5.12. Tables 6.7 to 6.9 contain summaries of maximum displace-;

ments and accelerations recorded for each test. The location at which

each measurement was recorded can be determined from the channel

locations shown in Fig. 3.6. Table 6.7 lists the maximum accelerations

and displacements measured at the top of the in-plane walls; Table 6.8

contains the maximum accelerations at the concrete weight and drywall

ceiling levels as well as the ratio of these values to the peak base

accelerations. Table 6.9 contains the maximum accelerations of the

out-of-plane walls measured at the top and two-thirds wall height.

-- ._ - . _ _ _ - _ _ - _ _ - _ - _ _ _ _ _ _ _ _
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Tables 6.16 and 6.18 provide a summary of the tensile stresses cor-

responding to the formation of visually noted cracks.

(A) Out-of-Plane Walls Al and B1

The maximun. moments on the out-of-plane walls Al and B1 were

calculated at 50, 60 and 70 percent of the wall height for each test

and are given in Table 6.10. The moments were calculated for a 1 ft

width of wall from the accelerations given in Table 6.4 and the unit

weight in Table 2.1. This assumes that lateral forces are the same at

all points along a horizontal plane. In view of the deformed shapes

given in Fig. 5.16, this assumption can only be regarded as approximate.

Two fixity conditions previously described were used to get upper and

lower bounds on the moments. The reaction forces imposed on the con-

nections at the roof level are also given in Table 6.10.

The moments given in Table 6.10 are based on the assumption that

the wall is uncracked and, therefore, are not valid for a wall with a

. horizontal joint cracked along its length. In that case the wall would

vibrate in a manner similar to a three-hinged beam as discussed in

Section 6.5. The tensile stresses at the crack locations are calcu-

lated from the moments corresponding to the pinned-pinned assumption

(k = 0 in Fig. 6.8(a) ) .
O

2

During the first phase of testing (up to Test 19) Al and El were

non-load bearing. During the second phase of testing, Al and B1 were

load bearing and the roof load per unit length of wall was of the order

of 480 lb/ft. The interaction diagrams for the unreinferced wall Al

and the reinforced wall B1 are given in Figs. 6.2(a) and (b), respec-

tively. Because of the small dead load in comparison to the pure axial

capacity, the flexural capacity of the walls in both phases of testing
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is given by the intercept of the curves on the horizontal axis. It

should be noted that for the unreinforced walls the intercept is

directly proportional to the tensile stress normal to the bed joints.

For House 2 the intercept was determined indirectly (Table 2.4) from

the diagonal compression test to be 147.2 psi, with a resulting

flexural capacity of 8110 lb-in.

Al was noted to have crachel along the eleventh course from the

footing (at the base of the window opening) in the larger pier during

Test 14 (E-0.33 g). The maximum moment on the wall during the test

was of the order of 1100 lb-in. corresponding to a tensile strength of

20 psi normal to the bed joint. The maximum moment occurring at this

joint before cracking was of the order of 970 lb-in. during Test 13

(E-0.29 g) with a corresponding tensile strength of 18 psi. Subsequent

tests when the wall was either non-load bearing or load bearing did not

display the gross out-of-plane wall deformations and hinging action

across this crack that were recorded for W4 of House 1. The tensi3e

strengths corresponding to the cracking condition may be compared with

the UBC allowable strengths for unreinforced unit masonry (with Type M

or S mortar) of 6 psi and 12 psi for uninspected and inspected masonry,

respectively.

The computed out-of-plane flexural capacity per unit length of

the small and large pier of the reinforced wall B1 are 15,760 lb-in,

and 6115 lb-in., respectively, for no axial load. This capacity is

based on the assumption cf a cracked reinforced section and is there-

fore independent of the masonry tensile strength normal to the bed

joint. It is interesting to note from the visual crack patterns of

' Fig. 5.12 that only minor cracking was evident. The maximum measured

!



..

I '156
a

moment on B1 occurred during Test 19 (P-0.51 g) and Test 32 (P-0.52 g)~

and was of the order of 2150 lb-in.
|

(B) In-Plane Walls A and B '

For wall A it can be quickly established that pier D shown in

Fig. 6.10 is the subelement which would resist the bulk of the shear

force. If spandrel beam A is assumed to provide full fixity at the

upper ends of piers B, C, and D then these piers would resist 3.4, 5.7,

and 90.8 percent of the total lateral load. At the other extreme,

when piers B, C, and D are assumed to behave as cantilevers, these

ratios become 1.5, 2.6, and 95.9 percent, respectively. The true value

of the totational fixity at the top.of pier D can only be estimated in

this study.

Assuming the piers to be fixed at both ends, axial loads eri

shears at the middle of piers B, C, and D can be determined as shown

in Fig. 6.10 for a lateral force of 100 lb acting to the left. The

!

capacity of spandrel beam A to impose fixed end conditions on the

middle piers depends on whether piers B, C, and D can develop the axial

! forces depicted in Fig. 6.10 fc both orientations of the force P, and
|

whether spandrel beam A can provide the moment restraint required at

' the tops of the piers. For a force directed to the right in Fig. 6.10,

piers B and C would be in tension and D in compression; whereas for a
:

force to the left, piers B and C are in compression and D is in tension.

Given the formation of horizontal cracks in piers B and C (Fig. 5.12(b)),

it is the opinion of the authors that pier D tended toward a cantilever

response in resisting a force acting acting to the right and toward

rotational fixity 'for a force acting to the left. Consequently the

tensile stresses that existed for Tests 19 (P-0.51 g) and 32 (P-0.52 g)

|
|
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;_ are calculated assuming in Case 1, that pier D is a cantilever, and in

Case 2 that it has rotational fixity at both its top and bottom sections.

These two cases will obviously provide upper and lower limits on the

tensile stresses normal to the bed joint at and before cracking.

A summary of the peaks of roof acceleration at the level of

concrete weights is provided in Table 6.8. It is interesting to note

that the greatest roof load in either truss orientation was recorded

during a simulation of the Pacoima motion: with the roof structure

i spanning between the in-plane wall s, a peak of 1.078 g was recorded
:

during Test 19 (P-0.51 g); after the out-of-plane walls became load

bearing the same motica caused a peak of 0.878 g during Test 32

i
'

(P-0. 52 g) , when failure of wall A took place. In confirmation of the

observation made for House 1, the more flexible orientation of the roof
i

structure (which corresponded to Test 19) represents a more favorable

condition for in-plane walls on two accounts. First, the presence of

a compressive streso an the wall decreases the magnitude of the tensile

stress and causes an apparent increase of strength. Secondly, the

greater dissipation of kinetic energy at the truss support interface

reduces the requirement for transforming part of this energy into

strain energy through the deformation of in-plane w:.11s. In the other

i orientation of the roof trusses both factors are absent: the in-plane

; walls are no longer load bearing and the much greater stiffness of the

roof structure in the direction of motion coupled with a lesser amount

of energy dissipation in the truss implies greater forces being

transmitted into these walls for a given roof acceleration.

The shear force to be resisted by each in-plane wall consists of
I

the inertia force generated by the roof structure and the reaction at

the roof level from the vibration of the out-of-plane walls. For Test 19,

- -
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this force was 9120 lb and for Test 32 it was 7465 lb. Assigning 95-

percent of these forces to pier D of wall A results in a uniform shear

s

stress based on net area of 40 psi and 33 psi for Tests 19 m.d 32,-
'

respectively. The tensile stresses normal to the bed joint at the end

i

of the reentrant corner of pier D for Test 19 were 220 psi if pier D

was assumed as a cantilever and 65 psi if it was assumed to be fixed
,

against rotation at both its top and bottom sections. The corresponding

values for Test 32 were 195 psi and 69 psi, respectively.

These bounds on the tensile stress for Test 32 when major crack-

ing was initiated at the reentrant corner of pier D may be compared

1 with the tensile stress of 147.2 psi measured indirectly from the

I diagonal compressive test and the 6 psi and 12 psi values of allowable

stresses from the UBC for uninspected and inspected reinforced unit

masonry, respectively. It should be noted tha the indirectly measured

tensile strength for this house was substantially greater than that for

House 1.

For wall B it is clear that the large pier resisted the majcr

part of the shear force. During Test 15 (Fig. 5.12(c)) vertical crack-

ing at each side of the spandrel beam was completed and further testing

progressively diminished the fixity on either side of the beam to the

point where the spandrel was no longer capable of providing rotational

constraint. As a result, subsequent analyses of the piers assume that
,

i

j they responded as cantilever elements. Based on this assumption, the

i distribution of shear between the two piers was 96 percent for the

large pier and 4 percent for the small pier.

i

Because wall B contained vertical rebars only at its extreme left

t

and right ends, the theoretical capacity of both the large and small'

piers was dependent on the direction of the applied shear fetce. For a

J -

,. , - - _ , .e- , . - _ . . . , , . _ . - ~ , - -- ,, ,-, . _ - -,w.-
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force to the right as shown in Fig. 6.ll(a) the large pier responded

'

as an unreinforced element, whereas the stall pier was a reinforced

element. For a force in the opposite direction, as in Fig. 6.12(b) ,

the large pier was effectively reinforced and the smail pier was not.

For the unreinforced elements the resistance mechanism and theoretical

capacity depended on the state of cracking along the bottom joints.

When the wall was uncracked the theoretical capacity of the element was

dependent upon the tensile bond strength normal to the bed joints.

When the unreinforced elements were fully or substantially

cracked along a bed joint the mechanism of response to the applied force

was that of a rocking element which has a non-linear response mechanism.

As the pier begins to rock it has to uplift the roof structure thereby

increasing the compressive load on the wall. Shear resistance in this

mode of response was mobilized both by friction across the compressive

zone of the wall and by dowel action of the reinforcing bar.

The theoretical capacity for the small and large piers is given

in Table 6.11 for both the bearing and non-load bearing conditions. The

theoretical capacities for the unreinforced case were based on an
,

uncracked section with a tensile capacity normal to the bed joint of
1

1

147.2 psi which was determined indirectly from the diagonal compression

test. The theoretical capacities for the reinforced case are based on

Eq. 6.5.

I Because cracking at the wall-footing connection was difficult to

identify in this test, it is not marked in Fig. 5.12. Consequently,

t the tensile stresses corresponding to the before and after cracked
i

states cannot be determined. The force levels in B, previously deter-;

i

mined for Tests 19 (P-0.51 g) and 32 (P-0.52 g) were 9120 and 7465 lb,

respectively. Because the value for Test 19 is almost triple the

r

_ _ .
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i

j capacity of the uncracked unreinforced large pier, it is almost certain

i
'

that cracking occurred at the unreinforced end of the pier. It is aleo
I

! clear from Table 6.12 that during the larger base motion tests the

j reinforcement was transferring significant forces to the footings since

; the associated uplift of the footing significantly increased as the

! force level increased, and reached 0.86 in, and 0.40 in. at the right

i. -
and left ends of the panel, respectively, during Test 32 (P-0.52 g).

4

!
|
i 6.4.3 Connection Forces ,

t

The maximum forces transmitted through the connections of House
j

i 1 and 2 are given in Table 6.19. They are expressed in terms of the

! total force, the force / unit length, the force / bolt and the force / truss

because with different types of connections any one of these parameters
|

j may be critical. The magnitudes of the forces from the shaking table
t

} tests are compared with those obtained from the connection test program

in Volume 3 of this series of reports.
i |

| The forces acting on the out-of-plane connections are presented ;

in Tables 6.5 and 6.10. These correspond to the assumption that the

{ out-of-plane walls are hinged at the top and bottom, and therefore are

j upper bound values. The forces on the in-plane connections are obtained
.

from the inertia forces generated in the roof, plus the forces trans-
1
.

] mitted from the top of the out-of-plane walls. These are also upper

bound values since the maximums of both sets of forces are assumed toj

occur simultaneously. Additional conservatism is included from points<

f (2) and (3) discussed at the beginning of Section 6.4.

|
1
- 6.5 Performance of Cracked Unreinforced Walls
f

From the previous section it is clear that considerable variation
^

was observed in cracking of the unreinforced walls due-to significant

e

!
.

, . ._ _ _ . _ . . . _ . _ _ _ . _ - , , _ . . _ _ . . - . _ _ _ _ _ _ . -- _,
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variations in the tensile strength normal to the bed joints. However,

it is also clear that the cracked, unreinforced walls were capable of
4

|
,

resisting the unidirectional motions induced by later tests. In the

cracked condition the unreinforced cantilever type in-plane walls tended

to rock on the cracked section, whereas the unreinforced cracked out-

of-plane walls tended to hinne at the cracked section. The in-plane

wall with a window and door opening was not tested after it cracked.

The question therefore must be addressed as to what constitutes

the limit of satisfactory performance of an unreinforced house. This

section presents a summary of the responea of the cracked unreinforced

in-plane and out-of-plane walls for both Houses 1 and 2. A limitation

of the following discussion is that the walls of the test houses were

subjected to only unidirectional base motions. An assessment of the

effect of two horizontal components of motion must be made when these

results are extrapolated to field conditions.

6.5.1 Out-of-Plane Walls W4 and Al

To aid in the evaluation of the performance of the cracked

unreinforced out-of-plane walls, listings of the maxit.. displacements

are provided for each test for Houses 1 and 2 in Tables 6.13 and 6.14,

respectively. Table 6.13 summarizes the maximum displacements recorded

at the center of W4 at the top, 2/3 and 1/3 wall height. The exact

locations at which the displacements were measured can be seen from the

channel numbers of Fig. 3.5. Table 6.14 summarizes the equivalent

displacements recorded for House 2; seven locations are given for Al

and the exact locations at which the displacements were measured can

be seen from channel numbers of Fig. 3.6.

|
.
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,

Tables 6.15 and 6.16 provide a complete summary of the post-

cracked performance of the unreinforced out-of-plane walls for Houses 1

and 2, including the tensile stresses corresponding to maximum moments

existing at and before cracking, as discussed in Section 6.4.

(A) House 1

For House 1 when W4 was load bearing the only crack that occurred

was at the first joint above the footing during Test 11 (T-0.29 g).

This did not change the primary cantilever response mechanism of the

wall in any subsequent test. When W4 was non-load bearing (after Test

13) it cracked at the 6th course from the top during Test 19 (T-0.25 g)

although this crack was not visually evident until after Test 20.

During Test 20 (T-0.21 g) minor hinging of the wall occurred at the

crack level; however, the deflection at the 2/3 height was only 0.25 in.

During Test 21 (E-0.31 g) significant hinging occurred at the cracked

joint and the displacement at 2/3 wall height was 2 in. The wall was

repaired with the fiberglass based surface bonding plaster after this

test, but cracking reoccurred at the same joint during Test 27 (P-0.49 g).

During the next test (P-0.63 g) no hinging occurred at the crack location.

This is attributed to the residual strength of the repair material after

a crack is visible. During the next and last test, Test 29 (E-0.59 g),

the wall hinged although the displacement was not as large as that,

which occurred during Test 21 (1 in. compared with 2 in.) .

It should be noted that the uisplacements at the top of the out-

of-plane walls are a function primarily of the displacements of the

in-plane walls. However, in the non-load bearing configuration deforma-

tion occurred along the length of the top of the out-of-plane walls due

to the flexibility of the gable end connection. In the tests on House 1

|
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the fixity conditions of the footings were changed after Test 13, and

this had a resultant effect on the displacements at the top of both the

in-plane and out-of-plane Mall s. When comparing the displacements at

the top of the out-of-plane walls it should also be noted that the

I
displacement during Test 21 (E-0.31 g) was as great as that of Test 29 |

(E-0.56 g) and was of the order of 0.70 in. During Test 21 (E-0.31 g)

more significant hinging occurred in the cracked wall and this probably

caused the greater displacement recorded at the top of the wall.

(B) House 2

For House 2 the unreinforced out-of-plane wall Al had a different
]

configuration from that of W4 of House 1. cracking was first noted
,

after Test 14 (E-0.33 g) when this wall was non-load bearing, in the

4 ft 8 in, pier at the joint continuous with the bottom of the window. j

|
As can be seen from Table 6.16, no subsequent test (in either the non- 1

load or load bearing configuration) produced the hinging effect that

| was evident in W4 of House 1. During Test 32 no hinging was evident

#

although large displacements occurred as a result of the failure of the i

in-plane wall A. It is not clear why the hinging effect did not occur

in House 2 although it is postulated that the location of the crack at

the bottom of the window level was a significant factor. The panel

below the window must have provided a restraining effect because the |
|

! small pier on its left side was not cracked at this level. j

As seen from Table 6.14, ti.e displacements at the top of the out-

of-plane walls never exceeded 0.5 in. except for Test 32; for all tests I

l
I with a peak acceleration less than 0.4 g they were less than 0.33 in. I

Displacements at the top of the out-of-plane walls, when the in-plane

I

walls were load bearing were approximately half those that occurred for

. - - , - - -
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comparabic tests when the in-plane walls were non-load bearing. This

is attributed to the difference in the response mechanisms of the in-

plane walls rather than to the response rechanisms of the out-of-plane

walls.

(C) Summary

An important aspect of the response mechanism of the out-of-plane

walls resulting from hinging at the crack location can be seen in the

displacement time history plots of Ilouse 1 shown in Figs. 5.3(c) and

5. 4 (c) for Tests 19 and 21, respectively. These plots give the dis-

placement history at the top and 2/3 wall he.ght locations for W4 of

flouse 1. In the uncracked condition the response of the wall is sub-

stantially in phase with the applied base motion, indicacing a rigid

type response. During Test 21, however, when the cracked wall was

hinging significantly, the period of the wall increased and this in-

crease appears to be related to the amplitude of response. The period

varied between 0.3 and 0.5 see and the wall was subjected to 15 half

cycles of the longer pericd response with an amplitude greater than

0.5 in, oc the 2/3 wall height. Three of the half cycles had an ampli-
,

!

tude greater than 1.0 in, near the crack location. It can be seen from

the response spectra of Fig. 4.3 for llouse 1, Test 21 (E-0.31 g) that

the period range of the cracked wall lies within the higher ordinates of

the response spectrum.

An assessment of the hinging effect is important if unreinforced

walls are to be used in any seismic zone. The response mechanism is

non-linear in that it appears to be amplitude dependent, the amplitude

of response,therefore, is dependent on the magnitude and frequency con-

tent of the base motion in the period range of the cracked wall.
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On the other hand, the cracked unreinforced wall Al of House 2

'

did not hinge at all and as the displacement time history plots of

Figs. 5.13(c) to 5.15(c) and Table 6.14 indicate, the displacement at

2/3 wall height was essentially in phase with the applied base motion

' and always less than the top displacement.

6.5.2 In-Plane Walls W3 and A

To aid in the evaluation of the perfornance of the cracked un-

reinforced in-plane walls, the results of tests in the cracked state

for Houses 1 and 2 are summarized in Tables 6.17 and 6.18, respectively.

The displacement information for these tables was obtained from Tables

6.2 and 6.7.

(A) House 1

) For House 1 the first 13 tests were performed with the in-plane

walls non-load bearing and with the footings of the in-plane walls free
i

to uplift. After Test 13 the footings were restrained from uplifting.

4

W3 first cracked during Test 9 (T-0.21 g) along a joint 2 ft 8 in, above

the footing when the maximum shear stress on the wall was 9 psi. Test

10 (T-0.27 g) was performed with the wall in the cracked condition.

I
Visible rocking cccurred at the crack location and slight crushing

;

developed at each end of the wall; however, no permanent slip occurred'

j along the joint. The maximum net shear stress on the wall during this

test was 9 psi.

The wall was mechanically prevented from slipping at the cracked

joint after this test, as shown in Fig. 5.2. During Test 11 (T-0.29 g)

a new crack developed along the first joint above the footing when the

maximum net shear stress was 11 psi. Two additional tests were performed

in this cracked state: Test 12 (E-0.14 g) and Test 13 (E-0.28 g).. Again

.-- - - . . - - . . . ._. __ ,
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the wall visibly rocked along the cracked joint and no permanent slip

i occurred. The maximum not shear stresses on the wall during these two

tests were 5 and 11 psi, respectively. Additional cracks shown in

Fig. 5.1 developed at the 5th and 6th joints above the footing during ;

Test 13; the cause of these cracks is not clear in view of the fact that

the wall rocked on the lower joint. The wall was repaired with the

fiberglass based plaster after Test 13 and the roof was rotated so the

walls became load bearing.
I

In the repaired and load bearing state, W3 cracked again at the
(
.

) second joint above the footing during Test 27 (P-0.49 g). Two sc%

sequent tests were performed in this cracked state: Test 28 (P-0.63 g)
,

(
*

and Test 29 (E-0.59 g). Although the wall rocked and crushing was

evident at the ends of the crack, it did not permanently slip. The<

! maximum net shear stresses on the wall during these two tests were 29

; and 25 psi, respectively,

i The maximum displacements at the top of the wall during tests

_

when the wall was cracked were 0.40 in. for Test 10 and 0.28 in. for
<

Test 13 when the wall was non-load bearing and the footings were free

|
i to uplift. Uplift of the footings was not observed, however, and the

displacements are attributed to the rocking mode of response. When the

wall was cracked and load bearing, the displacements at'the top were

0.70 in. for Test 28 and 0.37 in, for Test 29.

(B) House 2

For House 2 the large pier of B acted as an unreinforced element

for a force acting to the right in Fig. 6.ll(a) and as a reinforced

element for a force acting to the lef t in Fig. 6.11(b) . The displace-

l- monts in the right and left directions (as shova in Fig. 6.11) for all

|
|
[

!
'

l

!

.- - . . . ., --. . ., .. -.. -- -
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1

-tasts are presented in Table 6.7 and a summary of the performance is

given in Table 6.18. In assessing these results it should be poted

that the footing of B was bolted to the shaking table with bolts spaced

6 ft apart and located.5 ft from either end of the footing. As a result

i

the dowelled reinforcement at each end of the panel caused the footing
i

to uplift and the magnitude of uplift is given in Table 6.12.

I

In the load bearing configuration the displacements to the right

for the large pier of B when it responded as an unreinforced element,

were 0.04 in., 0.07 in, and O 28 in, for the E-0.45 g, T-0.40 g and

P-0.51 g sequence of base motions, respectively. The corresponding net

shear stresses on the large pier were 26, 26 and 35 psi, respectively.

When the same panel was non-load bearing the displacements increased

;

] significantly for corresponding base motions. The displacements for the

T-0.26 g, E-0.37 g and P-0.52 g base motions were 0.16 in., 0.35 in. and

1.07 in., respectively. The corresponding net shear stresses on the

large pier were 16, 24 and 29 psi, respectively.
7

A comparison of the displacements given in Table 6.7, of the
i

! large pier responding as an unreinforced element (forces to the right)

!
and as a reinforced element (forces to the left), shows that the displace-

ments in the former case were almost always less than or equal to those
,

in the latter case. This is a direct result of the uplift of the foot-,

| ing and should not be attributed to the effect of reinforcement.
I

During Te t 32, wall A of Houre 2 failed dramatically with the for-s

'

mation o# diagonal crack from the reentrant corner of the window pro-

pagating toward the footing, (Fig. 5.12(i). This failure mechanism was

associated with a permanent displacement of approximately 1 in. and the
i

performance was considered unacceptable. Initial crack'ng at the re-i

entrant corner of the window is attributed to a concentration of tensile

_ _ _ - ____ _ ._ . ___ _ _ , _
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i i

I

stresses. Since it also occurred in Houses 3 and 4, this is postulated
i

; to be a typical mode of failure for walls with the geometric configura-
t

tion of wall A. Unfortunately no base motion tests were performed in,

i

the range 0.15 to 0.30 g with wall A cracked, so its performance in the

cracked condition could not be determined.

(C) Summary

| Unlike the out-of-plane walls which hinged at the crack locations

the rocking mode of response of the cracked unreinforced in-plane walls

was essentially a rigid body notion. The displacement time histories at
l

the tops of the walls, in Figs. 5.6(d) and 5.9(d) for Tests 10 and 13 of

) House 1 and in Figs. 5.l''.*_ 5.14(b) and 5.15(b) for Tests 14,17 and

4

30 of House 2, vare essentially in phase with the applied base motion.

i

The mechanism of rocking is such that as the wall tends to rock

it uplifts the roof structure, thereby increasing the compressive load .

|
'

on the wall. No permanent slip occurred along the cracked joint for not

shear stresses on the pier of up to 30 psi for House 1 and 35 psi for t

House 2, although it should be noted that in House 2 one end of the wall

was reinforced. The amplitudes of rocking displacements at the top of'

j'
the walls depended on whether the walls were load bearing or non .isad

bearing. For base motions with peak accelerations of the order of 0.30 g,

the displacements at the top of non-load bearing walls were 0.3 to 0.4

in. The displacements for load-bearing walls in corresponding tests were

j 0.04 to 0.08 in. For base motions with peak accelerations between 0.50 g

and 0.65 g the displacements at the top of the non-load bearing walls

were 0.7 to 1.0 in. For load bearing walls the corresponding displace-
;

t

,
ments were 0.3 to 0.7 in.

!

-- -_ . - _ . _. -. - ,_ _ .-- - .- - __ - . _ _ _ _ . .
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For the base motion at which A failed, (P-0.52 g), the per-

formance was considered unacceptable because of the 1 in. permanent

displacement that occurred. Obviously the base motion at which this

mode of failure will occur depenas on the tensile strength of the

material in the vicinity of the reentrant corner.

6.6 Performance of Partially Reinforced Walls

From Section 6.4 it is clear that the performance of partially

reinforced walls is superior to unreinforced walls; for all the tests
,

performed on Houses 1 and 2 satisfactory performance was obtained for

all partially reinforced walls. This section presents a summary of the

response of the partially reinforced in-plane and out-of-plane walls

for both Houses 1 and 2.

6.6.1 Out-of-Plane Walls W2 and B1

To aid in the evaluation of the performance of the partir.11y

roinforced walls, listings of the maximum displacements are provided
i

for each test for Houses 1 and 2 in Tables 6.13 and 6.14, respectively.

Table 6.13 summarizes the maximum displacements recorded at the center+

of W2 at the top, 2/3 and 1/3 wall height. The exact locations at which

the displacements were measured can be seen from the channel numbers of

Fig. 3.5. Table 6.14 summarizes the equivalent displacements recorded

for House 2; five locations are given for B1 and the exact locations at

which the dispiacementc were measured can be seen from channel numbers

of Fig. 3.6.

(A) House 1

For House 1, W2 was load bearing for the first 13 tests and non-

load bearing for the remainder. As can be seen from Table 6.13, W2
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responded to all base motions in a " cantilever mode" response mechanism.

The displacement at the 2/3 wall height never exceeded the top displace-
1

ment and the only visible crack that occurced in the wall was at the

i
i first course above the footing (see Fig. 5.1).
I

! It should be noted that the displacements at the top of the out-
J

of-plane walls are a function primarily of the displacements of the in-
;

;

plane walls although in the non-load bearing configuration there was.

deformation along the length of the top of the out-of-plane walls due

to the flexibility of the gable end connection. In the tests on House 1

|

|
the fixity conditions of the footings changed during the sequence of

1

j tests with a resultant effect on the displacements at the top of both

the in-plane and out-of-plane walls. After Test 13 the footings of both
I
i

in-plane walls were restrained from uplifting, whereas prior to this
;

t

{ they were free to uplift.

i

! A comparison of the responses of the unreinforced and reinforced
|

| out-of-plane walls from Table 6.13 shows that when the unreinforced wall
;

was uncracked the responses were almost identical. When the unreinforced
i

wall was repaired and still uncracked (Tests 22 to 27), the out-of-plane
'

displacements of the repaired wall were 30 to 50 percent less than those

of the reinfcrced wall. This reduction is attributed to the additional

stiffness provided by the repair material.

(B) House 2

For House 2, B1 was non-load bearing for the first 19 tests and
i

load bearing for the remainder. As can be seen from Table 6.13 and Fig.

5.16, B1 was subjected to sone twisting along its length in addition to

out-of-plane displacements as a result of the difference in displace-

ments of the in-plane walls. With this mcde of response, the displacement

- - . . - .- -- - - , . . - - , - _ . - . , . - . - . . . -. . - . . . . . - . . -
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at the 2/3 wall height never exceeded the top displacement and along the
i

length of the wall the vertical displacement profile was essentially a
i

straight line. The very large displacements that occurred during Test

32 are attributed to the failure of the in-plane wall A.

Only minor cracking was observed in bi, as rhown in Fig. 5.12.

This occurred at the bottom of the small ' pier, at the right end of the

beam connecting the two piers and toward the top right side of the large
,

pier. These cracks were all visible prior to Test 32, and the 3 in,

displacement recorded at the top of the out-of-plane walls during Test

32 did not produce any additional cracks.

(C) Summary
f

The performance of the partially reinforced out-of-plane walls#

in Houses 1 and 2 was very satisfactory. The displacements at the top

of the walls in House 1 reached a maximum of 0.42 in. when they were

non-load bearing and 0.72 in when they were load bearing and the

i associated cracking was insignificant. For House 2, again only minor

cracking occurred even though differential out-of-plane displacements -

(twisting) occurred along the top of the wall; the maximum relative
,

displacement was 0.08 in, when the walls were non-load bearing and 0.27

in. when they were load bearing. The maximum total out-of-plane dis-

placements were 0.41 in. when the walls were non-load bearing and 3.05

in. when they were load bearing. Both partially reinforced walls

i responded essentially as ricid body elements in that the displacement

time histories of the walls, were essentially ir phase with the base

motion as shown in Figs. 5.6(c) and 5.9(c) for Tests 10 and 13 of House

1 and Figs. 5.13 (f) , 5.14(f) and 5.15(f) for Tests 16, .17 and 30 of

House 2.

. - .- -.- - -,. -, . . _ ___
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6.6.2 In-Plane Walls W1 and B

The pc-formance of the partially reinforced in-plane walls isa

i
1

discussed in terms of the displacements at the top of the walls listed

'

in Tables 6.2 and 6.7, and the crack p7ttern diagrams shown in Figs.

5.1 and 5.12.

,

(A) llouse 1-

', !

For llouse 1, W1 was non-load bearing up to and including Test 13,

: and was load bearing for the remainder of the tests. Also, up to and

including Test 11 the footing of W1 was free to uplift. After Test 11

it was bolted to the shaking table.'

I

The displacements of both the reinforced and unreinforced walls'

up to Test 11 were approximately the same and that of W1 reached a

maximum of 0.36 in, during Test 11 (T-0.29 g) when footings of both walls

were free to uplift. After the footing of W1 was bolted to the shaking

- table the displacements at the top of the wall decreased dramatically,

a?mcst by an oroer of magnitude. During Test 13 (E-0.28 g) the dis-
;

!

: placement was 0.05 in.

| When W1 was load bearing with its footing bolted to the shaking

i

j table the maximum displacement recorded was 0.09 in. during Test 28

:
(P-0.63 g) . Minor visible cracking occurred at the wall footing con-,

nection and a cmall crack occurred at about the 1/3 height on the left

side of the wall.,

i
The horizontal force which would induce yielding of the vertical

,

reinforcement was 9410 lb when the wall was not carrying dead load and

11,580 lb when subjected to the 480 lb/ft de 'd load. _The maximum forces
'

transmitted to W1 were 3695 lb during Test 13 when it was non-load

bearing and 10,060 lb during Test 28 when it was load bearing, and

]

!
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therefore yielding of the vertical reinforcement probably did not occur.

The net shear stresses on the wall sections associated with these forces

were 11 psi and 29 psi, respectively.

(B) House 2

For House 2 the large pier of B acted as a reinforced element

i for a force acting to the left in Fig. 6.ll(b); a detailed discussion

of its response and a comparison with the performance in the opposite

direction is given in Section 6.5.2 (B) . In summary the displacements

recorded in the reinforced direction were greater than in the unrein-

forced direction as a result of the uplift of the footing. (The results

obtained subsequently for House 3, in which the footing was more firmly

anchored, indicate that the displacements in the reinforced direction

were less than in the unreinforced direction.)

In the load bearing configuration, the displacements to the left

for the large pier of B (when it was responding and uplifting the foot-

ing as a reinforced element) were 0.13 in. , 0.21 in and 0.40 in, for

the E-0.45 g, T-0.40 g and P-0.51 g base motions, respectively. The
:

corresponding net shear stresses in the pier were 26, 26 and 35 psi,,

respectively. When the wall was non-load bearing the displacements

'

increased significantly for corresponding base motions; for the T-0.26 g,

E-0.37 g and P-0.52 g base motions the displacements were 0.25 in., 0.31

in, and 1.06 in., respectively. The corresponding net shear stresses
;
;

I were 16, 24 and 29 psi, respectively.

The horizonta? force inducing yielding of the vertical reinforce-

ment would be 7740 lb with no dead load and 8715 lb with the dead load

of 480 lb/ft. The maximum forces transmitted to the wall were 7465 lb

during Test 32 when it was non-load bearing, and 9120 lb during Test 19

- _ - - -
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|

| when it was load bearing; therefore the vertical reinforcement probably

; yielded during one or two cycles of load.

The small pier of wall B responded as a reinforced element for'

forces acting to the right in Fiq. 6.ll(a). Sionificant forces were

transmitted through the dowel for forces in this direction as attested

by the uplift of the footing,given in Table 6.12, at this end of the

wall. The actual distribution of forces between the small and large

l
' piers in this direction is difficult to assess because of the rocking

response of the large pier.

(C) Summary

The performance of the partially reinforced in-plane walls in
|

.

Houses 1 and 2 was very satisfactory. Both W1 in House 1 and P in
1

House 2 responded as cantilever type elements; the deflections at the

top of the walls were dependent on the fixity of the footing to which

they were dowelled, the intensity of the base motion and the presence

of dead load. The displacements of both walls increased sinnificantly

when they were non-load bearing and when the footings were permitted toi

'

uplift.

Both partially reinforced walls responded essentially as rigic

body elements in that the displacement time histories at the top of the

1
walls were essentially in phase with the base motions, as shown in Figs.

! 5.6 (d) and 5.9(d) for Tests 10 and 13, respectively, of House 1 and

S Figs. 5.13 (b) , 5.14 (b) and 5.15 (b) for Tests 16, 17 and 30, respectively,

of House 2.

No permanent displacements of the walls occurred and cracking was

minor during all tests. The maximum net shear stresses developed in the

walls were 11 psi for W1 of House 1 when it was non-load bearing, and j

i

.

Y

t

1.
I
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29 psi when it was load bearing. The corresponding values for B of

House 2 where 29 and 35 psi, respectively. The vertical reinforcement

may have yielded for one or two cycles of load during Test 19 of Housi

2; however, no yielding of the vertical reinforcement occurred in any

other test.

.

I 6.7 Amplification of Peak Base Acceleration

During all tests on Houses 1 and 2 accelerations were measured

at the ceiling and concrete weight levels of the roof, at the top of
,

the in-plane walls, and at the top and 2/3 wall height of the out-of-

plane walls. Peak values of the accelerations measured at the ceiling

and concrete weight levels are given in Tables 6.3 and 6.8 for Houses 1'

and 2, respectively. Figures 6.12 and 6.13 are plots of these maximum

values expressed as ratios to the peak table accelerations for Houses 1
i

and 2, respectively. Por each figure two plots,(a) and (b), are given;

(a) summarizes the tests when the roof trusses were parallel to the

table motion, and (b) refers to tests when they were perpendicular to

the table motion.

Peak values of the accelerations measured at the top of the in-

plane walls are given in Tables 6.2 and 6.7 for Houses 1 and 2, respec-
,

tively. Figures 6.14 and 6.15 are plots of these maximum values

expressed as ratios to the peak table accelerations for Houses 1 and 2,

respectively. As with the roof accelerations, separ?.te plots are pre-

i

sented for the two different orientations of the roof trusses.

Peak values of the accelerations measured at the top and 2/3 wall

height of the out-of-plane walls are given in Tables 6.4 and 6.9 for

Houses 1 and 2, respectively. Figures 6.16 and 6.17 are plots of these

maximum values expressed as ratios to the peak table accelerations for

- _. _ _ , _ . . _
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| Ilouses 1 and 2, respectively. Each figure contains four plots; for the

two locations at which the accelerations were measured a plot is pro-,

vided for each crientation of the roof trusses.

The influence of short pulses of accelerations associated with

impact after uplift is included to some extent in Figs. 6.12 and 6.17.

Where possible, such uncharacteristically high peaks were omitted from

the figures by inspection of the time history plots; however these
,

; g lots were not available for all tests so not all the uncharacteristically

high values could be removed.

6.7.1 Peak Roof Accelerations

Figures 6.12 and 6.13 provir:e an overview of the structural

rerponse, whereas Figs. 6.14 to 6.2 7 provide information on the response

of individual elements. The following obcervations are presented with

respect to the overall structural response:

(1) The amplification factor measured at the roof level appears

to be independent of both the type of base motion and the

peak table acceleration.

(2) The amplification factor at the concrete weight level

generally was greater than at the ceiling level; this

difference was increased when the roof trusses were oriented

transverse to the table motion.

(3) The variations in the amplification factors at the top of

the in-plane walls were not directly related to those,

obtained at the center of the roof level.

(4) For both flouses 1 and 2, the range of the amplification

factors at the roof level was greater when the roof trusses

!

.__
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i
were oriented transverse to the table motion (in-plane

walls load bearing). This was due to the greater flex-

ibility of the roof system with this orientation of the

roof trusses. The range of the roof amplificttion factors

for the transverse roof orientation, considering both the

; ceiling and concrete weight levels was 1.3 to 2.4 for House

1, and 1.2 to 2.5 for House 2. For the roof orientation

i

parallel to the table motion the corresponding ranges of

amplification factors were 1.1 to 2.0 for House 1 and 1.3

| to 2.3 for House 2.

6.7.2 In-Plane Wall Accelerations

Plots of the peak accelerations for the in-plane walls, expressed

as ratios to the peak table accelerations, are presented in Figs. 6.14

and 6.15 for Houses 1 and 2, respectively. These plots graphically

illustrate the response observed for the in-plane walls and discussed
,

in Sections 6.4, 6.5 and 6.6.

For House 1 when tF2 in-plane walls were non-load bearing, the

'

footings were free to uplitt and W3 was cracked for 5 of the first 13

tests. Under these conditions significant variations were obtained in
,

the amplification factors as shown in Fig. 6.14 (a) . When the un-

reinforced wall W3 was repaired and the in-plane walls became load

bearing there was virtually no amplification at the top of either in-

plane wall. The maximum amplification factor recorded was approximately

1.3 with a range of 0.9 to 1.3.

For House 2 vhen the in-plane walls were non-load bearing the

acceleration amplification factors reflected the larger displacement

response of B. The range of the amplific . ion factor for B was 1.3
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| to 3.5, whereas for the more rigid wall A it was 0.9 to 1.3. When the

in-plane walls were load bearing the difference in the amplification

factors for the two walls decreased, and for most tests the amplifica-

tion was between 1.0 and 1.5, a range similar to that observed in House:

1.

6.7.3 Out-of-Plane Wall Accelerations

Plots of the peak accelerations for the out-of-plane walls,

expressed as ratios to the peak base accelerations, are presented in

Figs. 6.16 and 6.17 for Houses 1 and 2, respectively. These plots pro-

vide another means of understanding the response of the structure, in

particular the response of the out-of-plane walls. In evaluating these
-

1

figures it should be noted that the displacements at the top of the

out-of-plane walls are governed by the response of the in-plane walls.

Also, if the out-of-plane walls are non-load bearing a small amount of

| additional flexibility arises from the support of the gable end trusses

at the top of the walls.

For House 1 with the out-of-plane walls load bearing the ampli-

fication factors at both the top and 2/3 wall height generally showed

the same trends observed for the in-plane walls (see Fig. 6.14(a)).

The amplification factor at the 2/3 wall height was generally less than

that at the top of the wall although in a few tests it was not. When

the out-of-plane walls were non-load bearing the amplification factors
,

at both the top and 2/3 wall height were greater than those obtainedd

for the in-plane walls (see Fig. 6.14 (b)), and this is attributed to the

flexibility of the out-of-plane gable end roof truss attached at the top

; of the wall?. The range of amplification factors except for the last

two tests was 1.3 to 2.3 at the top of the wall and 1.1 to 2.1 at 2/3

4
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wall height. The corresponding range for the in-plane walls was 0.9

to 1.3.

Trends in the results for Housc 2 are not as clear as those for

House 1, because they were affected by the locations at which the

accelerations were recorded. For Al the acceleration at the top of the

wall was recorded at the center of the wall (Channel 80 of Fig. 3.6)

and the acceleration at 2/3 wall height was measured at the center of

the 4 ft 8 in. pier (Channel 79 of Fig. 3.6) . For Bl the acceleration

at the top of the wall was measured at the center of the spandrel beam

(Channel 82 of Fig. 3.6) and the acceleration at the 2/3 wall height

was measured at the center of the larger pier (Channel 81 of Fig. 3.6) .

Thus the accelerations at the top of the walls were measured close to

the center of the walls, whereas at the 2/3 wall height the measurements
<

for Al were made closer to the more flexible in-plane wall B, while for

B1 they were made closer to the more rigid in-plane wall A. The dif-

ference associated with the different measurement locations was more

pronounced when the in-plane walls were non-load bearing. With this as

background the observations for House 2 are as follows.

With the trusses transverse to the motion (in-plane walls load

bearing, out-of-plane walls non-load bearing) , the amplification factors

at the top of the out-of-plane walls followed the same trends obtained

for the in-plane walls (see Fig. 6.15(a)) , although the values, and also

the range, were slightly greater because of the additional flexibility

of the gable end connection. The amplification factors at the 2/3 wall

height were similar ~but slightly lower than those at the top of the wall.

The range of the amplification factors at the top of the walls for most

of the tests was 1.2 to 2.5, whereas for the 2/3 wall height the range

for most of the tests was 1.0 to 2.0.
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When the trusses were parallel to the motion considerable '

L

variation was observed in the amplification factors r.easured both at
'

!

the top and at 2/3 wall height. The range of values was considerably

greater than was observe 1 for the in-plane walls, although the trends

were similar. The range of amplification factors at the top of the
;
'

walls was 1.0 to 4.0, and at the 2/3 wall height it was 1.0 to 3.0.
:

The range of values for both the in-plane walls was 0.9 to 2.5.

4
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TABLE 6.1

ALLOWABLE FLEXURAL TENSILE STRESSES IN NATIONAL CODES
(UNa'EINFORCED BRICK MASONRY)

Mortar Type, Allowable Stress in
Code Mortar Mix (C:L:S) Tension Flexure

or Strength psi

Parallel to Normal to
bed joints bed joints

1976 USA M or S 72* (36) * * 36* (18) * *
Uniform Building N 56* (28) * * 28* (14)**
Code

1970 Canada
National M or S 72 36
Building Code N 56 28

Britain (and
Australia) 1:1:6 or better 20 10

(to be used with caution)

Only execption-
Germany 1:0:4 28

ally permitted

f0 5 95-12.4.** Not permittedSwitzerland
.2-3.7

* * #
Japan m

1:2:5 32 or less than gy

*

Special inspection required

**
No special inspection required

***
At mid-height of a story height panel

From Reference (5)

u
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TABLE 6.2

MAXIMUM ACCELERATIONS AND DISPLACEMENTS AT THE 70P OF IN-PLANE WALLS OF HOUSE 1

Test Base W1 W3 Ratio Ratio W1 W3

No. Accel. Accel . (97) Accel.(88) Wl/ Base W3/ Base Displ (63) Displ(62)

g g g in in

1 T-0.002 0.000 -0.013 --- ---- 0.000 0.000

2 T-0.026 0.000 0.038 --- 1.462 0.000 0.000

3 T-0.050 0.000 0.067 --- 1.34 0 0.000 0.000

4 T-0.066 -0.071 -0.074 1.076 1.121 0,003 -0.006

5 T-0.089 -0.108 0.118 1.213 1.326 -0.005 -0.012

6 T-0.122 -0.159 0.164 1.303 1.344 -0.009 -0.022

7 T-0.147 -0.183 0.236 1.245 1.605 -0.019 -0.041

8 T-0.190 -0.241 0.256 1.268 1.347 -0.040 -0.058

9 T-0.214 -0.391 -0.398 1.827 1.860 -0.135 -0.143

10 T-0.269 0.704 -0.640 2.617 2.379 0.344 -0.397

11 T-0.285 -0.732 0.892 2.568 3.130 0.361 0.303

12 E-0.140 -0.381 -0.279 2.721 1.993 0.007 0.072

13 E-0.282 -0.619 0.758 2.195 2.688 0.047 -0.277

14 T-0.051 0.055 0.051 1.078 1.000 0.001 -0.001

15 T-0.062 0.081 0.077 1.306 1.242 -0.001 0.001

16 T-0.092 0.103 0.094 1.120 1.022 0.002 -0.003

17 T-0.119 0.135 0.142 1.134 1.193 0.003 -0.004

18 T-0.193 0.244 0.199 1.264 1.031 -0.011 -0.008

19 T-0.248 0.306 0.271 1.234 1.093 -0.019 -0.014

20 E-0.209 0.198 0.223 s.947 1.067 0.014 0.009

21 E-0.311 0.336 0.362 1.080 1.164 0.022 -0.013

22 E-0.214 0.216 0.239 1.009 1.117 0.013 0.009

23 E-0.323 0.396 0.343 1.226 1.062 0.023 -0.013

24 E-0.455 -0.434 0.417 0.9 54 0.916 0.029 -0.019

25 P-0.247 -0.279 -0.251 1.130 1.016 0.021 0.011

26' P-0.386 -0.422 -0.422 1.093 1.093 0.038 0.020

27 P-0.492 -0.544 -0.599 1.106 1.217 0.051 -0.112

28 v-0.627 -0.799 0.780 1.274 1.244 0.084 -0.700

29 E-0.592 0.637 1.075 0.036 -0.369

Note: The numbers in brackets associated with the designation of each wall measurement correspond to
the channel nusbers located in Fig, 3.5.
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TABLE 6.3

MAXIMUM ROOF ACCELERATIONS AT THE CONCRETE WEIGHT AND
DRYWALL LEVELS FOR HOUSE 1

Test Base Weight Level Drywall Level Ratio Ratio
No. Accel. Accel.(90) Accel.(86) Weight Drywall

g g g Base Base

1 T-0.002 0.000 0.011

2 T-0.026 0.002 -0.045 1.731

3 T-0.050 0.001 0.073 1.460

4 T-0.066 0.080 -0.080 1.212 1.212

5 T-0.089 -0.117 0.118 1.315 1.326

6 T-0.122 -0.157 0.159 1.287 1.303

7 T-0.147 -0.214 0.208 1.456 1.415

8 T-0.190 -0.269 -0.259 1.416 1.363

9 T-0.214 0.397 -0.412 1.855 1.925

10 T-0.269 -0.432 -0.403 1. 6' 4 1.498

11 T-0.285 0.449 -0.456 1.575 1.600

12 E-0.140 0.245 -0.248 1.750 1.771

13 E-0.282 0.556 -0.538 1.972 1.908

14 T-0.051 -0.080 -0.083 1.569 1.627

15 T-0.062 0.097 0.113 1.565 1.823

16 T-0.092 -0.143 -0.161 1.554 1.750

17 T-0.119 -0.211 -0.209 1.773 1.756

18 T-0.193 -0.373 -0.304 1.933 1.575

19 T-0.248 -0.562 2.266

20 E-0.209 0.431 2.062

21 E-0.311 0.622 0.480 2.000 1.543

22 E-0.214 0.415 -0.285 1.939 1.332

22 E-0.323 0.601 -0.654 1.861 2.025

24 E-0.455 0.727 -0.849 1.598 1.866

25 P-0.247 0.564 0.503 2.283 2.036

26 P-0.386 0.834 0.677 2.161 1.754

27 P-0.492 0.914 0.931 1.858 1.892

28 P-0.627 1.162 1.836 1.853 2.928

29 E-0.592 0.994 1.679
:

Note: The number in brackets associated with tha designation of each wall
measurement corresponds to the channel number located in Fig. 3.5

. _ ,
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TABLE 6.4

MAXIMUM ACCE! ERAT 10NS AT 70P AND 7WO THIRDS WALL HTT"ET OF OUT-OF-PLANE WALLS FOR HOUSE 1

Test Base W2 W2 W4 W4
No. Accel. Top Accel.(81) 2/3 H-Accel (83) Top Accel.(84) 2/3 H-Accel. (85)

9 9 9 9 9

2 T-0.026 0.042 0.038 0.038 0.030
3 T-0.050 0.074 0.077 0.072 0.066
4 T-0.066 0.083 0.069 0.083 0.069

5 T-0.081 0.017 0.114 0.118 0.103
6 T-0.122 0.158 0.138 0.151 0.145

7 T-0.147 0.206 0.176 0.207 0.175
8 T-0.190 0.244 0.220 0.251 0.364

9 T-0.214 0.405 0.357 0.392 0.357

10 T-0.267 0.382 0.370 0.395 0.375
$ 11 T-0.285 0.420 0.432 0.456 0.661

12 E-0.140 0.256 0.218 0.233 0.190
'

13 E-0.282 0.563 0.390 0.459 0.469

14 T-0.051 0.088 0.076 0.091 0.080
o

15 T-0.062 0.093 0.082 0.101 0.085

16 T-0.092 0.144 0.130 0.129 0.127

j 17 T-3.119 0.202 0.180 0.189 0.162

18 T-0.193 0.289 0.263 0.254 0.224

19 T-0.248 0.38# 0.309 0.345 0.312

20 E-0. 2 09 0. 422 0.355 0.463 0.314

21 E-0.311 J.658 0.563 0.521 0.617

22 E-0.214 0.397 0.296 0.299 0.261

23 E-0.323 0.601 0.493 0.427 0.360

24 E-0.455 0.822 0.698 0.687 0.532

25 P-0.247 0.514 0.442 0.4C6 0.334

26 P-0.386 0.788 0.539 C.697 0.533

27 P-0.492 0.824 0.683 0.774 0.667

28 P-0.627 1.784 1.416 1.987 1.456

29 E-0.592 1.184 1.525 1.907 1.130

Note: The numbers in brackets aswiated with the designation of each wall measurement correspond
to the channel numbers located in Fig. 3.5.
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TABLE 6.5

MAXIMUM OUT-OF-PLANE WALL MOMENTS AND CONNECTION FORCES: HOUSE 1

WALL W4WALL W2

k ==
k 0 k =* k =

O g 8 g
y

2

Test
No. Teof Max. Moment,( lb-in./ft Roof Max. Moment, Ib-in./ft Roof Max. Moment, Ib-in./ft Roof Max. Moment, lb-in./ft

Connec- - Connec- Connec- Connec-

tion x/H tion x/H tion x/H tion x/H
Force Force Force

Force ( 2) 0.6 = 0.7
Ib/ft = 0.5 = 0.6 = 0.7 lb/ft = 0.5 = 0.6 = 0.7 lb/ft = 0.5 = 0.6 = 0.7 lb/ft = 0.5 a

10 43 1,058 1,031 915 33 538 616 603 44 1,071 1,045 928 33 545 624 612

11 46 1,115 1,084 960 35 64 643 630 47 1,169 1,155 1,083 - - - -

13 50 1,080 1,072 971 40 557 654 657 51 1,215 1,201 1,076 40 629 733 725 5
w

19 39 936 910 808 30 473 540 530 38 933 905 801 29 471 536 524

21 67 1,568 1,541 1,380 52 804 930 921 67 1,528 1,520 1,430 - - - -

23 59 1,356 1,338 1,202 47 697 811 806 44 1,048 1,023 911 34 533 611 602

24 83 1,906 1,880 1,688 65 981 1,140 1,133 67 1,540 1,511 1,352 52 785 a07 899

26 61 1,474 1,4 34 1,27J 47 745 851 836 68 1,584 1,548 1,382 53 804 924 913

27 84 2,011 1,963 1,746 65 1,021 1,170 1,151 73 1,786 1,734 1,536 63 998 1,141 1,120

28 163 3,474 3,501 3,202 132 1,830 2,186 2,216 173 3,702 3,639 3,339 141 1,897 2,275 2,317

29 147 3,660 3,627 3,240 114 1,916 2,232 2,194 153 3,167 3,162 2,888 124 1,635 1,937 1,969

Motes:(1) These moments are based on the assumption that the wall was uncracked. For panels with a full horizontal joint crack the moments
could not be calculated because insuf ficient acceleration read'.ngs were measured over the beight of the wall.

(2) Roof connection forces r.re given per foot length of the connection.

1 .s

I
i
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TABLE 6.6

PERCENTAGE OF LATERAL IDAD RESISTED BY MASONRY
ELEMENTS: IIOUSE 1

C2 or C4 W1 or W3 Cl or C3

"O =0 kB== kB=0 k0"" NO=0 kB""

4.1 7.2 91.7 85.6 4.1 7.2

Note: 'Ibtal lateral force in Fig. 6.8(b) is P = 100 lb

|

I

|
|
|

|
|

I

I
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TABLE 6.7

MAXIMUM ACCE12 RAT 10NS AND DISPLACEMEffrS AT 1HE 10P OF IN-F1JLNE WALLS FOR HOUSE 2

I

Test Base A B Ratio Ratio A B B

No. Accel. Accel . (83) Accel.(84) A/ Base B/ Base Displ.(42) Right Left
g g g in. Displ.(48) Displ.(48)

ir. . in.

2 T-0.030 -0.045 -0.038 1.500 1.267 0.000 +0.001 -0.001

3 T-0.059 -0.061 0.072 1.034 1.220 0.0u1 +0.001 -0.002

4 T-0.117 -0.146 0.143 1.248 1.222 -0.002 +0.004 -0.005

5 T-0.160 0.156 0.177 0.975 1.106 -0.003 +0.005 -0.006

6 T-0.178 0.186 0.221 1.045 1.242 -0.003 +0.007 -0.010

7 T-0.232 0.249 0.250 1.073 1.078 0.005 +0.009 -0.014

0 T-0.241 0.264 0.316 1.095 1.311 0.007 +0.012 -0.029
1

9 T-0.280 0.276 0.451 0.986 1.611 0.009 +0.018 -0.064

10 E-0.132 0.133 0.137 1.008 1.038 0.004 +0.009 -0.009

11 E-0.168 0.171 -0.164 1.018 0.976 0.005 +0.013 -0.016

12 E-0.207 0.236 -0.264 1.140 1.275 0.007 +0.017 -0.023

13 E-0.285 0.315 -0.559 1.105 1.961 0.011 +0.024 -0.042

14 E-0.331 0.334 0.354 1.009 1.069 0.013 +0.028 -0.056

15 E-0.452 -0.456 -1.288 1.009 2.850 0.016 +0.042 -0.131

16 T-0. 4 00 0.383 -1.224 0.958 3.060 0.021 +0.066 -0.214

17 P-0.268 -0.269 -0.331 1.004 1.235 0.012 +0.033 -0.054

18 P-0.385 -0.400 -0.620 1.039 1.610 0.025 +0.105 -C.158
19 P-0.505 -0.533 -1.773 1.055 3.511 0.049 +0.284 -0.4 00
20 T-0.059 0.051 0.084 0.864 1.373 0.002 +0.007 -0.006

21 T-0.076 0.068 0.125 0.895 1.645 0.003 +0.011 -0.018

22 T-0.119 0.106 0.174 0.891 1.462 0.005 +0.019 -0.037

23 T-0.156 0.193 -0.245 1.237 1.571 0.008 +0.030 -0.062

24 T-0.188 0.169 0.315 0.899 1.676 0.011 +0.049 -0.079

25 T-0.227 0.201 0.390 0.885 1.718 0.017 +0.079 -0.125

26 T-0.262 0.248 -0.559 0.947 2.134 0.035 +0.162 -0.248

27 E-0.140 0.156 -0.342 1.114 2.443 0.016 +0.082 -0.076
28 E-0.212 0.256 -0.495 1.208 2.335 0.031 +0.153 -0.147

29 E-0.304 0.297 -0.599 0.977 1.970 0.044 +0.235 -0.209

30 E-0.370 0.390 -0.861 1.054 2.327 0.070 +0.350 -0.308

31 P-0.258 -0.279 -0.605 1.081 2.345 0.04 0 +0.261 -0.188

32 P-0.519 -2.506 -1.077 4.829 2.075 1.115 +1.067 -1.061

Notes: (1) The right and lef t deflections for the displacements of Panel B refer to the directions
looking at the outside face of Panel B.

(2) The number in brackets associated with the designation of each wall seasurement '

corresponds to the channel number located in Fig. 3.6.

l

I
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TABLE 6.8

MAXIMOM ROOF ACCELERATIONS AT THE CONCRETE WEIGHT AND
DRYWALL LEVELS FOR HOUSE 2

Test Base Weight Level Drywall Level Ratio Ratio
No. Accel. Accel.(87) Accel.(88) Weight Drywall

9 9 ? Base Base
1

2 T-0.030 0.055 0.047 1.833 1.567

3 T-0.059 0.079 -0.079 1.339 1.339

4 T-0.ll7 -0.182 0.160 1.556 1.368

5 T-0.160 -0.237 0.230 1.481 1.438

6 T-0.178 -0.294 0.268 '.652 1.506

7 T-0.232 -u.371 0.317 1.599 1.366

8 T-0.241 -0.480 0.476 1.992 1.975

9 T-0.280 -0.604 -0.574 2.167 2.050

10 E-0.132 0.270 -0.250 2.045 1.894

11 E-0.168 0.394 -0.385 2.345 2.292
.

4

12 E-0.207 0.42- -0.410 2.043 1.981

13 E-0.285 0.572 -0.579 2.007 2.032

14 E-0.331 0.565 0.622 1.707 1.879

15 E-0.452 0.808 0.746 1.788 1.650
,

16 T-0.400 -0.821 -1.098 2.053 2.745

17 P-0.268 0.525 -0.428 1.959 1.597

18 P-0.385 0.920 -0.932 2.390 2.421

19 P-0.505 1.078 -2.170 2.135 4.297

20 T-0.059 0.081 -0.080 1.373 1.356

21 T-0.076 -0.113 0.117 1.487 1.539

22 T-0.119 -0.172 0.167 1.445 1.403

23 T-0.156 -0.225 0.224 1.442 1.436

24 T-0.188 -0.272 0.284 1.447 1.511

25 T-0.227 0.368 -0.360 1.621 1.586

26 T-0.262 0.517 -0.492 1.973 1.878

27 E-0.140 0.310 -0.292 2.214 2.086

28 E-0.212 0.483 -0.479 2.278 4.259

29 E-0.304 0.575 -0.569 1.891 1 972

30 E-0.370 0.759 -0.735 2.051 1.986

31 P-0.258 0.498 -0.468 1.930 1.814

32 P-0.519 0.878 -0.817 1.692 1.574

Note: The number in brackets associated with the designation of each wall
measurement corresponds to the channel number located in Fig. 3.6

. - _ _ - -. _ _ _ - -
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| TABLE 6.9
1

) MAXIMUM ACCE1IRATIONS AT 10P AND 1WO TJIRDS WALL HEIGHT OF OUT-OF-PLANE WALLS FOR HOUSE 2

i
Test Base Al Al B1 B1
No. Accel. Top Accel.(80) 2/3 H-Accel.(79) top Accel.(82) 2/3 H-Accel.(81)-

f 9 9 9 9 9 |

|
'

2 T-0.030 0.057 0.041 0.061 0.039 !

' 3 T-0.059 0.093 0.064 0.078 0.070 |

|4 T-0.117 0.165 0.150 0.160 0.138

I 5 T-0.160 0.230 0.210 0.214 0.170 |
6 T-0.178 0.243 0.219 0.231 0.229

,

7 T-0.232 0.298 0.2PO 0.275 0.263

L T-0.241 0.521 0.443 0.420 0.296
Y 9 T-0.280 0.496 0.414 0.492 0.322

10 E-0.132 0.191 0.159 0.168 0.150
11 E-0.169 0.248 0.186 0.241 0.208

? 12 E-0.207 0.2' O.239 0.237 0.226

13 E- 0. 285 0.3.6 0.342 0.430 0.362

14 E-0.331 0.393 0.366 0.437 0.345

15 E ' .452 . 0.583 0.592 0.625 0.513

16 T-0.403 0.553 0.450 0.487 0.461

17 P-0.268 0.587 0.448 0.570 0.378
18 P-0.385 0.863 0.703 0.944 0.557

19 P-0.505 1.450 1.144 1.145 0.697
20 T-0.059 " a'') 0.076 0.074 0.068

21 T-0.076 0.115 0.120 0.091
22 T-0.119 0.13L 0.152 0.157 0.135 |

23 T-0.156 0.236 0.206 0.231 0.185
- 24 T-0.188 0.236 0.224 0.244 0.225

25 T-0.227 0.290 0.298 0.362 0.352
! 26 T-0.262 0.355 0.378 0.411 0.312

; 27 * -0.140 0.286 0.194 0.217 0.178
28 E-0.212 0.458 0.367 0.471 0.275

29 E-0.304 0.600 0.422 0.626 0.336
30 E-0.370 0.687 0.538 0.621 0.445
31 P-0.258 0.451 0.366 0.391 0.322'

32 P-0.519 1.00( l.110 0.844 0.938

Note: The number in brackets associated with the designation of each wall measurement corresponds
to the channel number located in Fig. 3.6.
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TABLE 6.10

MAXIMUM OUT-OF-PLANE WAIL MOMENTS AND CONNECTION FORCES: HOUSE 2

WALL Al WALL B1
_.

k 0 k =* k =0 k ==
O O g g

2 2
Test
No. Roof Max. Momentf1Ilb-in./ft Roof Max. Moment, Ib-in./ft Roof Max. Moment, lb-in./ft Boof Max. Moment, lb-in./ft

Connec- Connec- Connec- Connec-
tion x/H tion x/H tion x/H tion x/H
Force Force Fo rce Force'
Ib/ft = 0.5 = 0.6 0.7 lb/ft = 0.5 = 0.6 = 0.7 lb/ft = 0.5 = 0.6 = 0.7 lb/ft = 0.5 = 0.6 = 0.7

=

8 32 830 824 708 25 421 477 463 38 869 849 759 28 414 484 482
12 29 730 705 621 22 367 415 403 28 700 675 594 21 352 396 384
13 38 974 939 825 29 489 552 535 41 981 949 841 31 492 559 548

w14 45 1,132 1,093 961 34 569 642 624 44 1,074 1,037 916 34 538 608 594 c)
O15 69 1,744 1,691 1,492 52 882 1,002 975 64 1,540 1,500 1,332 50 780 891 876

16 58 1,402 1,358 1,201 44 7t5 801 783 56 1,407 1,360 1,198 42 708 801 778
17 56 1,286 1,265 1,135 44 657 762 758 51 1,140 1,119 1,006 40 580 671 669
18 86 1,973 1,942 1,741 67 7.,012 1,173 1,165 79 1,697 1,672 1,510 63 863 1,005 1,010

19 139 3,111 3,083 2,781 110 1,606 1,879 1,879 98 2,136 2,099 1,891 77 1,084 1,258 1,260

24 27 679 657 579 21 342 388 377 27 681 659 582 21 343 369 379
26 42 1,080 1,049 925 31 499 574 563 39 954 925 818 30 450 519 515

53 1,121 1,121 1,022 42 583 691 699 48 953 956 878 39 493 588 602
65 1,448 1,438 1,300 52 749 879 880 55 1,353 1,312 1,159 42 683 775 757

32 107 2,405 2,387 2,248 - - - - 99 2,149 2,125 1,993 - - - -

Icotes: (1) These moments are based on the assumption that the wall was uncrackea. For panels with a full horizontal joint crack the moments
could not be calculated because insuf ficient acceleration readings were measured over the height of the wall.

(2) Boof connection forces are given per foot length of the connection.
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I TABLE 6.11

THEORETICAL CAPACITIES OF PIERS IN WALL B FOR HOUSE 2

,

Unreinforced-Uncracked Reinforced

I With DL Without DL With DL Without DL
f

Large Pie:- 3770 lb 3230 lb 8715 lb 7740 lb

Small Pier 465 lb 355 lb 2380 lb 2275 lb

t
-

(1) Dead Ioad

,

.

1

F

i

!

!

!

!

!.
,

i

!

1

4

!

i

6

(

!

!

!
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TABLE 6.12

MAXIMUM UPLIFT OF FOOTING UNDER WALL B FROM TABLE: HOUSE 2

Test Uplif t at Right Uplift at Left
Sequence End, in. End, in.

27 0.048 0.001

28 0.099 0.018

29 0.146 0.038

30 0.215 0.066

31 0.121 0.031

32 0.859 0.399

Note: Left and right ends refer to the directions
looking at the outside face of Panel B.
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TABLE 6.13

VERTICAL DISPLACEMENT PROFILES FOR OUT-OF-PLANE WALLS OF HOUSE 1

WALL W4 WALL W2

Channel No. 40 46 61 37 52 58

Test Max. Horiz. Acc. Disp. 'IC Disp.-MC Disp.-BC Disp.-TC Disp.-MC Disp.-BC
No. g in. in. in. in. in. 'in.

1 T-0.002 0.002 0.001 0.002 0.002 0.001 0.000

2 T-0.026 0.003 0.001 0.002 0.003 0.003 0.000

3 T-0.050 0.003 0.001 0.002 0.003 0.003 0.001
! 4 T-0.066 0.009 0.004 0.003 0.010 0.008 0.002
'

5 T-0.089 0.016 0.009 0.004 0.017 0.011 0.004
6 T-0.122 0.026 0.01f 0.006 0.027 0.020 0.007
7 T-0.147 0. 04 3 0.030 0.011 0.052 0.033 0.013
8 T-0.190 0.072 0.047 0.021 0.071 0.051 0.020

9 T-0.214 0.184 0.125 0.055 0.186 0.128 0.054
,

10 T-0.269 0.427 0.282 0.129 0.423 0.280 0.124
!

11 T-0.285 0.395 0.264 0.123 0.403 0.253 0.117
12 E-0.140 0.081 0.051 0.020 0.080 0.054 0.022
13 E-0.282 0.275 0.180 0.079 0.282 0.185 0.082
14 T-0.051 0.011 0.009 0.006 0.017 0.009 0.004
15 T-0.062 0.013 0.010 0.006 0.012 0.010 0.005

16 T-0.092 0.018 0.014 0.009 'O.021 0.016 0.008
17 T-0.119 0.026 0.020 0.011 0.031 0.025 0.012,

i

j 18 T-0.193 0.046 0.035 0.019 0.050 0.043 0.021

19 T<-0. 248 0.067 0.065 0.031 0.078 0.057 0.028

L 20 E-0.209 0.129 .O.253 0.118 0.055 0.054 0.027
21 E-0.311 0.698 1.961 0.866 0.118 0.080 0.038

| 22 E-0.214 0.032 0.018 0.009 0.065 0.057 0.028
I 23 E-0.323 0.059 0.037 0.016 0.108 0.091 0.044

24 E-0.455 0.093 0.062 0.028 0.154 0.125 0.061
25 P-0.247 0.056 0.035 0.016 0.079 0.063 0.030
26 P-0.386 0.093 0.061 0.025 0.134 0.094 0.046,

! 27 P-0.492 0.172 0.113 0.052 0.225 0.160 0.076
28 P-0.627 0.751 0.513 0.239 0.721 0.487 0.229

| 29 E-0.592 0.659 1.095 0.493 0.434 0.379 0.192

i ete: 1) The channel numbers and locations are shown in Fig. 3.5

2) TC, MC, and BC refer to the top, middle and lower center of the wall.

|
!
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TABLE 6.15

PERFORMANCE OF UNREINFORCED OUT-OF-PLANE WALLS OF HOUSE 1

House and Panel State of Test Test Deflection Deflection Tensile Stress Description ommen s
Tensile Stress and/or Cracking No. Input at Top of at 2/3 Height at Crack of Crack

of 3ubassemblage Pier Cracked Wall of Cracked Location
Wall

in. in, psi

'* * ** * * * ### * " * ~

11 T-0.29 g 0.40 0.26
In nd Cracking mid-height joint above tural significance but is

Bearing footing. consistent with the assump-
tion that the out-of-planeAt 13 E-0.28 g 0.28 0.18 25 at

Cracking walls are hinged at their
bases.

House 1 W4 8' Wide At A t e ma mum ..A e stress
19 T-0.25 g 0.07 0.07 11

Non-load Cracking course, 24" prior to cracking was 13 psi

53 psi Bearing from the in Test 13. W1 was repaired $
from After 20 T-0.21 g 0.13 0.25 top. over the full height of the u

, N/A
j diagonal Cracking wall after Test 21. The top

21 E-0.31 g 0.70 1.96 deflections are less in thiscompression
series of tests as the foot-teat
ings were bolted after Test 13.

At 6thW4 8' Wide Beftre
~ * !^ cause de suengd pro-9 " * course, 24"Non-Load Cracking perties of the repair material

| Bearing from the ' " "" *
l Repaired At

- .
top.

/A m espon & g are notg . .

Cracking applicable.

After 28 P-0.63 g 0.75 0.51 N/A
# "9 29 E-0.59 g 0.66 1.10

Note: T, E and P in column five refer to the Taft, El Centro and Pacoi:na earthquake motions, respectively.

|
|

|

|

|
|
|



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

TABLE 6.16

PERFORMANCE OF UNREINFORCED OUT-OF-PLANE WALLS OF HOUSE 2

House and Panel State of Test Test Deflection Deflection ' Tensile Stress Description
Tensile Stress and/or Cracking No. Input at Top of at 2/3 Height at Crack of Crack Comments
of Subassemblage Pier Cracked Wall of Cracked Location

#
in. in. psi

4'-8" Pier Before A th There were pre-existing13 E-0.29 g 0.09 0.04 18
of Al Cracking course from cracks at the top of the
Non-Load footing at small pier on the left of the
Bearing At the level of window. The displacements of

14 E-0.33 g 0.10 0.05 20
Cracking the bottom this pier were similar to

H se 2 ,

of the those measured for the 4'-8" ya
C'After 15 E-0.45 g 0.18 0.08 window pier. Crack wa.; not repaired.

#^ "9
from 16 T-0.4 0 g 0.26 0.12 N/A
diagonal

19 P-0.51 g 0.45 0.20
compressior
**

T-0.26 g 0.24 0.16 At lith The large deflections that4'-8" Pier After ''

A racking ' ' " '9 * *
30 E-0.37 9 0.35 0.24 N/ALoad as orig- footing attributed to the in-plane

Bearing inal was 32 P-0.52 g 2.80 1.90 failure of wall A.
not re-
paired

Note: T, E and P in column five refer to the Taft, El Centro and Pacoima earthquake motions, respectively.

__ -
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TABLE 6.17

PERFORMANCE OF UNREINFORCED IN-PLANE WALLS OF HOUSE 1

House and Panel State of Test Test Deflection Net Shear Tensile Stress Description

Tensile Stress and/or Cracking No. Input at 'Ibp of Stress on at Crack of Crack Comments

of Subassemblage Pier Wall Panel Mcation

in. psi psi

Before 29 2'-8" Along joint During Test 10 slight
W3 T-0.19 g 0.06 6

Cracking from footing 2*-8" above crushing occurred at the
Non-Load 42 at the the footing ends of the cracked joint
Bearing footing but no permanent displace-

ment occurred. Slip along

At this joint was mechanically
9 T' - I 4 9 prevented af ter Test 10Cracking

10 T-0.27 g 0.40 9 N/A
c eHouse 1

No significant permanent dis-A
11 T-0.29 g 0.30 11 64 Along joint

placement occurred duringNon-Load Cracking 8" above the53 psi Tests 12 and 13. AdditionalBearing -

f
,

from g
diagonal (Slip prevented After cracks formed at the 5th and

12 E-0.14 g 0.07 5 N/A
compre ssion at cracked Joint) Cracking 6th joints from the footing

13 E-0.28 9 0.28 11 N/A during Test 13. The wall was
test repaires and the roof rotated

afte Test 13.

^* ^ 95' " E' " E** U
27 P-0.49 g 0.11 22 N/A

toad Bearing Cracking 8" above the occurred during Tests 28 and

and Repaired footing 29 although crushing was

After * * * * *" * U *
28 P-0.63 g 0.70 29 N/A

Cracking walls. Strength properties

29 E-0.59 g 0.37 25 N/A were not available for the
repair material.

Note: T, E and P in column five refer to the Taft, El Centro and Pacoima earthquake motions, respectively.



-. ._ _ . m . _.

I
1

i

|

TABLE 6.18

PERFORMANCE OF UNREINFORCED IN-PLANE WALLS OF HOUSE 2

House and Panel State of Test Test Deflection Net Shear Ten ile Stress Description
Tensile Stress and/or Cracking No. Input at Top of Stress on at Crack of Crack Comments
of Subassemblage Pier Wall Panel Loca cion

in. psi psi

6' Pier of Before 0 Cant. No crack Roof was rotated after this19 P-0.51 g 0.05 35Panel A Cracking 65 F.E. fo rmed test.
Load Bearing

6' Pier of Before x. ress g na ere was a ne inch per-30 E-0.37 g 0.07 29Panel A Cracking as for from manent displacement in panel
Non-Load Test 19 reentrant after Test 32 and no further
Bearing corner tests were performedHouse 2

^ "" '32 P-0.52 g 1.12 29
147 psi Cracking 69 P.E. p,

from $6' Pier of At and 15 E-0.45 g R=0.04 L=0.13 26 None No cracks were identified butdiagonal
Panel B After 16 T-0.40 g R=0.07 L=0.21 26 N/A identi fied were assumed to exist. No per-compression

test L ad Bearing Cracking 19 P-0.51 g R=0. 28 L=0. 4 0 35 manent displacements occurred
for 'the tests given.

6' Pier of 26 T-0.26 g R=0.16 L=0.25 16 None No permanent displacements
Panel B 30 E-0.37 g R= 0. 3 5 L=0.31 24 N/A identified occurred for the test results
Non-Load 32 P-0.52 g R=1.07 L=1.06 29 given.
Bearing

Notes: (1) H in column six refers to the deflection to the right in Panel B looking at the exterior face of the panel

(2) L refers to the deflection to the left

(3) Cant. is the tensile stress calculated on the assumption that the pier is a cantilever, whereas F.E. refers to the |

condition of rotational fixity at the top and bottom of the pier.

(4) T, E and P in column five refer to the Taft, El Centro and Pacoima earthquake mations, respectively.

|

!
|
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TABLE 6.19

FORCES ON CONNECTIONS IN HOUSES 1 AND 2

. Test No. Total Force per Force Force
Connection House Test Force Unit Length (1) per Bolt (2) per Truss (3)

Type
Input lb lb/ft lb lb

est 28
1 9930 620 1985 1105

In-Plane E-0.59 g

Load Bearing
Test 19

2 9125 570 1825 1015
P-0.51 g

5est 13 *
1 4575 285 915 N/AIn-Plane E-0.28 g

Non-Loaa 2;;;2ng
Test 32

2 7580 475 1515 N/AP-0.52 g

**
1 410 25 80 35

Out-Of-Plane E-0.28 g

Load Bearing
Test 32

2 1035 65 205 115
P-0.52 g

est 28
1 1305 80 260 N/AOut-Of-Plane E-0.59 g

Non-Load Bearing
Test 19

2 1345 85 270 N/A
P-0.51 g

Notes: (1) The length of the connections was 16 ft

(2) The number of bolts was 5

(3) The number of trusses was 9



200

30,000 -

fs = 1,113 PSI

fi = 53.2 PSIm
J

0~ 20,000 -

o
4
O CRACKING LINE

f} = 0J

$ ' 'UU
-

7 ; = 53.2 PSIf
<

I I I I0
O 10,000 20,000 30,000 40,000

MOMENT, LB-lN

(a ) UNREINFORCED

30,000 -

f5 = 1,113 PSI

f = 54,000 PSIm y

As= 2 #4 @ 8'i 20,000 -

O

8
J
J
I 10,000 -

U

I0
O 10,000 20,000 30,000 40,000

MOMENT, LB-IN

( b) REINFORCED

FIGURE 6.1 INTERACTION DIAGRAMS FOR OUT-OF-PLANE WALLS OF IIOUSE 1

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



201

30,000 -

f' = 2,085 PSI

f' = 147.2 PSI
J

~

0 20,000 -

@ CRACKING LINE

3 f' = 0,
J f' = l47.2 PSI
I 10,000 -

4 f

M
#O
O 10,000 20,000 30,000 40,000 50,000

MOMENT, LB-IN

(a ) UNRE!NFORCED - WALL A1

30,000 -

f' = 2,085 PSI

f = 59,250 PSIm y
J

~

a 20,000 -

o

| 8
| A = 1 # 4 $ 5'-4"J

s' J
4- 10,000 -

! <

A = | # 4 $ 2'- C"'s
! !O

O 10,000 20,000 30,000 40,000 30,000

MOMENT, LB-IN
|

(b) REINFORCED-WALL B1

FIGURE 6.2 INTERACTION DIAGRAMS FOR OUT-OF-PLANE WALLS OF HOUSE 2

_ _ _ _ _ _ _ _ _ _ _ _ _



202

300 -

O

C
m
Q- O

*
~ 200 -

e eW

s * *.
F- XQ- * xD Sg

O%gT
ALL xOp $

o X
m o E3 x m A* x
_J 10 0 -

y OD *
o ^ O agO x

X2 9

A TYPE M OR S MORTAR
TYPE N MORTAR j

I I |0
0 1000 2000 3000

MORTAR COMPRESSIVE STRENGTH (PSI)

FIGURE 6.3 COMPARISON OF EXPERIMENTAL AND CODE MODULUS OF RUPTURE
VALUES FOR CLAY BRICK



203

Py

r?, P !nn
~

li
~

Ifl |lf
I

I
If
g|Ilf

if| Ilif
|

P P l!Vg g _
_

'
I i

EXTERNAL HOLD DOWN INTERNAL HOLD DOWN

FIGURE 6.4 FIGURE 6.5

P

4 4 + + + + 4 & " |P
Je

u

| dy Y

dx
x

|

P tttttttta"

&c

RACKING PANEL WITH
EDGE LOAD

FIGURE 6.6

|

_ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _



204 1

dj =
d. <

'
d i

d+P i

[' l' "I i*

j l |
'

I I | |,

t i I I i
H I I I |

| | | |
| | 1 :

I I I I

I i | |
"

| | | !

| | | | |
5 I
" lyn

i
O.3%

$ I f
58 A

f,, )
NEUTRAL AXIS~

APPROX.3%
,

/

FIGURE 6.7 ASSUMED STRAIN DISTRIBUTION
FOR REINFORCED IN-PLANE WALLS

._



205

kg

a\ i'T

\ { kx

\
'

a2/3{

\:
\:

( B

ah2as 7

(0)

_

k k k k
B B g B

P= LOO gg
_

- w e s < -

RIGID LINK

C4 C1
OR WI OR W3 OR

l C2 C3

I I I I I I

(b)

FIGURE 6.8 ANALYTICAL WALL MODELS FOR IIOUSE 1

.______ _ .-__- - -_ _ ___._ _. _ _ _



.

206
.

96": >

P
_

a -A n

72"
104" 96"

A sr

if,

,r

1 I

FIGURE 6.9 CRACK LOCATIONS IN WALL W3 OF HOUSE 1

!

--

, _ . _ . . _ _ _ _ _ _ - - . . . _ -



i
I

207

19 2"* >

24" 32" 16" 48" 72"= = = = == = = = =

sk h
A 16"

S

C D 46",
B I

o
18 4"_ _ _ _ _ _ _ _ _ _

Jk

E 40"

v v

P= LOO
_

' a

64"

75.7
|

-

* 97.8 |
t_ __ __ _ _ _ __ _J "

F = 133.4 C F=33g
F=20g

& L' / / / / / / / / / / / / / / / / / A

75IN 2 50lN2 226 IN2

FIGURE 6.10 FORCE DISTRIBUTION IN WALL A OF HOUSE 2



208

2

_ - _ - - _ - _ - - m

,; , j.

I" | - -- -- -- -- - -- 4 !i u
,

LEFT li I | RIGHT
i

f*lL NO. 4 j
fj~

,

REINFORCEMENT 'i

li l
,

I"

I |ANCHOR BOLTS
8UPLIFT r

||

~'~Im- - ,

5 L:
iiiii :/ 7 ~ - ||///////

5' - - 6,' ' ~ -' 5, m

(a )

=
____ -y2,

| ; I l i

I i \\
I I

\ ll
l ! | NO.4 | |
| REINFORCEMENT =:

_'

l ,|' |
I
i

I I
I ll

!
|

! | UPLIFT
-' ~ ~ __'r

Il
-

__ -g.& A

// //// / / / ////////////

(b)

F URE 6.11 DEFORMED SHAPE oy yALL B FOR HOUSE 2



209

3

z5
p

W <t
e Z
W W
J

~

Aw eW &o o
N 8*o e g o TAFT,9 ga w
J A EL CENTROO mi _

0 PACOIMA% %
A FILLED IN SYMBOL REFERS TOM y

$ <I THE WEIGHT LEVEL; A BLANK
SYMBOL K USED FOR THE CEILINGa

I I I I I I
O
O O.I O. 2 0.3 0+ 0.5 0.6 0.7

PEAK TABLE ACCELE RATION, g

(a) TRUSSES PARALLEL TO MOTION
3 g

z5
r

4 e s% a

Eo o' g O ^
8 8 h. o A A
<I ^g j o TAFT

E h
- A EL CENTROo C

I

O PACOIMA
M M A FILLED IN SYMBOL REFERS TO

h j THE WEIGHT LEVEL; A BLANK
1 SYMBOL IS USED FOR THE CEILINGa

I I I I I I
O
O O.1 0.2 0.3 0.4 0.5 0.6 0.7

PEAK TABLE ACCELERATION, g

(b) TRUSSES TRANSVERCE TO MOTION

FIGURE 6.12 ROOF AMPLIFICATION FACTORS FOR If00SE 1

|
|

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



210

3

Z$ o
p

W 4 h
x x . m

- O E A, a

8 s
^,; e o ^o .

4 w 8 o o o TAFT
o J A EL CENTRO

I -

O PAColM A$
y A FILLED IN SYMBOL REFERS TO
q 4 THE WEIGHT LEVEt ; A BLANK
W SYMBOL IS USED FOR THE CEILINGw1 1

| I I I Io
O 0.1 0.2 0.3 0.4 0.5 0.6

PEAK TABLE ACCELERATION, g

(a ) TRUSSES TRANSVERSE TO MOTION
3

| z$
| 9 p
| k 4 A 8

2 - A &g g
W Ei w g

i 0 0 Q O
0 8O 4 9 o TAFT

g 3
_

O PAColMA
A EL CENTRO

O O
E h A FILLED IN SYMBOL REFERS TO
M

<M
THE WEIGHT LEVEL; A BLANK

4 SYMBOL IS USED FOR THE CEILINGg

'a | I I I I
'

o
O 0.I 0.2 0.3 0.4 0.5 0.6

PEAK TABLE ACCELERATION, g

| (b) TRUSSES PARALLELTO MOTION
1

FIGURE 6.13 ROOF AMPLIFICATION FACTORS FOR HOUSE 2



211

3

O Ob
ga .

J m aJ w2
h ds

-

# 0
w o e

5 8 *
. . s 3O Oy j g o TAFT

00 1 - a EL CENTROg
- N O PACOlM A

N M BL ANK SYMBOLS DENOTE WALL WI

h FILLED IN SYMBOLS DENOTE WALL W3W

I I I I I I
O
O O. I O.2 0.3 0.4 0.5 0.6 0.7

PEAK TABLE ACCELERATION, g

(a ) TRUSSES PARALLEL TO MOTION

3
- z o TAFT
O 9 a ELCENTRO

k O PACOIM A
#

j % BL ANK SYMBOL i DENOTE WALL WI
j2 FILLED IN SYMBOLS DENOTE WALL W3<I

3 w
w a
Qz

h $i
'

.g @ it 9 8_o 8 8 a
*z g

E x
4

w[CL!

I I I I I I
l O
| O O.I O.2 0.3 0.4 0.5 0.6 0.7

PEAK TABLE ACCELERATION, gi

(b) TRUSSES TRANSVERSE TO MOTION

FIGURE 6.14 IN-PLANE WALL AMPLIFICATION FACTORS FOR HOUSE 1



212
|

j
|

3 *

dh BL ANK SYMBOLS DENOTE WALL A A

p FILLEDIN SYMBOLS DENOTE WALL 8
o TAFT

d @4 A EL CENTRO

h d2 - O PAColM A
w o

k *
o

d 'i i.=. . . .

8h M O[ 8 O A Eh 1 - O g

E x
4wes

| I I I Io
o 0.1 0.2 0.3 0.4 0.5 0.6

PEAK TABLE ACCELERATION, g

(a ) TRUSSES TRANSVERSE TO MOTION
3

a8
N b #

A E A

d,j2 - .
- E

.m ..

W 8 *
.

4 .
O A o TAFTj ,g 3OA A EL CENTROI -

cn o o o o o.

E % O PAC 0lM A
M BLANK SYMBOLS DENOTE WALL Ay
4 4 FILLED IN SYMBOLS DENOTE WALL BW
'E i I I I Io

O 0.1 0.2 0.3 0.4 0.5 0.6
PEAK TABLE ACCELERATION, g

(b) TRUSSES PARALLEL TO MOTION

FIGURE 6.15 IN-PLANE WALL AMPLIFICATION FACTORS FOR !!OUSE 2



213

CL

h
H 3
4 2

&
4

. . . ; g ,
J J2 -

O
A

h $ A
w O O A 40m 4 6 0eg e$ $ e
> CD

I - o TAFTgm
2 a EL CENTRO4 y

4 BL ANK SYMBOLS DENOTE WALL W2
FILLED IN SYMBOLS DENOTE WALL W4a

I I I I< o
E O O. I O.2 0.3 0.4 0.5

PEAK TABLE ACCELERATION, g

(a) TRUSSES PARALLEL TO MOTION
, .z.

Q 3
N

ti 5
*

8 5 *
4 Cr 2 -

*a w
' J J g

$4 O A o

Q o. oA3 o Ag

I - .. e. o i.m m
| @ d o TAFT

g g A EL CENTRO
2 y BLANK SYMBOLS DENOTE WALL W2

|
4 4 FILLED IN SYMBOLS DENOTE WALL W4

| k yO I I I I

M O O.1 0.2 0.3 0.4 0.5
$ PEAK TABLE ACCELERATION, g
' (b) TRUSSES PARALLEL TO MOTION

| FIGURE 6.16 OUT-OF-PLANE WALL AMPLIFICATION FACTORS FOR HOUSE 1

i

!
|
'

_



__

214

4c.
?
D Z

. O m
O I3 -

<| 0
J w

8 .J< w3 O A
Wg _ a O ^ D AW

.a a = a ae w ,
$ $ $0 h 5 # Eo Agm . i i
j o TAFTy
e <l - a EL CENTRO

$ 0 PACOIM Ay
BL ANK SYMBOLS DENOTE WALL W24

W FILLED IN SYMBOLS DENOTE WALL W4

! ! I I I0
O O.I O.2 0.3 0.4 0.5 0.6 0.7

PEAK BASE ACCELERATION,g

[ (c) TRUSSES TRANSVERSE TO MOTION
3

- s z
. 9 A

8 $ 5< e
j d2 - A A

^y 8 O oa
N 8 0 e a ay

g 9 m88 . Om w *#
@ jI -

A ELCENTRO
A A o TAFT

g p
z a PACOIMAy
4 q BL ANK SYMBOLS DENOTE WALL W2

h W FILLED IN SYMBOLS DENOTE WALL W4

h O
w 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
' PEAK BASE ACCELERATION , g

(d) TRUSSES TRANSVERSE TO MOTION

FIGURE 6.16 (CONT.) OUT-OF-PLANE WALL AMPLIFICATION FACTORS FOR IIOUSE 1



215

0

h
k z3 0
e e .

W $ z
$ o EJ O

J 00J
g w2 -g

#$ o A

$ $ SAab *
8. 4 6g , a> m o TAFT

NI ~

A EL CENTROz
$ N O PACOIMA
F W BL ANK SYMBOLS DENOTE WALL Al

1M FILLED IN SYMBOLS DENOTE WALL BI

I I I I I
O

1 O O.I O.2 0.3 0.4 0.5 0.6
PEAK TABLE ACCELERATION, g

(a) TRUSSES TRANSVERSE TO MOTION

; 3'

s'z e
4 O

b h a

b2 - og
J J O

,

y y a

af "* aW 9 g aw
E A 8 0 o TAFT*

@ j
_

a EL CENTROW m
b h a PACOlMA
z BLANK SYMBOLS DENOTE WALL AlM
j FILLED IN SYMBOLS DENOTE WALL BI

F
QO I I I I I

q O O.I O.2 0.3 0.4 0.5 0.6

y PEAK TABLE ACCELERATION, g

(b) TRUSSES TRANSVERSE TO MOTION

FIGURE 6.17 OUT-OF-PIANE WALL AMPLIFICATION FACTORS FOR HOUSE 2



_ ._

216
|

A |
A

'

4
ct

S $

k z
O ^

6 9 3 _

O k A i

5a ,

e ci A

$ 82 - .
g 3 e a*

8w J g a
> m O

' b$ $ $ o TAFT
0y y1 A ELCENTRO-

H w a PAC 0lMA
1M BLANK SYMBOLS DENOTE WALL Al( FILLED IN SYMBOLS DENOTE WALL BI

'
I I I I I

O
O O.1 0.2 0.3 0.4 0.5 0.6

PEAK TABLE ACCELERATION, g

(C) TRUSSES PARALLEL TO MOTION
4

I

( '

N
H z
4 O
d p3 - A
o 4
4 a:

W

_.jd A O

a 8 A A

w < -

A ,

$ $ #8o *w m> g o* O a e o
@ e e o o TAFT

1 A EL CENTRO4 4
-

$ y O PACOlMA
y BLANK SYMBOLS DENOTE WALL Al

y FlLLED IN SYMBOLS DENOTE WALL B|

Q- i i i i io
O O.I O.2 0.3 0.4 0.5 0.6

PEAX TABLE ACCELERATION, g

(d ) TRUSSES PARALLEL TO MOTION

FIGURE 6.17 (CONT.) OUT-OF-PLANE WALL AMPLIFICf.710N FACTORS FOR
HOUSE 2



~ . - - ~ . . ~ . ._ _. - - - .- _ _ - . . - _ - -

!

| 217 >

! !

'

7. SUMMARY AND CONCLUSIONS.;

The ultimate ollective of this investigat..on is the establishment

j of minimum reinforcement requirements for single-story masonry dwellings

for Seismic Zone 2 conditions. The experlmental program was planned to

make the test conditions as close to field conditions as possible: full-
>

scale components of masonry structures were constructed from commer-

! cially available masonry units and were tied togccher using a small but

typical roofing system. The addition of concrete slabs to the roof;
i

structure provided a reasonable approximation of both the dead load per
1

foot of load bearing wall and the inertia load transferred to the in- [

plane shear walls. Because of the limited size of the shaking table,

plan dimensions were scaled down by a factor of approximately 3; however

'
| to maintain realistic response conditions the height of walls was kept

as 8 ft 8 in.,

] This report presents a detailed description of the experiment.s
.

! conducted on Houses 1 and 2 of the program as well as a detailed

| analvata of the test results. Similar treatment of the test results

for Houses 3 and 4 and a summary of the program and the recommendations

will be given in subsequent volumes. The experimental program and the

most significant observations presented in this volume are summarized

in the following paragraphs:

;

I (1) Houses 1 and 2 were both constructed with 6 in, wide con-

crete masonry units and were 16 ft square in plan (Figs. 3.1-

|
' and 3.3). House 1 consisted of four 8 ft wide wall segments

!

and four L-shaped corner units. None of these panels had
,

!

openings in them. The four wall panels which formed House 2

i
,

, _ .-. _ - _ - - . -.. .. - , , , - - - , - . - .
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'

were provided with openings simulating windows or doors.

In each house walls with similar reinforcement (partial or
i

unreinforced) were placed at right angles to each other so

that under the action of a single horizontal component of

simulated earthquake motion both out-of-plane and in-plane
,

behavior would be recorded simultaneously. For both houses,

the partially reinforced wall panels had one #4 bar

grouted at each end of the panel.

(2) The response of the structures te the applied base motions

was complex, and was affected by the direction in which the4

roof trusses were oriented, by base fixity conditions, by

the geometry of the in-plane walls, and by pre-existing

| cracks and reinforcement.
i

(3) Three different earthquake motions were utilized in the test

program (see Fig. 4.3), but the type of base motion applied

to the structure appeared to have little effect <n the

response. Measurements indicated a strong correlation

between the peak base acceletations and the recorded struc-,

ture displacements.

(4) When the timber roof structure was oriented so that the

in-plane walls were non-load bearing (trusses parallel to

i the motion) the displacements of the in-plane walls were
I-

consistently larger than when they were load bearing. These
;

displacements were also significantly affected by the fixity

of the footings; when the footings were free to uplift the

displacements increased considerably.

1

i
!

'l

-- . - - - . _ - - _-- . . .- -. . . .
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;

(5) The surface bonding method of repair used in House 1 was
,

quite effectives a repaired panel had to be subjected to
J

significantly greater intensity base motions before cracking

reoccurred.

(6) The roof-wall connection details used in the test specimens

were adequate and no connection failures were observed in
1

either house.

(7) Tensile stresses normal to the bed joint were calculated at

critical locations, both before and at cracking,for both

the in-plane and out-of-plane unreinforet e walls. The

variation in the calculated values was considerable but it

was generally less when the tensile stresses were calculated

at cracking in the out-of-plane walls.

'

(8) The observed cracking in both the unreinforced and partially

reinforced in-plane walls of Houses 1 and 2 was caused by

overturning moments. The net shear stresses on the piers
I

reached a maximum value of 30 psi in House 1 and 35 psi in'

:

House 2; diagonal cracking associated with the shear mode

of failure never occurred in the piers.

(9) The performance of the partially reinforced walls was clearly

superior to that of the unreinforced walls; very satisfactory

performance was obtained for both in-plane and out-of-plane

partially reinforced walls even though several tests with

peak accelerations above 0.5 g were included. ,

!

(10) Unreinforced walls generally were capable of resisting the

unidirectional base motions in the cracked condition. The

|

. - - - - - _ _ _ _
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unreinforced " cantilever type" in-plane walls tended to rock

; at the cracked section, whereas the unreinforced out-of-

plane walls of House 1 tended to hinge at the crack location.<

The unreinforced in-plane wall of House 2 with the window,

and door opening was not tested after it cracked; the un-

reinforced out-of-plane wall of House 2 did not hinge after

it cracked. *his was attributed to the location of the

crack.
,

(11) The roof level amplification factor, expressed in terms of

the peak recorded acceleration divided by the peak base

; acceleration, appears to be independent of both the type

4 and the intensity of the base motion. The acceleration
!

measured at the concrete weight level was generally greater

than that at the ceiling level and this difference generally

increased when the roof trusses were oriented transverse to

j the table motion. Moreover, the amplification factors
i

measured at the top of the in-plane walls were not identical

i
'

to those obtained at the center of the roof level,

a

I (12) For both Houses 1 and 2 the range of the amplification

factors measured at the center of the roof was greater for

the roof trusses oriented transverse to the table motion

(in-plane walls load bearing); this is a reflection of the

greater flexibility of the roof system with this orientation.

The range of the roof amplification factors including both<

the ceiling and concrete weight levels was 1.3 to 2.4 for

the transverse roof orientation of House 1 and 1.2 to 2.5

for House 2. For the roof orientation parallel to the table

- . - . . - _ . - _ -_ _ _ - _
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motion the corresponding ranges of the amplification factors

were 1.1 to 2.0 for Unuse 1 and 1.3 to 2.3 for House 2.

(13) The amplification fattor determined for the top of the in-

plane walls was dependent on the fixity of the footings, on

the in-plane flexibility of the walls, and on whether the

walls were load or non-load bearing. The range of the

amplification factors for all load bearing walls in Houses

1 and 2 was 0.9 to 1.5. For all non-load bearin] walls in

Houses 1 and 2 the range was 1 to 3.

(14) The amplification factors for the top and 2/3 wall height
! of the out-of-plane walls were related to the amplification

factors for the top of the in-plane walls in corresponding

tests, and also were influenced by the flexibility of the

connection at the top of the out-of-plane walls. The ampli-

fication factor at the 2/3 wall height was generally slightly

less than that at the top of the walls. At the top of the

l walls the range of the amplification factor for all non-load

bearing out-of-plane walls was 1.2 to 3.5 and for all load

bearing out-of-plane walls the range was 1 to 4.

(15) The out-of-plane unreinforced wall W4 in House 1 cracked at

the 6th course from the top during Test 19 (T-0.25 g) when

it was non-load bearing. During Test 21 (E-0.31 g) signif-

icant hinging occurred at the cracked joint and the displace-

ment at 2/3 wall height was 2 in. During this test, the

period of the cracked wall varied between 0.3 sec. and 0.5

sec. After the wall was repaired it cracked again at the

same location during Test 27 (P-0.49 g) and significant

__ _ _ _ _ - . _ _ . _



i

!'

222

hinging occurred during Test 29 (E-0.59 g) although the

maximum displacement was only 1 in.

(16) The out-of-plane unreinforced wall Al of House 2 cracked in

the 4 f t 8 in, pier at the mortar joint level with the

bottom of the window, during Test 14 (E-0.33 g) when it was

non-load bearing. No hinging effect was observed at the

crack location during eightaen additional tests (both load

bearing and non-load bearing). This lack cf hinging is

attributed to the crack location.

(17) For both houses the time history response of the unrein-

forced out-of-plane walls when it was uncracked was
i

essentially a rigid body type response with the displacement

time history essentially in phase with the base motion.

When wall Al of House 2 cracked no hinging was evident and

the response was similar to the uncracked state. In the

cracked state the period of vibration of wall W4 of House 1

varied between 0.3 sec. and 0.5 sec.; the wall was subjected

i to 15 half cycles of the longer period response with

amplitude greater than 0.5 in, at the 2/3 wall height. The

4 amplitude for three of these half cycles was greater than

1 in. An assessment of this hinging effect is obviously
!

important; for House 1 the period of vibration of the cracked

wall corresponded to the higher ordinates of the response
i

spectrum for the El Centro base motion of Test 21 (see Fig.

4.3).

(18) The in-plane unreinforced wall W3 of House 1 first cracked

i along the mortar joint 2 ft 8 in. above the footing during

!
I

'
,_
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Test 9 (T-0.21 g) when it was non-load bearing. After the

first crack was mechanically prevented from sliding,

additional horizontal cracking occurred during Test 11

(T-0.27 g) at the first joint above the footing. When the

wall had been repaired and made load bearing, it cracked at

the second joint above the footing during Test 27 (P-0.49 g).

The in-plane unrcinforced wall A of House 2 did not crack

until the final test, Test 32 (P-0.52 g). This crack

started at the reentrant oorner of the window opening and

propagated diagonally downward toward the footing. The

failure :: s associated with a permanent displacement of 1

in., which was considered as unacceptable performance.

(19) The large pier of wall B acted as an unreinforced elemLnt

for half of each cycle of its response becaust it was

vertically reinforced only at one end. Cracking occurred

at the wall-footing connection at the unreinforced end of
|

the pier.

| (20) After cracking, the unreinforced in-plane walls of Houses 1

|

; and 2 responded in a rigid body rocking mode. This mode of
!

response was quite stable for all tests conducted on Houses

1 and 2, and no permanent slip occurred along the crackedi

joint for net shear stresses up to 30 psi for House 1 and

35 psi for House 2. The displacements at the top of these

cracked walls depended on whether the walls were load

bearing or non-load bearing, and increased with increasing

'

intensity of base motion. For base motions with peak

accelerations of the order of 0.3 g, the displacements at

|
t
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the top of non-load bearing walls were 0.3, in. to 0.4 in.;

the corresponding displacements for load bearing walls were

0.04 in. to 0.08 in.

(21) The performance of the partially reinforced out-of-planc

!
walls was very satisfactory for all tests performed. The'

: walls responded in a " cantilever" mode which was essentially
:

) a rigid body type response. The displacements at the top

of W2 in House 1 reached a maximum of 0.42 in, when it was

load bearing and 0.72 in when it was non-load bearing. The

'
correspo. 'ing displacements for House 2 were 3.05 in, and

0.41 in.; in addition the wall twisted due to the differen-

'

tial displacements of the in-plane walls. The maximum value

of the relative displacement along the top of the wall was

0.27 in when it was load bearing. The computed flexural

capacity of the out-of-plane walls was never exceeded during

any test.

(22) The performance of the partially reinforced in-plane walls
,

}

in Houses 1 and 2 was very satisfactory. Both responded as

cantilever type elements witr essentially a rigid body type

response. The deficctions at the top of the walls depended

on the fixity of the footings to which they were dowelled,

on the presence of dead load, and on the intensity of base

motion. The displacements increased significantly when the

walls were non-load bearing, and when the footings were

permitted to uplift. The maximum net shear stresses on the

walls were 11 psi for W1 of House 1 when it wa= non-load

bearing and 29 psi when it was load bearing. :)= corresponding

_
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values for wall B of House 2 were 29 and 35 psi, respectively.

The flexural yield capacity cf the in-plane walls was

slightly exceeded during one test, but for all others the

shear forces were lower than the computed capacity corres-

ponding to yielding of the vertical reinforcement.

l
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APPENDIX A

List of Data Channels

,

!

5
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Apper. dix A

HOUSE 1 (See Fig. 3.5)

|
'

Channel # Channel ID Type Calibration Description

0 T/R Acc-1 0.984 V/V
1 T/R Acc-2 0.992 "

2 CMD H Disp DCDT 0.950 V/in. Table horizontal displacement input
3 CMD V Disp 3.894 Table vertical displacement input" "

4 AV H T Disp 0.998 Average horizontal table displacement" "

; 5 AV V T Disp 3.945 Average vertical table displacement" "

6 AV H T Acc Acc 4.899 V/g Average horizontal tWble acceleration
7 AV V T Acc 4.903 Average vertical table acceleration" "

2
8 Pitch O.981 V/ Rad /S Rotational acceleration in pitching mode"

9 Roll O.996 Fbtational acceleration in rolling mode U
" "

" " "10 Twist 1.187 Rotational acceleration in twisting mode
11 Force H1 Load cell 0.078 V/ kip Horizontal actuator force
12 Torce H2 O.077" " "

" " "13 Force H3 0.076
14 Acc H1 Acc 4-888 V/g Individual horizontal table acceleration
15 Acc H2 4.918" " "

16 Acc V1 4.847 Individual vertical table acceleration" "

17 Acc V2 4.904" " "

18 Acc V3 4.842" " "

)
19 Ace V4 4.921" " "

20 Force V1 Load cell G.206 V/ kip Vertical actuator force
" " "21 Force V2 O.205
" " "22 Force V3 0.208
" " "23 Force V4 0. 20t

24 Disp V1 DCDT 3.871 V/in. Individual vertical table displace.aent
25 Disp V2 4.075" " "

26 Disp V3 3.929" " "

27 Disp V4 3.490" " "

" "28 Disp H1 0.997 Individual horizontal table displacement.

" " "29 Disp H2 1.006
" " "30 Disp H3 1.000

|
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1 31 Blank
.32 PS-Force-1 Load cell 0.072 V/ kip . Vertical stabilizer force ff " " "
33 PS-Force-2 0.072

" " "

[ 34 PS-Force-3 0.071
35 PS-Force-4 0.072" " "''

[ 36 W2-Disp-TL Pot. 1.500 V/in. Out-of-plane displacement of W2, top lef t

-37 W2-Disp-TC 1.501 top center ;" " "
,

top right" " "38 W2-Disp-TR 1.492 ,
;

; 39 C3-Disp-TO 1.501 Out-of-plane displacement of C3, top" "

40 W4-Disp-TC 1.498 Out-of-plane displacement of W4, top center" "

41 C4-Disp-TO 1.497 Out-of-plane displacement of C4, top" "

42 C2-Disp-TO 2.970 C2," " " "

43 Cl-Disp-TC 2.996 Cl," " " "

44* W4-Disp-TL 3.054 W4, top left" " "
;

45* W4-Disp-TR 7.930 top right !" " "
,

'
46 W4-Disp-MC DCDT 3.086 , at center 2/3 height" "

47* Roof Gable Pot. 0.771 Absolute displacement of roof at ridge.line U$"
, " I48 C2-Disp-TL DCDT 2.662 Out-of-plane displacement of C2, top"

49 Cl-Disp-TL 2.742 C1," " " "

50 C3-Disp-TL 2.714 C3," " " "

| 51 _C4-Disp-TL- 2.761 C4," " " "
,

52 W2-Disp-MC 2.672 Out-of-plane displacement of W2, at center 2/3 height" "

53 R-Disp-C 2.738 Roof displacement at drywall level" "

54 W3-Crack 101.726 Change in crack width on W3" "

55 C2-Crack 93.159 C2" " "

56 C2-Disp-ML 9.172 Out-of-plane displacement of C2, at 2/3 wall height 1
" "

57 Cl-Disp-ML- 9.618 C1," " " "

58 W2-Disp-BL 9.421 W2, at 1/3 wall height i" " "

59 C3-Disp-ML 9.078 C3, at 2/3 wall height !" "- "

60 C4-Disp-ML 8.657 C4," " " "

61 W4-Disp-BC 7.082 W4, at 1/3 wall height" " "

62 W3-Disp-TI 12.001 In-plane displacement at top of W3" "

63 Wl-Disp-TI 11.703 W1" " "

64' TP/C2/R 10.739 Slip of top plane relative to C2" "

65 TP/W2/R 11.859 W2" " "

66 TP/C1/R 12.024 Cl" " "
r

j 67 TP/C3/R 11.443 C3 ;" " "

i
*

h
4

_ _
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68 TP/W4/R DCDT 12.468 V/in. Slip of top plane relative to W4
69 TP/C4/R 12.781 C4

" " "

70 TP/W3/R 12.854 W3
" " "

71 TF/Wl/R 12.107 W1
" " "

72* J/TP/W-W2 11.687 Slip of truss rafter with framing anchor rel. to top plate
" "

73* J/TP/WO-W2 10.630 without
" " " "

74* J/TP/W-W4 11.171 with
" " "- "

75* J/TP/WO-W4 11.137 without
" " " "

76 ROT-W2-1 10.583 - Rotation of footing under W2, instrument 1
" "

77 ROT-W2-2 10.790 2
" " " "

" "
~

"78 ROT-W4-1 10.640 W4, - 1"

79 ROT-W4-2 10.802 2
" " " "

80 C2-Acc-TC Acc. 3.903 g/V Out-of-plane acceleration of C2, top
81 W2-Acc-TC 4.399 W2,

" " " "

82 Cl-Acc-TC 3.981 Cl,
" " " "

83 W2-Acc-MC 4.306 W2, at 2/3 wall height
" " "

y84 W4-Acc-TC 4.251 W4, top g
" " "

85 W4-Acc-MC 4.389 W4, at 2/3 wall height
" " "

86 Roof-Acc-C 3.959 Roof acceleration at drywall level
" "

87' Blank '

88* Roof-Acc-2 3.991 Roof acceleration at top plate level, instrument 1
" "

89 Blank
90* Roo f-Ace-3 4.017 Roof acceleration at weight level

" "

97* Roof-Acc-1 4.010 Roof acceleration at top plate level, instrument 2
" "

!
t *

! Due to the rotation of the roof, the location of these instruments was changed relative to Fig. 3.5, however '

their function remained the same.
!

.
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HOUSE 2 (See Fig. 3.6)

Channel # Channel ID Type Calibration Description

0 Blank
1 "

2 "

3 "

4 AV H T Disp DCDT 0.998 V/in. Average horizontal table displacement
5 AV V T Disp 3.945 Average vertical table displacement" "

6 AV H T Acc Acc. 4.899 V/g Average horizontal table acceleration
7 AV V T Acc 4.903 Average vertical table acceleration" "

2
8 Pitch 0.981 V/ Rad /S Rotational acceleration in pitching mode"

9 Roll 0.996 Botational acceleration in rolling mode" "

10 Twist 1.187 Rotational acceleration in twisting mode" "

; 11 Force H1 Ioad cell 0.078 V/ kip Horizontal actuator force
12 Force H2 0.077 y" " "

'

" " " vi13 Force H3 0.076;

14 Acc H1 Acc. 4.888 V/g Individual horizontal table acceleration
" " "15 Acc H2 4.918:

16 Blank
17 "

18 "

19 "

20 Force V1 Ioad cell 0.206 V/ kip Vertical actuator force
21 Force V2 0.205" " *

" " "22 Force V3 0.208
" " "23 Force V4 0.206

24 Disp V1 DCDT 3.871 V/in Individual vertical table displacement
25 Disp V2 4.075" " "

26 Disp V3 3.929" " "

27 Disp V4 3.490" " "

28 Disp H1 0.997 Individual horizontal table displacement" "

29 Disp H2 1.006" " "

30 Disp H3 1.000" " "

31 Blank
32 PS-Force-1 Ioad cell O.072 V/ kip Vertical stabilizer force
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33 PS-Force-2 Ioad cell 0.072 V/M o Vertical stabilizer force
34 PS-Force-3 0.071" " "

35 PS-Force-4 0.072" " "

36 A-MPS-1 DCDT 12.663 V/in. Shear deformation main pier of wall A
37 A-MPS-2 12.861" " "

38 A-WPS-1 12.432 Shear deformation window pier of wall A" "

39 A-WPS-2 12.289" " "

40 A-DPS-1 12.678 Shear deformation door pier of wall A" "

41 A-DPS-2 12.418" " "

42 A-IPD-TL 9.109 In-plane displacement of wall A" "

43 A-WP-IP 46.319 Slip of top plate relative to wall A" "

44 B-MPS-1 12.324 Shear deformation main pier of wall B" "

45 B-MPS-2 12.437" " "

46 B-DPS-1 12.319 Shear deformation door pier of wall B" "
'

47 B-DPS-2 12.893" " "

48 B-IPD-TR 9.396 In-plane displacement of wall B" "

49 B-WP-IP 55.290 Slip of top plate relative to wall B w
" "

50 Al-Disp-MR 2.816 Out-of-plane displacement of Al at 2/3 wall height $" "

51 Al-Disp-MC 2.728" " "

52 Al-Disp-ML 2.731" " "

53 Al-Disp-BC 9.293 Out-of-plane displacement of Al at 1/3 wall height
" "

54 Al-ROT-I 12.295 Rotation of footing under Al, interior instrument" "

55 Al-ROT-E 12.023 exterior
" " " "

56 Al-Disp-TR Pot. 3.052 Out-of-plane displacement of A1, top right
"

57 Al-Di sp-TC 3.028 Out-of-plane displacement of Al, top center
" "

*

58 Al-Disp-TL 3.159 Out-of-plane displacement of Al, top left
" "

59* Roof Gable 1.225 Absolute displacement of roof at ridge line
" "

60 Al-WP-OPL DCIyr 50.983 Slip of top plate relative to wall Al"

61 Al-WP-OPR 56.810" " "
,

62 B1-WP-OPL 49.488 Slip of top plate relative to wall El" "
'

63 B1-WP-OPR 46.110" " "

64 Bl-Disp-ML 2.822 Out-of-plane displacement of B1 at 2/3 wall height
" "

65 Bl-Disp-MR 2.695" " "

66 B1-Disp-BL 9.298 Out-of-plane displacement of B1 at 1/3 wall height
" "

67 Blank
68 B1-ROT-I 10.464 Rotation of footing under B1, interior instrument

" "

69 Bl-ROT-E 9.815 Rotation of footing under B1, exterior instrument" "

|

. _ _ _
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70 R-Disp-C DCDT 2.1L3 V/in. Roof displacement at drywall level
71 Blank
72* A-JP-NS 11.471 Slip of truss rafter with no framing anchor relative" "

to top plate
"" "

73* B-JP-NS 10.909
74* A-JP-S 11.264 Slip of truss rafter with framing anchor relative to" "

top plate
" " "

75* B-JP-S 11.645
76 B1-Disp-TL Pot. 3.065 Out-of-plane displacement of B1, top lef t"

77 Bl-Disp-TC 3.050 Out-of-plane displacement of B1, top center" "

78 B1-Disp-TR 3.137 Out-of-plane displacement of B1, top right" "

79 Al-Acc-MR Acc. 3.962 V/g out-of-plane acceleration of A1, at 2/3 wall height

80 Al-Acc-TC 2.232 Out-of-plane acceleration of Al, at top of wall" "

81 B1-Acc-ML 6.327 Out-of-plane acceleration of B1, at 2/3 wall height" "

82 B1-Acc-TC 2.222 Oat'of-plane acceleration of B1, at top of wall" "

83 A-Acc-TC 4.010 In-plane acceleration of A, at top of wall" "

84 B-Acc-TR 3.991 In-plane acceleration of B, at top of wall" " y

$85 Blank
86 R-Acc-A Acc. 3.944 V/g Roof acceleration above wall A
87 R-Acc-TOP 3.997 Roof acceleration at ridge line" "

88 R-Acc-CEN 2.150 Roof acceleration at drywall level" "

During the conduct of the tests, modifications and revisions were made in the above list. Rather than

reassigning the same numbers to the new instruments, these were renumbered in Fig. 3.6 as follows.

89 B-UL-L DCDT 10.464 V/in. Total uplift of top of wall B f rom footing, lef t side
9.815 Total uplift of top of wall B from footing, right side""90 B-UL-R

12.295 Total uplift of top of wall A from footing, left side""91 A-UL-L
92 A-UL-R 12.023 Total uplif t of top of wall A from footing, right side""'

93 B-PTUL-L 11.386 Uplift of footing under B from table, left side" "

94 B-FTUL-R 11.188 Uplift of footing under B from table, right side" "

95 A-FTUL-L 10.327 Uplift of footing under A from table, left side""

96 A-FTUL-R 11.737 Uplift of footing under A from table, right side" "

97 B-WP-IP 55.290 Slip of top plate relative to wall B" "

98 A-WP-IP 46.319 Slip of top plate relative to wall A" "

These instruments continued to serve the same function after the rotation of the roof, but their locations*

were rotated by 90 degrees.

. _ . . _ _ _ _
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Appendix B

The theory for the transverse strength of an unreinforced

l masonry cross section can be established with reference to Fig. B.l(a)

which shows a solid prismatic section of thickness t and width b, which

is acted upon by a vertical load P at an eccentricity e. With the

j axial load at the centroid of the cross section, Fig. B.l(b), the axial

load capacity may be determined as

I P = f' b t = f' A (B.1)
o m m n,

where,

f' = compression strength of masonry

A = net cross sectional area.,

n

i

i Stress distribution at flexural failure when no resultant force

acts at the cross section is shown in Fig. B.l(c). The moment capacity

for this stress distribution is given by

f'I
(B.2)M =, .

i t c
,i

Denoting

f'
t

s=7 ,

m

!
i where
1

1 f' = tensile strength of masonry determined from a
I modulus of rupture test

i

i
1
,

-* * - ,- , _ , , _ -
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Equation (B.2) may be written as

2
M = s f'
t m 6

Pt
=s (B.2a).

When the tensile stress at the extreme fiber. exceeds the tensile

capacity, the section will crack. This does not necessarily lead to

structural failure since the ultimate moment capacity of a cracked

section at any particular axial load may be greater than the u acking

moment expressed in Eq. (B.2a). In Fig. (B.ld) the stress distribution

on a cracked section at maximum compressive and tensile stress is

shown. Length u is the uncracked width of the section, and P is the

corresponding compressive force acting on the section. The following

expression may be developed for P:

P= (f +f) - f' b u
,

j

(f -f) (B.3)=

f' (1 - s) .=

i

The resultant moment M acting at the section, corresponding to

i
! this ultimate condition may be expressed as
!

-f'ba(f-f)! M (f' + f') ( )= -

e
:

i

= y (f ' + f ') (y - y) - b 2 f' (} - }) (B.4)

2 f' f .+

:

i

!

'|
4

- . - - - . , - - - - - , . . _ , , . - . . . . -. - -. . , . - , .,w., ,
- , - - - ,- n -,vr , - - - , e------
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.

b

| Substituting Eq. (B.3) into Eq. (B.4) yields i

I
i

|

f. (B.4a)M =P ( ) +buf-

e

From Eq. (B.3)

l bu= 2P
+

! f' (1 - s)

i

i Given

P

f' =; ,

i
i

then
,

! 2PbtJ bu= (B.5)i PO(1 - s)!
a

i

i so that
i
4

e u= -(B.Sa)
P9(1 - s)

u, , P_ ,P,_ 2t, p
! 3 3P 1-s'
i O

and

sP
e u 1 o 2Pbt 2Pt"

t5"6 bt Po(1 - s) Po(1 - s)
|

2

h(1-s)2
*

(B.6)=

o

Substituting Eqs. (B.5a) and (B 6) into Eq. (B.4a) yields

= -

1 - 1.33 f ((1 - s)
- 2sM (B.7).e

o

For masonry with negligible tensile strength (s = 0) . Eq. (B.7)

luces to

(
_ . . _ _ . . __,. , _ . . . _ . _ _ _ . _ _ _ _ . . . . . . _ . . . . _ _ _ _ _ _ _ . . _ _ , _ . . _ _ . . . _ . _
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= I i (1 - 1.33 -) (B.8)M .

Figure B.l(d) illustrates the stress distribution when the section is

loaded to capacity by a vertical load applied so that there is zero

tensile stress at the extreme fiber. Th'us, adopting the subscript "k"

to denote the condition when the axial load is at the edge of the kern,

P c P
kk

y = ;[- (B.9)-
n n

or

I

k"Ac" i ( }e *

n

where

e = distance from centroid to edge of kern

P rresponding axial load capacity
k

c = distance from centroid to outer fiber

I = moment of inertia based on uncracked net section.

An noted earlier, the ultimate cracked moment is not necessarily

the maximum moment that a section can resist at a given vertical load.

For example, at P = o the ultimate moment capacity equals M given by

Eq. (B.2a) whereas according to Eq. (B.7) it would vanish. This

apparent discrepancy may be explained with respect to Fig. B.2 which

shows two different distributions initially corresponding to the stage

when cracking is imminent. In Fig. B.2(a) the vertical load is

. gradually decreased and always placed at an eccentricity which will

cause maximum tensile stress, f[,attheouterfiberbutnotcausethe

- - - - -_ -
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section to crack. In Fig. B.2(b) the load is also decreased but is.

placed so that it will generate maximum compressive and tensile

j stresses simultaneously on the cracked section. Equation (B.7) cor-

| responds to this second case. An expression corresponding to incipient

cracking at all stages of loading can be developed with reference to

Fig. B.2(c). The cracking moment is given by

:

M =M2+M3

f=MM =sP
2

i

M3 '' k*

Therefore

= b (s P + P). (B.ll)Mc 6 o

.

At axial loads greater than P (applied at eccentricities less

j than e ) the section will not crack. Figure B.3 shows the stress block
c

l

| corresponding to such a load. The vertical load P acting at the

section will then be

Afe

P=bt (f, 7)

=P - btAf (B.12).

o 2

The elastic ultimate moment will be

1

'

bdf
{ M = e
i e 2 k

btAf ti gg,13)
; 2 6

|
'

|
I
|

|

|
,

. _ - -. - - - . .--- . . - - . _ _ _
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But from Eq. (B.12) we have

btAf
=P -P,

2

so

-P)f. (B.14)(PM =
e

With only slight modification, the equations developed for solid

sections.can be extended to symmetrical hollow sections. The distance

from the centroid to the edge of the kern may be written as

I

"k"Acn
(B.10a)

2I
n

=
At*n

The corresponding load and moment capacities are

o
k " 12

(B.15)
PI

'
M =P e = .

n

An expression similar to Eq. (3.8) which is continuously

applicable to hollow sections can be developed as follows:

Rewrite Eq. (B.8) as

M = P c (1 - g ) (B.8a)
e

winere

g = a constant depending on section geometry.

At P=P,
Me " M's = P e

c (1 - g k )P =P .
k

o

.

..
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Hence !

'

- (1 - -k) (B.16)
o

g = gk
.

For symmetrical sections

o
-- = 2
k

and

e 4Ik n
cI ~ 2'

n

so that
4I

g=2 (1 - ") (B.16a).

At
n

It should be noted that g equals 1.33 for a symmetrical solid section

and asymptotically approaches zero as the net area of the section is

diminished.

The expression for M , the ultimate moment at P = 0, can be

determined from

I I

-fl=sP e =2sP (B.17)M =f ,g k

and the equation for the cracking line is

2I

" (s P + P) (B.18)M = .c At o
n

Hence the approximate equation for M between P = 0 and P = P #"" h*k

written as

M = P c (1 - g db-) (B.19)
e P
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or
4

2I

sP +M,
,

; Me"A on

whichever is larger. Likewise for P greater then P

i

M =e (P - P)

i
2I

(P - P) (B.20)= .g
n,

4

Equation (B.19) is valid from P = 0 to P = P while Eq. (B.20) covers

the range from P to P . Since the vertical load corresponding to

cracking, P is lower than P , the range between P and P is covered, k

by both exp::essions. The discrepancy is due to the approximate nature

of Eq. (B.19) which does not account for the tensile strength of the

masonry. For nonzero values of s and very small axial loads (say 10

percent or 'Less of P ), Eq. (B.18) governs strength. Therefore,

ultimate flexural capacity is intimately related to the tensile strength

of masonry in this region.

,

In addition to neglecting possible strain gradient effects, no
!
'

discussion related to slenderness effects is included on account of the

! very low axial stresses on the load bearing transverse walls of the

test specimens. An overview of the effect of slenderness and related

code provisions is given in reference (5).

!
'

t

. -_ - .- . _
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