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AbsLract,

The use of concrete blocks as a building material has

increased at a constant rate over the last ten years in almost

every large city of canada. The use of btocks is not a new

idea - it is as old as the ancient megalithic structures of

Greece, Egypt and Mesopotamia. The interest of the structural

engineer in masonry construction is increasing because of the

simplicity of design, the economy of construction and the

pleasing appearance presented by masonry construcLed structures.

Experimental work in this area has been carried out in

many r-:niversities, and there is a large amount of information

available to the Structural engineer. However, one area which

has not been investigated thoroughly is the shear capacity of

the joint between the walI and the slab'

The present study looks into this area. The purpose of

this work is to develop a rational procedure in calculating t'he

shear capacity of the walI-slab joint and to find relat'ionships

between the type of construction (plain or reinforced masonry

waII) and the tYPe of mort,ar used.

The work is carried out experimentaly. !{alls 5r x I'

made of 16'r x 8" x 8" blocks and with an 8" slab at the mid

point h/ere made with different types of mortars. They h/ere

tested irir direct shear with vertical load representing the live

Ll_l_
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and dead loads of an assumed 12-storey building. From the

investigation, it was f or:¡d. that the shear capacity of the

above mentioned connection d'epends on:

''' u.) type of mortar as it relates to the shear

capacitY of the joint;

b) the vertical load on the connection as it

relates to frictional resistance '

', To increase the shear capacity of the walI-slab joint

in masonry construction, it is recommended that high shear

' strength mortar be used. with grooves cut off the block for

better binding when smalI vertical loads exist, and in high

seismic zones reinforcement should be present at the upper and

Iower part of the connection, with emphasis at the ends of the

section for tension cracks which initiate at these points.

After a compression stress of about 170 psin the contributíon of

the mortar shear strength is small arld it is shown in this work

l

, that the strength of the block is more important since Lhe state

ì of stress is such as to induce a failure other than shear failure.

The existing code requirements are also discussed and a ne\^/

allowabIe shear is recotnmended in this study'

l
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CHAPTER I

Introduction

Lateral loads in the design of tall buildings require

special consideration by the designer. These loads are

induced on the structure primarily by earthquakes and wind.

Blast loads and loads due to atomic explosions are not

commonly considered due to the d.ifficulty in predicting the

probability of occurence and the economics of such a design.

The most common method of designing for earthquakes

for relatively small, uncomPlicated structures is the use of

a certain portion of the total load above the point of

consideration as the force induced. by the earthquake. Many

empirical formulae are available for calculating the force on

tkre structure due to earthquakes at a given leveI. The most

common one is
V=KCW

(Canadian Structural Design Manual¡(l)'

where Vf is the tot,al weight of the structure, C is a coefficient

given by the reLation
c = '05

'd*
where T equals the period of vibratj-on of the building given

bY .o5Hf=-
'lD

where H is the height of the building and D is the dimension
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parallel to the direction of motion.

K is a coefficient depending on the ability of the

structure to withstand movement as a r-nit.

For buildings with a complete moment-resisting space

frame the recommended value of K is .67. For buildings with

a box system the value of I( is 1.33. (Canadian Struct,ural

Design Manuar. ) (1)

In the case of wind load the approach is similar.

The lateral force is given by some empirical relatiorLs' the

most coflìmon of which is
y=qCeCgCp

(le70. N.B.c. 4.16.r. (r)) (2)

where V is the design external pressure in the direction

normal to the surface as pressure or as suction

q is a velocitY factor

Ce is an exposure fact,or

Cg is the gust effect

Cp is external pressure coefficient-

The values of these coefficients can be foi:nd. in any

design manual which provides for wind loading. (1)

Once the external loads due to these effects are

estimated, then the structure is checked to see if it can

withstand these forces.
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For buildings designed v¡ith columns, beams and slab

systems, the checl< is easily d'one especially if a computer

is used. Recently the use of shear waII structures has

produced a situation in which, Lf further development is to be

made with safety, a greater knowledge of their structural

behavious is necessary. Recently a great effort has been

directed towards this area, lcut only for shear walls, and

their interactions with slabs and service-cores which have

been constructed cast in place. The increasing use of concrete

blocks to construct shear walls requires research in this area'

ThedamagethatoccurredintheSanFernandoearth-

quake at the Juvenile Facility, whose buildings \Àlere braced

by concrete masonry shear walIs, showed that although the

allowable shear stresses \/\lere 33 psi (2.31 X¡cm2) , (A'C.Ï'
r?l

Journa1, I4ay I 1g72l |'L,it" averagie shear stresses \ñ¡ere 87 psi'

This is not the ultimate, since the walls d'id not fail in

shear. The waIls showed Iíttle effect from seismic shear of

at least 87 psi. It appears that the maximum allowable shear

stresses for reinforced concrete bl0ck walls could be con'sider-

ably increased and still have an adeguate factor of safety.

Theabove'ment.ionedearthquakehadanestj-mated

acceleration of 0.83g, a force not normally provided for in

ttre d.esign. (4. c. I . Journal, May I Lg 72) ' t3l
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It is the purpose of this study to look into the

shear capacity of masonry constructed walls subdivided

by slabs and to give an expJ.anat,ion of the behaviour of

masonry constructed buíldings in the San Fernando Earth-

quake. The effects of using different mortars and types

of construction are investigated in the study.



CHAPTER II

Shear St,rength of Vüalls.

Masonry walls subjected to comÌ:ined. compression and

shear exkribit two d.istinct types of failure:

1),
The shear strength in this case consists of the

initial bond shear and the resistance due to t'he

normal stress. This resistance is attributed to

the friction between block and mortar. The

maximum stress then at failure would be

V.¡ = VO + UOY !' i1 
':- i r"1:r

where

V.. = maximum shear stress

V.g. = shear strength of mortar in pure shear

u ' = frict,ion coef ficient

oY = normal stress

From this relation for a constant p and oy the

ultimate shear strength will depend only on the

shear capacitY of the mortar.

2l ,-:,-. diagonal tensile cracking through bricks an.d

mortar, governed by the maximum tensile stress.

The available information for this tensile

strength, obtained experimentally, indicates that

shear failure at the block/mortar interface.



fr = r. {Ç
where

ft tensile strength

k = splitting ratio)rZ,

f\ = compressíve strength of block.
c

The splitting ratio is for:nd by the author to be 2 in

accordance with the A.c.I. Building cod.e which ind.icates that

for få = 2500, k = 2 (Table 3¡ 6':2.3..).(1) Also 5ee Appendix B

for experimental data.

The compressive strength of the blocks was found

e>çerimentally to be 2480 psi (see Table A-8 in the appendix) '

Then
f-f, =zllzqao = 2 x49.8 = 99.6æLooPsitrt

If we assume that the maximum tensile stress gove1ns

failure then we can use the relation

(2)

rT^
f* =119 + ,t ry- = constant
" 14 2

(r)

This relation is obtained assuming that any element

on the structure is at a st.ate of stress as shown in Figure 2-L'

The figure shows. an eLemenù in the interior of the wall. the

vertical shear stress shown on ttre figure is a result of the

vertical load.



l"o+rh
TV=T

TV=th

th

FTGURE 2-T. STATE OF STRESS

This is a reasonable approximation because the 
l

horizontal force is resist.ed by t'he shear stress developed

and the vertical edges of the v¡a]l are free of stress.

(See Figure 3-1.)

With this assumed stress distribution, Equation (1) 
::::ì:j

can be derived from equilibrium. ' ':: :':

' '. 
,, .]

The stresses from the element, plotted on a Mohr's ,.,' ''

circfe, give, the diagram shown in Figure 2-2. The sign

convention is compressive stress positive a¡1d counter clock-
i. -tl

wise shear positive. 
:,:,,i;
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oY --....''

FTGURE 2-2. MOHR'S CTRCLE REPRESENTATÏON
OF STATE OF STRESS

From this diagram it is easily observed that the

maximum tensile stress would be

rT
Ac=R- oc={ ú*r?-g'= f+

t4 ¡À 2 "

R being the radius of the circle. The

pla¡¡e where this stress occurs is given by

(2)

angle of the

. e = I trr,-l tL.l (relative to vertical)"2vJ

The value of the horizontal shear 's€rength has

components:

Vo and PoY

where Vo = bond shear strengt'Ïr

uoy = frictional resistance

u = coefficÍent of frictíon'

(3)

Ewo



It is worth noting here that failure of the waII in
compression is not considered because the vertical stresses

are assumed to be less than the compressíve strength of the

concrete blocks.

From the

connection can

lflre equation f't

l_00 = ft =

above relations,

be calculated, if
shear capacity of the

Vo, oy and p are known.

(4)

(6)

the

tL'

ry.
2

can be solved. for V and. from the relation

\,2 = Vo + Uoy (5)

the contribution of the mortar can be calculated.
(Value of Vo in (5) is the mortar contribution. )

If f,- is not, to exceed 100 psi, then the expression't

for maximum tensile stress (4) becomes

OY
2

In sunmary, then, it is proposed that the strength of

the shear walL be estimated by simple maximum stress theory,

but. with V the maximum shear stress at, failure as a function

of the vertical stress o'y. It ís further assumed that the

average shear stress concept can be used for the wall. Since

the material is britt,le, this assumption is justífied. In

this study., U is taken as0.75 which is an average of values

for:nd in leterature.



10

CHAPTER ÏIT

Materi-als and Construction Details

Test Specimens

lflre tested specimens consist of waIl sections made by

using concrete blocks. The d.imensions and the layout are

shown in Figure 3-1.

FTGURE 3.1. TEST SPECÏMEN

fhe figure

overall dimensions

illustrates the

of the walIs.

,18"þ_ þ_ 64" __;

number of blocks and the



Blocks

For the construct,ion of the waIIs, hollow concrete

bl0cks 8" x 8" x 16" were used, of the fOrm shown in Figure 3-2,

and with a crushing st,rength of 2480 psi. See Appendix A'

Table A-9 for compressive strength

FÏGURE 3-2. TYPE OF BLOCK USED FOR THE WALLS ',''I-"-.....--a . ..:.- .:: .-.:-

;' . . ...

Equi-valent Thickngss of Blocks "-:'':r'r:
''...::.:.

ftre equivalent solid thickness of the blocks used in

the investigation may be calculated using the relations
lFPq --: ¡r-L -rEg. th. = Täå where T = actual width of r¡nit '

Ps = percent of solid volume

gross volume = 7 5/8 x:7 5/8 x 15 5/8

= 910 in3



i-:':j::-;
\'-: a.t.1f:

So1id volume = gross volu¡ne - void r¡o1ume

= 910 ((S 314 x 4 3/a x 7 5/8',) 2 + 2 (3/4 x 3 5/8 x 7 5/8))

= 910 (416 + 41.5) = 452.5 irr3
452.5 '^ ÐÉôps = ffi x 100 = 49.752

:ìl:'

7.625_ z 49.75 = 3. g,,r;Q.irr.=--iõõ-:-:

Another meÈhod for calculating the equivalent thickness 
..,

is the method of moment of inertia. llhe monent of inertia of

the area of the block about the center is ''

r _ 7.625'l_ r5.625t - , (# x 5. 6zs3 + 4.62s x 5.625

x 2.gLzz + 4.625 * o;J5t* 4.625 x .75 x 6.4252)
L¿

= 2420 2(68.6 + 207 + .L2 + 143.5)

= 2420 - 2(420) = 2420 840 = 1580 irr4

U.sing the same length h = L5.625"an" equivalent thickness - b

can be for:nd using tlre relatíon

bh3 r F^^ ---L-!.:!..!.i*^ €¡- L o-Ä an]-tìnn fnr^ tr- = # = 15gO sr-¡bstituting for h and solving for b 
,,,,:,..,,,:,,

\^/e obtain ,,,,:"

. 1580 x 1)b = *íílil,-='¡iiäí = 4'95"
L5'.625"

i.e. equivalent thickness using Èhis mettrod is 4.95 inches'

From ttre two methods for caLculating equivalent thickness '.' 
.

the one that uses the r¡olumes is belier¡eil to give an equivalent

thickness whích is better for'our gbrl-dyñ*beeause ttre-.vralls 'are

sr:bjected to -tratera} loadíng ín tühi.ch contact"area is'more
,-í¡npo4tanLr,,:,',1f bendlng was the governing factor, tleen tlre 

:

inertia approaclr would be more appropriate.

L2
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Cement and Sand

The sand used for the mortar is the masonry sand with

properties given in more d.etail on pagell? of. Appendix A. The

sandt s fineness moduÏus' uras:, 2. 84..

Two types of cement \^Iere used; normal Portland cement

Type 1 and masonrY cement.

Mortar: A ratio of Lz| Cement a]ld sand. by weight was

used in preParing the mortar.

As an additive, a special blend based on polyvinyl

ace.tate was used. Ítre effects of adding this materialrêre' dis-

cussed, in':'-Append'iN"A¿

Ítre she ar s t ren g ttr sr'ö fir:ttÀe.:-trnort'a"fsr¡:we tre :

a) for mortar prod.uced by using 1:4 masonry-cement to

sand. 49.5 psi (experimental averaqe) '

b) for mortar with the same masonry-cement to sand

ratio and 10å addit,ive wittr respect to ttre weight

of cement 5A|i5 psi- (-ëxperimental average')

c) Mortar produced by using normal Portland cement

and sand with ratio L¡4 and 10? by cement weight

additive 158 psi (experimental average) '

All slrear strength-s refer to a 28-day test. Further

information on mortar can be found in Appendix A' The shear

strength of the mortars was fognd usj-ng 3-block tests' The

procedure for these tests ís given in Appendix A.



'----l-t.:-:.:::i'

TLre complete contact area across the wall at the joint

was estimated as 1.5 x 2 x 63.5 = 190.5 in?, the total lengttr

of the wall being 63.5 inches. In the calculation of shear,

this contact area is used as the resisting surfacer except for

the filled walls in which the .c-@ruC.f-e,Ë9.:fíIL::ta{-É-e:S ;pa.rt' in

resis-ting :tlle :sl-e.an... ,. See' F¡gute 3-3'. -;

ÍLre fifteen walls were divided into three groups.

Group A

flhe mortar used was the previously mentioned, with

shear st.rength of 48.5 psi. lrlre blocks were not filled'.

Group B

Ttris group had the same materials as Group A with the

use of ,rnofutarovirith 54.5 psi shear strength'

Group C

Ítris gïoup used mortar with shear strength of 158 psi.

Four walls \^rere filled wittr 25Oo psi concrete. one 
:,.:.,;',,,;,,.¡:.,

\^Ias left holIow . '-:':: :' :'

...t . ' ,,r.:

.A'summaryt'ab].eofthetestspecimensindicatingtheir
properties is Table 3-1. The vertical stresses in this table

are obtained from information given in chapter ïv- 
1,.r,,,:i;,.;;;¡,,,
'.'^..' ,:..: .::

L4
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TABLE 3-1. VüALLS TESTED

Wa11

Mortar
Strength

psi

Cômþressive
Strength of
Mortar psi

Compressive
Strength of
Blocks

Tens ile
itrengttr
>f Blocks

psi

Vertical
Stress

oy psi

\1

\z

,43
A4

.t

As

tst

r:82

Bg

B4

'B-f,

l"t
cz

48.5

48.5

48.5

48.5

48.5

54. 5

54.5

s4.5

54.5

54. s

Is8

158

2Ss0

2 150

2 150

2 150

2 150

3320

3320

3320

3320

3320

3340

3340

2480 psi

2480 psi

2480 psi

2480 psi

2480 psi

2480 psi

2480 psi

2480 psi

2480 psi

2480 psi

2480 psi

2480 psi

100

100

100

100

100

100

100

100

100

100

100

100

12,3

82.5

r49

2L0

270

L2.3

L2.3

L49

2L0

270

0

12.3



Assembly

Íhe wal} panels were built vertically on a base so ttrey

could be lifted and placed r¡nder the testing apparatus.

Fígure 3-1 shows a waII wíth the slab secÈion at Ëhe middle.

Ìllre slab had a S-inch thickness and the concrete used for the

slab sections had, an average compressive strength of 2500 psi.

Fifteen wall sections vrere builtr all of them using the

same blocks, the same slab thicknesses and the same overall

dimensions, except for mortar variations. No reinforcement

was provided in any of the waIls, in Èhe vertical of horizontal

directions. Mortar was placed on the outer part of the blocks

as shown in Figure 3-3.

Mortar

T6

FIGURE 3-3" CONT.ACT AREA BETWEEN BLOg(S
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CTIAPTER ÏV

Loading

Vertical Loads

The vertical loads applied on the walls were clrosen

to represe.nt loads on the floor level at various storey-

heights of a I2-storey apartment buildingr ês shown j.n

Figure 4-L.
-T

I
I

I

I

I

I:
o
I

ä
C\¡

-l

. FTGURE 4-1.

The plan

in Figure 4-2.

of line 3t which

are shown on the

SECTION OF I2-STOREY APARTMENT BUTLDING

of a typícaI floor in such a building is shown

TLre wall investigated in thís st¡1dy is the wal1

is shown on the plan diagram. The dimensions

plan \^rith the assumption that the loading is:



t.rti.

l8

Roof

Floor

given

Live Load

Dead Load

5u slab

XDL

Level

Live Load

5" slab

XDT

The loads per linear

in Tab1e 4-1 for everY

50 Lb/fLz

(Tab1e 4.1.4.4.
1970. Natíonal
Building Code)

5

65

70

rb/f,82

rb/f J
Lr.1fL2

40 Lb/fLz

65
t6s Lblf.r-

foot are calculated and theY are

floor IeveI.



TABLE 4^I. LOAD

Tributary Area

Storey

CALCULATTONS

2Lx2L=420
Height 10'

OF WALL

EL2

A.S. L. L. R. F. L. L. R. L. L. D. L. Des. L. Comments LeVeI

420 1.00 1.05 1.05 L.47
.44lJ'r

.96k1f
LL:4,50x21=
1.05 klf
DL=70 x2L=
1.47 krf
weight'of
block. 44k:..f

Roof

L2

1I

420 0. 80 0. 80 .64
I16'g

L.7 4
3.6-8

5 .34 DL=6 5x2 0+
wa11=1.74
LL=40x20=
.80

420
€40-'

420
1m-

0.65

0.60

0.80
il60-

0. 80
--2.:40

1.0 4
ñ

L.44re

L.7 4
s.15-

L.7 4
7re

-7F'1 
¡t.J , 
i

I

:.=^-*-..,-";
i9.68 i Beyond cap-
acity of
hollow
blocks. Go
to filled
waII.8x8x16

_19_

9

420
168-0'

0 .5s L.76m 2.2Lm L2.2L DL= L.47
Blocks '.:74m I

420zffi 0 .55 0. 80
A. oõ'

2.20TE 2.2L
11.87

14 .86
7

420
2m

0.50 0 .80
ã.ã0-

2.40
J- 4)

2.2LTÐ L7.27
6

420
2TIC 0.50 0. 80

5161
2 .80
ffi

2.2L
t-6':õ5

19.88 Beyond cap-
acity. co to
10 "x10 rrxl6 tr

DL=l.47+93=
2 .40 5

420
336¡'

0. 50 0. 80ñt 3.20
TTI

2.40
1E;4.õ

22.60
4

Continued



!,,::.:.

2o

TABLE 4-I. (Continued)

A.S. = Area Supported

L.L.R.F. = Live Load Reduction Factor

L.L. = Live Load

R.L.L. = Reduced Live Load

D.L. = Dead Load

Des.L. = Design Load

NOTE: ttre reduCtion factors used in this table are given in

Table 4-2.

A. S. L. L. R. F. L. L. R. L. L.

420
378õ

0 .50 0. 80
TZt

3.60Tf;l
2.40 l2s .45

2õ.80- |

I

Beyond cap- iacity of I0" 
I

Go to 12" 
Iblock. I

DL=I.10+1.471
= 2.57 |

420
4Ñ

0.50 0. 80
E:O-o

4.00
5:05

z.sl l za. tz i I2*7 i i | 2

420
Aüil

420
5õZ¡-

0. 4s

0. 45

0. 80n
0. 80
tm-

4. 80
il85

4. 40
5.43

il:lt 2.57 i3I.49 i Iizl:fr i ; i I
-"*_-ì---.-._.'-*----^-.'- :-iiiii 2.s7 i34.36 1 ì

i 2B:5T : : :Ground
ill,
L-- 

-- 
i -----" i *-ì-*_-_
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Ttre dead weight of the blocks includes 5 Lb/fX? for finish-

ing both sides. fhe reduction for live load is calculated

using the formula

R.F. =.¡ + 10

\rÃ-
(Section 4.L.4. 3. 6. 19 70. National Building code ) (2 )

whereA=tributaryarea

AIsor the assumption is made that,the safe load capacíty

of hollow bJ-ocks Ís 10OO ps.i and of filled blocks, 1800 psi.

rAgI,E 4-2. REDUCTION FACTORS 
(2 )

Tributary Area (Sq. Ft. ) Factor Tributary Area (Sq.Ft. )

2t

1.00

0.95

0.90

0. 85

0. 80

0. 7s

0. 70

0. 65

0

236

278

330

400

493

625

825

236

278

330

400

493

625

825

112 0

0. 60

0.55

0.50

0.45

0. 40

0. 35

0. 30

112 0

160 0

250 0

4450

10000

400ü0

100000

16 00

2500

44s0

10000

40000

10 00 00
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CHAPTER V

Testing Apparatus and Procedure

The walI sections were lifted and placed under the

loading apparatus, pre-comPressed. by means of two vertical

rods on each side to avoid damage in transporting ttrem' The

walls on the load.ing frame \^¡ere supported by two ]2"-d'eep

Irbeams, 83" long, bolted at the ends and supported at t'he

center by a l2"-deep l¿beam. llhe two I-beams \^Iere connected

at the bottom, the ends and at the center by L/2" steel platest

and the top was covered by a I/4" thick plate, 6 inches widet

g3" long, and which was welded onto the two beams. see

Figure 5-1. Rollers I L/2" in diameter were placed on top of

the \/4" plate at 6" center to center. On top of the rollers

\^ras placed a L/2" x 6" x 83u St,eel plate upon whích the wall

was set.

Horizontal support \^ras provid.ed by a heavy steel section

and. 3/4" diameter rollers provided. freedom of movement in the

vertical direction. This heavy steel section was supported at

the rnid point by means of a pivot to provide rotational freedom.

The vertical load was provided by a 200'000 lb. capacity

loading jack and. the load was distributed riniformly by a

stiffened I-column section resting on I' diameter rollers" The

rollers rltrere resting on a L/4" x 6" x 64" plate at 6" center to

center. (See Figure 5-1. )

l::ar:!:,

23 
l
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ÍLre horizontal load was provided by four 10-ton

capacity jacks spaced 12" apart. lfh-e load was transmitted' to

the wall by a steel plate L12" x 6" x 50" thick. Provision

for freedom of movement was made by means of rollers arranged ,:

sirnilarly to ttrose previously mentioned. flre vertical load

\^ras applied first. and ttre trorizontal load was applied in

increments of 2oo0 lb - the first horizontal load being 4000 lb. 
,i

At every increase of horizontal load, ttre vertical load was

checked and was maintained the same throughout the t'est. ''

To measure'deflections and. to correct these measurenents

for rotation, dial gauges \^lere attached onto a framer which was

welded at the lower part on to the l-beam supporting the waII' 
I

ftre position of the diat gauges is illustrated in Figure 5-2.

This provision was made to avoid measuring relative movenents

instead of actual deflections of the wall. At' this point,

provision $7as made to measure the rolling resistance of the

rollers, once ttre verùical load was applied, in order to adjust 
;;.

the hori zorLLa;- applied. force. The correction for rolling resis- :1-

tance applies for vertical loads higher than 20k in which the smal- .l

tre,r::liv@,r¡i.ea1.; loads \47ere applíed using a smaller jack and

load.ing cell \^rith a steel baLl transfering the load. Althougr.L the

rolling resist,ance i-n thiÊ. ease.was ved smatlâ.,corireetions *L""t, 
,i,,

'.'"inäde, see Appendix cr page 160.

Dials I and 2 measured vertical displacements and d'ials

3, 4, 5 and 6 measured horizontal displacement. Ttte readings of

dials I and 2 1arere used to correct the readings of ttre other four :-



.4.:::ì

dials for rotation.

or ùwo of the walls (vüaII A, and 83) , strain gauges

weïe used to investigate the stresses at, these points. ÍLre

posit,íon of these gauges is shown in Figure 7-L.

Due to limitations of cost r rro strain gauges \itere

used on the other walls.

The wal1s tested, and their properties are given on

Tab1e 4-L.
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Loadling jac¡<

Ioact êisiributing béan'

Rollers

Horizontal
jacks

slab

Reaction supports

FIGURE 5-f.
LOÀDING ÀPPARÀTUS ILLUSTRÀTING THE

OT SUPPORTS ÀND THE I¡AD ÀPPLYING

MECIIANISMS.
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Rollers

Supporting

FIOURE 5-2. LOCA.ITON 0F DEFLì'C1'ION I,ÍJ¡ASU]ìIilG DEVICJS

Beam



CH.APTER VÏ

Analysis by Finíte Element Method

Along with ttr-e experimental investigatíon, applica-

tion of the finite element analysis was made and stresses and

deflections \^rere compared with those forrrd using analytical

and, e:çeriment,al means for Vfall" Al to AU. lltre analytical

results !\¡ere obtained using an existing computer program, the

results of which are given in Appendix VI. Ítre loads used in

the computer analysis were the experimentally for:nd failure loads.

If the ttreory discussed in chapter III is reasonable

and applicable, then the stresses at any point on the elementt

and especially in the connecÈion zor'le, shoulcl be reasonably close

to ttrose which can be for:nd using the finite element analysis

computer program from the computer library of th-e University of

Manitoba. See Appendix r''-.

assumptions are made:

In this analysis, the following

lllre modulus of elasticity of mortar is the sane

as that of the concrete blocks and equal to 3000 ksi;

Ttre equivalent thickness of the block used for the

ho'ril¡low rr¡a}ls is 3- B inches, as calculated on page 12;

Poisson's rat,io of mortar is the same as the ratio

of concrete and equal to 0.20i

Support conditions are as shown in Figure 6-Li

Ttre loads used in the analYsis are:

:.:l ... "

28

a)

b)

c)

d)

e)



29

i) vertical - the calculated loads (dead

and live load) of the twelve-storey

apartment, buildíng (See Table 4-1).

These are the same vertical loads used

in the experimental worki

ii) horizontaf - experimentally for:nd shear

capacitY of the walls.

For the analysis, the wall was divided int'o I04

rectangular elements, L26 nodes as shown in Figure 6-1' The

loads applied are also shown in Figure 6-1'

A complete statement of the results of this analysis

is given in Appendix F. Ttre sLresses at the joint between

slab and waIl are given in Tab1e 6-1. The displacements of

characteristic points are plotted, htith the corresponding values

obtaíned. from the experimental work in chapter vIII.

This analysis uses an elastic solution on the ultimate

strength of the structure. I{owever, this can be justified if

we state that what $/e are inÈerested in obtaining is the point'

of maxirnum stress, and if thís is known. the place where failure

or cracking is e>çected to initiate can be predicted.
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CHAPTER VÏI

Tlreory and Results from Strain Gauges

llhe strains on a surface are conveniently measured by

nieans of electric-resistant strain gauges. ttre most simple

strain gauge is a short length of wire insulated from, and.

glued to the surface. When stretching occurs the resistance

of the wire is increased,, and the strain can thus be measured

electrically. The use of strain gauges is simple when the

principal directions are known. Ttre gauges are placed along

each principal direction and measure principal strains ex and.

ey. lltre principal stres'ses ox and oy then may be calculated'

from Hookets ]a\n/. An assumption is here mad.e that. no stresses

act norrna-l €o the .surf aee.'where.-tire ga-uges- we,re' glued.

oz = 0. Tlren (4)

(1 - ,2) ox = E (ex * vey') ,

(1 - u2) oy ='E(sy + v ex)

l-.e.

If the principaL stress directions are not known, the

measqrements must be made in three directions at the point of

consideration. Suctr arrays of strain gauges are called "Strain

Rosettes", and measure strain in three or more directiorr=.(4)

Ttre 'crowfoot" rosette is indicated in Figure 7-L.

Strain gauges were attached, on Walls A, and Br. flhe walls

are shown on Photos 7-L and 7-2. Figure 7-i- shorvs the direction

and location of the strain gauges.



FIGURE ,7.-L, POSI'ITOì'Í ¡'ND }IUM3IÌNII'TG O}'

(Wa1I A, and B, only)
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Note:

indicates one
rosette of 0.788
inch-long strain
gauges.

crowfoot rosette

STR,4.fi'l GfrUGliS.
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After the observation of the strains in the

directions of the gauge was made, the following proced^ure

v/as used to find the princípal stres="". (4) A temporary

horizontal e-axis Ì^/as drawn horizontally from any origin

o', Figure 7-2, and the three measured strains e(Ô) re(o

+ 0), e(o + ß + 0) Iaíd off along it. Verticals \47ere

drawn through these points. Selecting any point D on the

vertical through e (o * 0) , lines DA, DC were drawn at

angles o and ß to the vertical at D as shown, to meet

the other two verticals at A and c. The circle drawn

through D, A, and c was the required circle. Its center

I' was determ:lned by the intersection of the perpendicular

bisect,ors of cD, DA. Tlre points representing the three

gauge directions \^/ere A, B, and C. The angle AFB, being

twice the angle ADB at the cirCumference, \¡¡aS 2a, and BFC

hTas 29. Thus, A, B, C were at, the required arÌgular

intervals ro.und the circle, and had the required abscissas.

The ep axis could no¡¡ be drawn as oF, and the d.istances

from O to the intersections with the circle gave eL'r:eZ.

The angle 2S was the angte of FA below this axis.
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For an active strain gauge with a second strain

gauge for temperature compensatj-on, the strains are for,rnd

using the relation t = * *"
where þ=gauEefactor=2.04

ôv = change in voltage

. v = initial voltêger before ïoads
'are applied.

lllre results from the straín gauges converted to

strains in inches per inch are tabulated in Appendix D.

An examínat,ion of these results indicated that

the strain gauges \^/ere giving no systematic information

about the strains in hollow b'Iocks, for no particular orderly

behaviour was observed in the results. No preidiction can

be made about the deformations within the wall from these

results. The author believes that the deformations take place
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at the joints frffen rela.tively tow compressive loads èxist

and that when high vertical load,s are present, the blocks

behave ín a complex manner. To illustrate t'he point,

WalI Ar{.,ís,.e;s,¡ãIuined. With vert,icaL stress L2.3 psi and wiLh

horizontal load of 4000 ]b., tlre strain ín Lhe x-direction

$las -.00412 in/ín and with a horizontal load of 6000 1. b. r the

st.rain was -.000014. (The negative sign indicated compres-

sive strain. ) The strains in the x-direction for WatI At

are plotted in Figure 7-3.

The same type of díscrepancíes occurred with VüaIl Bt'

From this investigation, íL ís believed that strain gauges

will give little or no information about the stresses on

masonry hollow wal,trs since the mortar seems to behave like

a spring. Hoinrever, this invest.ígation should be carried'

further, and in greater detaíl, wíth more strain gauges

attached to the blocks. The results are discussed in more

detail in Chapter IX,

It is interesting to note that the results shown in

Figure 7-3 are typical of a "stick-sIip" situation, in which

frictional resistance builds üpr and then is momentarily

released. It would. appear that major slippages occurred at

about 5 kips and a.bout 14 kips., Such- discontinuous action

has be.en observed in ot6er bond ph-enomena in concrete structur.=i5)
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CHAPTER VIIT

ResulLs of Tests

From tests carríed out by the author the tensile

strength of the blocks is found to be L02 psi. (Appendix B)

If the wall is to fail because of diagonal tension the

following stresses are to be expected on the slab-walI

connection (Tab1e 8-1). The values 
"@É"qY, 

teri",g'abüe '8r'I..:ârê,

obtained from Table 4-1 to correspond to the stresses at

various storey heights of an apartment building. The same

vertical stresses \^rere used in the experimental investigation.

q.ha.vat"tres'r,:i6f;r.g'rgÈvef;'Ín, Tdbte: $.+.trA're-'or@'tained using the relations

fr=100= oy. (1)

2

oy in (1)v = vo * poy(z) o, substítuting
Then from (2), Vo is obtained.

This analysis shows that the shear strength of the

mortar is important only r¡/hen vertical loads are smalI. After
!4 a vertical load of 149 psi or 5.34 k/fL the shear strengttr

of the mortar is not utilized.

The shear stress to be resisted by the mortar for

Vüa1ls AU and BU is shown on Table 8-1, (Vo) as -10.14 psi.

Ttris is a calculated value for the relation V = Vo * ¡toy with

oY = 270 and p = 0,75¡ The value of V is 192.35 obtained for

the relation for maximum value (100 psi) tensíle stress. The

value of U is taken as 0.75 in this work' {:'k$i.È+beíng the average

of the values for¡nd in tfre literature. (0.72 + 00.85)

and

and solving for V.
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Deflection calculations in this study are not made,

since the actual situat,ion, because of coupling effect, will

be completely different. The effect of the floor slab and

the slab of the upper floor contribute nothing in resisting

the lateral load in the experimental investigation as carried.

out in ttris st,udy. However, in the actual situation' the

slabs connect waIl sections and the system will resist the

Lateral forces as a r¡nit and ít will also deflect as a r:nit.
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TABLE B-,1. PREDICTEÐ SHEAR CAPACÏTY

^l

'"2

A"3

n4

A-
f

L2.3

82.5

L49

2L0

270

L2.3

L2.3

L49

2L0

270

0

,1'2..'3

96.74

7 3.2r

46 .04

18.56

10 .14

96.L4

96.14

46.04

18.s

10. 14

158

96

105.97

LLz.09

L57.75

L76.06

L92.35

L05.97

L05.97

L57.79

L76.06

L92.35

158

r05.97

shear

shear

shear or d.iagonal
tension

diagonal tension

diagonal tension

shear

shear

shear or tension

diagonal tension

diagonal tension

shear

shear

teral Load.
t Failure

11,000 lb

21,100 lb

30 r060 lb

33,540 lb

36.643 lb

10,350 lb

10,350 lb

30,060 lb

33,540 lb

36 t643 lb

30,050 tb

5r,000 lb

BI

Bz

B3

Bq

B-
Ji

,,

"ri
úi

^1'-2:,

Predicted
TYpe of FailureV=Vo+Uoy
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i 1. Test of Group A

Five walls hTere tested. Ttre vertical loads are

. at failure. Th-e mortar Strength- in eacft case væs 48.5 psi.

TABLE 8-2. LOADING OF GROUP A AND SUMMARY OF

LOADS AT FATLURE

Wall

Total
Vertical

Load in kips

;á!
-. 1

:e,rû::üchl
S:Lr-*ss
íÍrií,þsÌ

Total Horizontal
Load in "Í.bs.

at fail-ure

Shear St,ress
due to horizontal

load in psi

AI

Az

A3

A4

A-
f

.44x5"3=2.33
2.9 x 5.3 = 15.7

5.3 x 5.3 = 28.3

7.5 x 5.3 = 39.95

9.68 x 5.3 - 51.4

L2.3

82.5

L49

210

270

14,400

23 t400

32 | 400

39,600

41 r 4oo

75.5 Psi

I23 psi

170 psi

207 psi

218 psi

Ítre vertical loads rePresent:

VÍall 1 - load due to weíght of blocks only

Vfall 2 load (dead + live) at 12th floor

VüaIl 3 load (dead + live) at l1th floor

V{all 4 - load (dead. + live) at 10th floor

Vfall 5 - load (dead + ]-ive) at 9th floor
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On the following pages, tlre beh-aviour of each test specimen

ís analyzed.. ftre test results are discussed in the following

order:

a) stresses - strains

b) loads at failure

c) deflections

In every stage, a comparison with- ttre results from the

analyttca1,,, and. theoretical work is made.
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WalI A.'

-I

a) Stres'ses.

Wall A, failed in shear at the connect.ion between slab and'
I

walI at a horizontal load of L4,'400 lb. llLris loail gives a

shear stress at the joint such that

L4 ,400 --,L9 0 .5 V

14 ,4001bv=ffi75'sPSi
The contribution of the mortar is ttren

vo=V-uoy=75.5 .75 xL2.3= 66-3Psi

flre mortar had an average shear strength of 48.5 fr 50 Psi,

which is much less than the stress at failure. The expected

shearing Sgress at failure from the analytical investigation

\^ras 105.:00 psi. The average shearing Stress obtained from

finite element analysis method is 224 psi. (See Table 6-f. )

: b) Loa'ds at' Fall-ìlge

photo 8-1 shows ttre waII after failure in shear. Tlre load ,:'

at failure was 14r4OO lb. which is 3'400 lb. more than the 
,:

..i

calculated 11rO0O lb. in th.e analytical workr based on the
th-eor1" of ChaPter III.

c) Deflections

Ttre deflections as measured and for:nd using finite element

analysis are plotted for selected, loails in Figure 8-1. ÌILre

deflections for the ottrer loads are given in Table 8=. The

values of the deflections obtained using finite element



analysis are given in Table 8-4. On ttre same Page, the loading

of the nodes used in the analysis is given. fLre load-deflection

curve for a point 5" above the slab in the free of stresses side

: is given in Figure 8-2-



TABLE B-3.r,OeOrUC FOR FINITE ELEMENT ANALYSIS

I^IALL Al

ÎABLT 8.4. ÐIIFL,TCT]OÌ,IS FROI.I FI}trTTN IJL¡}I-Ì'TT AI'I;:^LYSIS

wArL A1

Nodal- Displacements (in)

',':r.r. -;.:,rì.;lr jl-i:ì:.:.:rl:.:ì: . ì:i-,:ì:r. i..:a!.': "ì.,'r,-.,t ,,,;¡1,,,i::,:.i.i:,
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-0. 0065
-0. 0064
-0. 0061
-0.00s4
-0.0044
-0.0027
-0.0000

NODE PX(KIPS) PY(KrPS)

1
2

3
4
5
6
7

l_5

29
43
57
7L
85
99

113

2.3900
2.3900
2. 3900
2. 3900
2.3900
2. 3900
2. 3900
0.0000
0.0000
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000

0. 2590
0. 0000
0. 0000
0. 0000
0 .0000
0.0000
0. 0000
0. 2590
0. 2590
o.2590
o.2590
0. 2590
o.2590
0. 2590
0.2590

0. 004s
0. 0041
0.003s
0. 0029
0.0022
0. 0018
0.0019
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TABLS B-5. IIOIìIZOì{TAL ÐISPLhCilliIi'rTS IJ IliÛI{xS'
COilR.jlCTgÐ liOR RCTÂ'ITCì,I ¡l.tfÐ HORTZOÌi,IAL I'ORCES'

COPRECTED FOIi i?OLLTÌ.TG RESTS'TAT{C]J.

I^IAI,L A1

NOTE: DEFLECTION IS TAKEN T0 BE ZERO AT 3'600
LBS. IIORIZONTAL LOAD

Horizontal
Ioad Ín Lbs.

Dial Dial
-

Día1
5

Dial
6

3,600

5,400

7, 800

9,000

l-0, 800

12,600

0 .0000

0.011_5

0 .01_06

0 .0178

0 .0188

0.0204

0 .0000

0 .0040

0 .01_01

0.0173

0.021_8

o.0327

0

0

0

0

0

0000

0059

0143

02L7

0539

03770

0 .0000

0.0072

0 .0146

0 .0200

0.0382

0.0330
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Wall A^

-¿
a ) Stre,ss

TLre failure of Wall A2 \^ras in slrearr âS e:çected from the

analytical consideration. lllre shear stress at failure was

23'400Ib;.= :*23.0 psi
190 .5in-

and tkre friction contributed O¿?,Sx 82-5 = 62 Psi' i'e. the

mortar contribut.ion appears to be 123,0 62 7¡ 6LO .psi,

which- is close to ttre shear strength of mortar as for¡nd for

vfall A.t . TLr.e expected strearing stress at failure was
-L.

135.0,; psi, a¡1d the average shearing stress from finite

element analysis was 182 Psi.

Ptroto 8-2 shows the wall ready to be testeil. Ptroto 8-3 shows

the failure of V0a11 Ar.

b) Loads at Failure.

The wa}l failed at a h-orizontal load of 23,400 lb. which is 
,

21300 lb. more than the calculated 211100 Ib. in Chapter IÏ. l

:1

c) Deflections

Ílre measured deflections are given in T¿ble 8-8 and plotted

for selected loads in Figure 8-3. On the same figure, the

deflections obÈained. from finite element analysis are plotted

for comparíson. lllre deflections of the finite element

anal1'sis and the loading are given in Tables 8-6 aIId 8-7.

Figure 8-4 shows load deflect'ion relation for a point 5" above

the slab in the free of stresses side of the wall'
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.T./TBLB 8-6.i.OAUNG FOR FINITE ELEMENT ANALYSIS

WALL A2

r¡.BL¡ B- z. DËF],llcTror'{s }'Roi'l Fri'irr,i.i S],ilì"::ilil ÂNÄLYSTS.

l,lALL A.
2

Nodal Displacements (in)

NODE PX(KrPS) PY (KIPS)

I
2
3
4
5
6
7

15
29
43
57
7L
B5

99
113

3. 7100
3. 7100
3.7100
3. 7l-00
3.7100
3. 7100
3.71_00
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000

1.7900
0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0.0000
L.7900
1. 79 00
1.7900
1. 7900
1.7900
1. 7900
1.7900
r. 7900

NODE X Y

I
2
3
4
5
6

7

0. 0049
0.0044
0.0038
0. 0032
0. 0026
0.0021
0.0022

-0. 0064
-0. 0063
-0. 0060
-0. 0054
-0.0043
-0.0026
-0.0000
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TABLE B-8. HORIZONTAL DISPLACÐIENTS IN INCHES, CORRECTED FOR

ROTATION AND HORIZONTAL FORCES CORREDTED FOR ROLLING RESISTANCE.

I^IALL A2

Horlzontal
Load in Lbs.

Dial
3

Dial
4

Día1
5

DÍal
6

3,600

5 ,400

7,800

9,000

10 ,800

L2,600

1¿ ,4oo

L6,2Oo

l-8,000

19,800

21,600

0.0000

0.0029

0.0237

0.0040

0.0090

0.0111-

0.0138

0.0124

0.0191

0.0218

o.o2zï

0.0000

0 .0069

0 .0073

0 .0065

0.01_02

0 .0135

0.01_89

0 .0197

0.0211

o.022L

0.0225

0.0000

0.01_03

0.0121

0 .0108

0 .0120

0.0L3"2

0 .0141

0.0182

0.0259

0.0391

0.0548

0 .0000

0.0071

0.0117

0.011-6

0.0215

0.0235

0 .0361

0 .0382

0.0375

0.0340

0 .0336
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WaIl A^

a) St::esses

Íh-e mode of failure for th-is test \^ras expected to be shear

or due to dd-agcüial tension.' The'watl failed.-in shear at
3.fl ,r30:0;r.lÞ ., -,,,_Tfie. .shear stres s \^/as

3Êl9-q=-Þl = 170 psi
19O.5in¿

Th-e vertical stress vu'as L49 psí which gives a frictional

contributÍon to the shear resisting ability of the waII of

L49 x .75 = LL2 psi. [Lre mortar contribution was

190 LL2 = 58 psi

ttr-e calculated, shearing stress \tras 157-0:0¡ psi and the average

shearing stress from finite element analysis was 173 psi.

b) Load at Failure

TLre wall failed at 321400 lb. which is 2l;840 lb. more ttran

the expected load of 301060 lb.

c) Deflections

lltre corrected-for-rotation deflection measurements are given

in Table 8-f,l- and plotted in Figure 8-5. fn the same figure

the deflections as obtained from finite element analysis are

plotted. [ab]es 8-9 and 8_"1,0 gíve the loailing of the nodes

and their deflections from th-e finite element analysis mettrod.

Fígure 8-6 shows the load deflecÈions curve for a point 5"

a.bove tfre slab on the r¡nloaded side of the wall.

57
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TABLE B- 9. LOADING FOR FINITE ELBIENT ANA].YSIS

I.IALL A3

TABLE 8-ro.DEi-LECTI0I.IS rRol"f FTI,IITE ELItÌ'ÍriIt i.llArYsrs.

I^IAI.L A3

NODE PX(KIPS) PY(KIPS)

1
2
3
4
5
6
7

15
29
43
57
7L
85
99

113

5.1500
5.1500
5. t_500
5.1500
s.1500
5.1500
5.1500
0.0000
0.0000
0. 0000
0. 0000
0.0000
0. 0000
0.0000
0. 0000

3. 1400
0.0000
0. 0000
0.0000
0.0000
0.0000
0. 0000
3.1400
3.1400
3. 1400
3. 1400
3. 1400
3. t-400
3.1400
3. 1400

Nodal Displacements (in)

NODE x Y

1
2
3
4
5
6
7

0. 0053
0.0048
o.0042
0. 0036
0. 0030
0.0025
0.0025

-0. 0064
-0.0063
-0.0060
-0.0054
-0.0043
-0.0026
-0. 0000
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TABLE 8-lr.HoRrzoNTAL DTSeLACH"IENTS rN TNCHES, coRRECTED FoR
ROTATION AND HORIZONTAL FORCES CORRECTED FOR ROLLING

RES]STANCE

I,TALL A3

Horl-zontal
Load in Lbs.

Dial
3

Dial
4

Dial-
5

Dial
6

3,600

5,400

7, 8oo

9r000

1 0,800

l_2,600

14,400

16,200

1_8, ooo

l-9, 800

21,600

231400

25,500

27,Ooo

28,800

31, 600

32,400

34,200

0 .0000

0 .005 3

0 .0061

0 .004 7

0.0043

0 .0031

0.0057

0..0081

0 .006 3

0 .005 7

0 .0073

0 .0077

0 .0088

0 .0094

0 .0100

0 .13 65

0.L795

0.2235

0.0000

0.0058

0 .0076

0.0245

0,0257

0.0318

0.0504

0. 0630

0 .0655

0.0730

0 .0379

0 .0261

0.0232

0.0233

0.0317

0J.62r

0.2577

0.3157

0 .0000

0.011_4

0.011_7

0.0220

0.0402

0 .0516

0.0821

0.l-089

0 .0849

o.0022

0.0049

0 .01_40

0.0084

0 .0289

0.0689

0 .1759

0.2589

0.3249

0.0000

0.0075

0.0L24

0 .0215

0.0339

0.0398

0.0540

0.0640

0.0728

0.0787

0 .0607

0.0483

0.0532

0.0464

0 .0695

0.1053

0.3251

0.4111

.:::i
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WaIl A,_+

a) Stresses

Íhe wall failed iir'r tlre manTLer sh-own in Photo 8-4. The

joint remained r¡nlrarmed from t?re loading. The shearing

stresses at the join! werer:

39,6001b_ .
Ëo-,Ëîr= 

2oB Psi

IIhe wall was oçecteil to fail wlren a shearing stress of

176.00 psi in the join¡ was reactred. ttre average shearing

stress from this finite element analysis was found to be

r55 psl-.

b) Loads at Failure

Faj.lure occurred at 391600 and th-e wall was still able to

carr¡f an additional,'üoaid;of';,' 46,;1800 - 39¡600 = 7 '200 
tb. i.e.

1.18 of the load at failure.

Looking at. Photo 8-4, it is observed that a crack occurred

in the fi.rst L/4 of the first blocks. Photo 8-5 shows that

cracks progressed into the second block.

Vertical load 39.95k was applied on the wall for which the

e:çected load at, failure \^/as 33,540 |b. anÈt failure was

e:çected to be due to diagonal tension. llLre wall failed at

39,600 !b. i.e. 6000 lb. more than expe..cted. Photo 8-7 shows

th-e waII after faiture.. Ífre waÉLl was loaded further and at

46,800 lb.it, faited - exPloding.



c) Def'lêctions

The deflections are given on Tables 8-13 and 8-14,.

Table g-l3 gives th-e ileflections from the finite element 
,,,,,,,.,

analys j.s and 8-14, the experimentally found ones

Table 8-12 gives tlre loadlnoile in the finite element analysis.

Íhe deflections plotted on Figure 8-9ì show load-deflectj-on 
,,.,.,...

:ne,lg=tå.g+¡.¡fg.g1ça,.p,oint 5" a.bove tf¡-e slab on the free of stresses ,,',

side of lriall An. ,'; 
,:;;,,



TABLJI B_I2. LOADTNG FOR FINITE ELEX"ÍENT A}IALYSIS

T¡IALL A,
4

TABLE B-13. ÐSFLECTIONS FiiOT{ trffTTË ELEiiiiì'J'i' AT'TALYSTS.

I4TALL A4

Nodal Displacements (in)

NODE

1-

2'
3
4
5
6
7

l-5
29
43
57
7L
85
99

1t_3

PX (KIPS) PY (KrPS)

7.3500
7. 3500
7.3500
7.3500
7. 3500
7.3500
7. 3500
0. 0000
0.0000
0. 0000
0. 0000
0.0000
0. 0000
0. 0000

4.4800
0. 0000
0.0000
0.0000
0.0000
0.0000
0.0000
4.4800
4.4800
4.4800
4.4800
4.4800
4.4800
4. 4800
4.48000. 0000

NODE x Y

1
2
3
4
5
6
7

0. 0060
0.0055
0. 0049
0. 0042
0. 0035
0. 0030
0.0030

-0. 0063
-0. 0063
-0.0060
-0.0054
-0.0043
-o.oo27
-0. 0000



r:?i;f:'::; Lri'

TASLE B-14. HORIZONTAL
ROTATION A¡\D HORIZONTAL

DISPLACWENTS IN
FORCES CORRECTED

. :r''.'4.:,.raa.:::'

INCHES, CORRECTED FOR

FOR ROLLING RESISTANCE

,.r: :.:. : :. "i

b5
.aj

T^TALL A4

3, 600
5 ,4oo
7,800
9,000

l-0, 900
12, 600
L4,400
l-6, 200
l_8 ,000
t_9,800
21,600
23,40O
25,500
27,00o
28, goo

31,600
32,40O
34,200
36,000
37,800
39,800
4L,400
43,20O
45,000

0 .0000
0 .0002
0.0085
0.0184
0.0r87
o.0232
0 .02 39
0.0322
0.0308
0 .0359
0.0378
0.0406
0 .04 37
0.04s3
0.0509
0.0s47
0 .061-1
0 .0659
0.0749
0 .0815
0.0984
0.1251
0.1387
0 . 1554

0 .0000
0 .0004
0 .0106
0.0226
0.0176
0 .0192
0.0194
0,0277
0.0235
0 .0329
0.0355
0 .0371
0 .0394
0 .0453
0.0503
0.0539
0 .0609
0.0657
0.0756
0 .0815
0 .0934
0 .1335
0.1587
0.1_619

0 .0000
0 .001_3
0.0r_17
0.0356
0 .0385
0.0407
o.0432
0.0497
0 .0374
0 .0551
0.0584
0.0603
0.065'2
0 .0670
o.0729
0.0761
0 .0806
0 .0858
0.0956
0.L024
0.L232
0.1483
0.L727
0 .1902

0 .0000
0 .0004
0 .0050
0.0168
0.0254
0 .0317
0.0388
0.0435
0.0426
0 .0499
0.0536
0 .0583
0.0614
0 .0646
0.0688
0 .0735
0.0763
0.0839
0.091_8
0.0970
0.1128
0.1302
0 .1535
0 .l_659

Horizontar i, Dial I orr, I or",
LoadinLbs.i 3 i 4 | 5
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Wall A-

-3

a) Stre'srses

Vfall A- failed ,fln a s.imilar manner to V{'a11 A,, TLre strearing'--- --5 +

stress at failure w'as

tJ{4'9q-,q 218 psi=r,0,. 
5in'

Th-e vert.ical stress w'as

l];gru)< rooo = 2zo psi
190.5in2

Th-e mortar contribution in resisting the 218 psi shearing

stress was 2L8 - 270 x .75 = 2]-8 - 2A2 = 16 psi. (Calculat'ed)

The wall \^ras exPected to fail in diagonal tension when the

shearing stress load reached the value of ]-}ZOO psi. The

wal1 analyzed. by finite element method and using the load.s

at failure from the experimental investigation showed that

tt¡-e average shearing stress und.er this loading would be

158 psi.

b) Loads at Failure

The walI failed at 4L,400 lb. horizontal load.

is shown in Photo 8-8. Photo 8-9 shows one of

after failure. The waII was expected to fail

tension at 36t643 lb. This load is 4t757 1b.

actual load at failure.

Ttre same procedure in all respects was used in

wall. The vertical load was 51.4k, and cracks

the same manner as in Wall A, and at the same

The failure

the blocks

in diagonal

less ttran the

testing this

occurred in

load. The wall



'- .' . :
'1 1

w'as loaded beyond^ this point and a load of 581000 lb. in the

horizontal direction was reach-ed wh-en small cracks. shown in

Pt¡-oto 8-8, develo¡led in th-e lower section. Load carrying

capacity started dropping, but due to large deformation, the

piston travel \^¡'as exceed,ed. forcing the test to be stopped.

Wh-en ttre wall was taken apart, cracks t^I'ere for:nd as far as

three blocks from the loaded face. No sigins of failure v/ere

observed at the mortar joint between ttre slab and the wall.

c) De,f,lerc;tions

1 tfre def lections of ttr^is waIl are plotted for selected' loads

in Figure 8-9 ancl for other loads tlre measured deflections

are given in Table 8-17. Figure 8-10 shows the load-d.eflec-

tion curve for a point 5" above the slab in the stress free

síde of the walI.



TABLE 8.15. LOADING FOR FINITE ELEMENT ANALYSIS

I,¡ALL A-)

PX (KrPS) PY(KIPS)

t-
2
3
4
5
6
7

15
29
43
57
7L
85
99

113

6.6700
6. 6700
6.6700
6.6700
6.6700
6.6700
6.6700
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0. 0000
0.0000
0. 0000

0. 0057
0. 0052
0. 0046
0. 0040
0. 0033
0. 0028
0.0028

5.7000
0. 0000
0.0000
0.0000
0.0000
0. 0000
0. 0000
5. 7000
5.7000
5. 7000
5. 7000
5. 7000
5.7000
5. 7000
5.7000

-0 " 0062
-0. 0062
-0.0059
-0. 0053
-0.0043
-0. 0026
-0. 0000

TABLE B-16. DEFLIJCTTOì{S FROI'I FTi{TÎi] ELXT'í;ì{T AITTAI,YSTS

I,IATL A5

Nodal Displacements (in)



TABLE 8-1 7. HoRIZONTAI
ROTATION AND HORIZONTAL

3,600
5 ,400
7,800
9,000

l-0, 900
L2,600
L4,4O0
L6,200
1-8 ,000
l_9, 800
2L,600
23,4O0
25,50O
27,0O0
28,800
3l_,600
32,400
34,200
36,000
37, 800
39, Boo
4L,400

DISPLACffiENTS ÏN
FORCES CORRECTED

WALL A5

INCHES, CORRECTED FOR
FOR ROLLING RESISTANCE

0.0000
0.0006
0.0026
0.0077
0.0097
0.0102
0 .0117
0.0143
0.0150
0. 0164
0.0180
0.01_96
o.0202
0.0231
0.02L7
0.0345
0.0447
0.061_3
0.0706
0.1-015
0.L296
0. 1380

0.0000
0.0008
0.0013
0.0018
0 .0020
0.0023
0.0024
0.0023
o.0047
0.0056
0.0141
0.0165
0.0159
0 .0194
0.0273
o.0293
0 .03 79
0.04s3
0.0532
0.0601
0.L029
0.1095

0.0000
0.0003
0.0004
0.0020
0.0027
0.0033
0.0041
0 .004 7

0 .0052
0.0062
0.0166
0.0183
0 .019 7

0 .0200
0.02L2
0.0330
0.0407
0.0600
0 .077I
0.0861
0.1200
0.1306

Ilorizontali Dial iOi.af
Load ín Lbs.l 3 I 4
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Testing of croup B

This group involve d f ive walls similar to th-ose of
Group A. sh-ear strength of mortar is 54.5 psi, referring to
ttre 28-day strength, but. this strength rvas expected.to be lower
at the time of ttre test due to tfr-e adverse effect of the

additive in masonry cement. To investigate the effect of
having mortar with a low shear strength, this group \,vas tested
with vert,ical loads identical to those of A, , A4 and A, for
walls 83, B4 and BU and A, for B, and Br. The contact area

between blocks and slab is 190.5 in2.

TABI,E 8.18. LOADING OF GROUP B WTTH LOADS AT FATLURE

The resurts are analyzed in a manner sirnirar to the
procedure foIlowed. in Group A. The results from the analytical
investigation are also discussed.

VüaI1

Total
Vertical

Load in kips
Vertical Stress

in r¡s i
Tota1 Horizontal
Load at Failure

in kips
Shear Stress

in psi

Bt

Bz

Bg

B4

B5

2.33

2.33

28.3

39.95

51.4

12. 3

L2.3

L49

2L0

270

5r400

5,400

34 t200

39,900

36,000

28.3

28.3

180

22L

188
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WaIl 8.,

--J-
a) Stresses

WaI1 B, failed in sk¡-ear at a str-earing stress of
I

?4q9:r?¡.28.3 psi
190.5in2

Th-e vertical stress was 12"3 psi and therefore the

mortar shear strength^ was

Vo = 28.3 .75 x l-,2.3 = I9.2 psi

Th-e wall v¡as e>çected to fail wtren a shearing stress

of 105.00 psi was reached.

b) Loads at Failìrre

TLr-e failure occurred at 51400 lb. horizontal load.

This load is 41350 lb. less tt¡-an ttr^e expected load. of .

10,350 Ib.

c ) Def lect,ions

Measurements of d,eflections are given in the form of

tables and a graph in the following pages. Table 8-19, gives :

the deflections which are plotted in Figure 8-11. Load

deflection curve is not plotted for Vfall 8., because of the

limited amount of deflection datao ,



TABLE B-19. HoRTzoNTAL DTsrLACmTENTS rN TNCHES, coBREcrED FoR
ROTATION AND HORIZONTAL FORCES CORRECTED FOR ROLLING RESISTANCE

I^IAIL B1

Horizontal
Load in Lbs.

Dial
3

Dial
4

DÍaL
5

Dial
6

3,600

5 ,4oo

0 .0000

0.0060

0 .0000

0.0076

0 .0000

0. 0400

0 .0000

0.0077
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VÍa,lL B^

-
üia1l 82 \¡¡as teste.d at ttre same vertical stress as lüall 81

and faileil at exactly the sarne load.. Tt¡-e comments and calcu-
' Iations made f or W'aII Bt apply for WaIl Br. The reason for

carrying out this test was to verify the adverse effect of

¡rolyvi.nyl acetate as an additive, wlren masonry cement is used

. in the mortar.

Table 8-2:0 gives deflections and Figure B-I2 is a plot of
the deflections.



TABLE B-20. HORIZONTAI. DISPLACEMENTS IN INCHES, CORRECTED FOR
ROTATION AND HORIZONTAL FORCES CORRECTED FOR ROLLING RESISTANCE

I^IALL B 
2

Horizontal
Load in Lbs.

Dial
J

Dial
4

Dial
5

Dial
6

3,600

5,400

0 .0000

0 .0340

0 .0000

0.0211

0 .0000

o-0932

0 .0000

0.1,457
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WalI B^

-:t
',,Rr) Stresses, ; Strains

Th-e vertical stress was 149 psi and ttre. waII failed
in srrear "t 33i3919 = reo psi

ô-190.5 in'

ÍLle frictional contribution w'as

o.ls * 49'i3k .= 14g..g psi
19ô".5inÉ-,

The mortar therefore contributed

vo = W.- r4g.9 = r7g.5 - 14g.9 = 30.7 psi
19 0 . 5in'

The wa1I vras expected to fail at a shearing stress

of 46..iøA psi. (Adverse effect of additive - See Appendix A.)

Wall B, had, strain gauges attached., and was tested

using the same procedure used for the other walls. The

results from the strain gauges are given in Appendix D.

Ttre strains from strain gauge A, in the x-direction, are

plotted in Figure 8-13. (See Figure 7-I and Photo 7-2.)

b) Loads at Failure

The waII failed at 34t200 lb. horizontal load. This

load is larger by 4tL40 Ib. than the expected 301060 lb. load.

c) Deflections

Tab1e 8-2J gives the deflections as measured. lltre

deflections for selected loads are plotted on Figure 8-14.



Figure 8-15 strows a load-deflection relation for a point 5"

above the free of stresses side of ttre wall.



DÏSPLACruENTS IN
FORCES CORRECTED

TNCHES, CORRECTED FOR

FOR ROLLING RESISTANCE

..:, ,.,. .: :vç,,:

TABTE B-21. HoRTzoNTAL
TOTATION AND HORIZONTAL

3,600

5,400

7,800

9,000

10,800

L2,600

14,400

L6,2O0

l_8,000

19,800

21,600

23,400

25,500

27,000

28, 800

3t_,600

32,400

34,20O

36,000

I,IALL 83

0 .0000

0 .0095

o.0236

0.0401

0.0646

0 .0869

0.1_176

0.]-240

0.1307

0 .1804

0.2091

0.2203

0.2287

0.2452

0.248L

0.2551

0 .2688

0 .3000

0 .7410

0 .0000

0.0065

0.0224

0 .0369

0.0694

0 .0881

0.1194

0. t_290

0.1645

0 . r_866

0.1905

0.2227

0.2323

0.2598

0.2560

0.2629

0.28L2

0 .3 120

0.8040

0 .0000

0.0048

0.0216

0.0361

0.0626

0 .0834

0.1063

0.1_303

0 . t_701

0.L892

0.1958

0.2383

0,24L2

0.2624

0.2640

0.2728

0.2935

0 .33 63

0 .99s6

0 .0000

0.0044

0.0187

0.0345

0.0632

0.0848

0.1051

0.L326

0.1655

0.1837

0.2044

o.2344

o.2379

0.256L

0.2833

0.2934

0.2910

0.3070

0.6873

Horlzontal- I Dial
Load Ín Lbs.l 3
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a) Stresses

WalI Bn failed as sTrown in Ph-oto 8-10. Ttre shearing

stress at tt¡-e conneition was

89,:8001b= 2I0 psiTz
19 0. 5in
The wal1 v¡as expected to fail at 176.00, psi shearing

sÈress, by diagonal tension.

Ph,oto 8-11 shows another view of the fai.lure.

b) Loads at Failure

Th-e load at failure w'as 39'800 lb. which is 5'260 Ib.

Iarger than the expected 33'540 1b. loail.

c) Deflections

Th-e deflections as measured are plotted for selected

loads in Figure 8-16. The deflections for other loads are

given on Tab1e 8-2ä,ø Figure 8-17 shows the load-deflecti-on

curve for a point 5" above the slab on the r:nloaded side of

the wall



TABL]J B-zL HORIZONTAL DISPLACEMENTS ]N INCHES, CORRECTED FOR
TOTATION AND HORIZONTAI FORCES CORRECTED FOR ROLLING RESISTANCE

WALL 84

uTe

HorizonËa1
Load in Lbs.

Dial
3

Dial
4

Dial
5

Dial
6

3,600

5,400

7, Bo0

9,000

l_0, 800

L2,600

L4,400

L6,2O0

18, ooo

19, 800

21,600

23,40O

25,5oo

27,oOO

28,8oo

3t_,600

32,400

34,200

36 , oo0

37, 8oo

39, goo

0 .0000

0.0057

0.0196

0.0313

0.0462

0.0566

0 .086 7

0 .1004

0 .1060

0.1237

0.L322

o.L436

0 .ls 37

0.l_631

0.L642

o.1725

0 . t_780

0.1829

0.l_931

0. 2065

0.6386

0 .0000

0 .0051

0.0219

0.0340

0 .0518

0 .0608

o.0922

0.1194

0.1090

0.L24L

0. 1357

0.1569

0.L642

0.l-885

o.L737

0.L796

0.L79r

0.1879

0 . r-993

0.2075

0.6279

0 .0000

0.0059

0.0240

0.0369

0 .0600

0.0645

0.1038

0.L237

0.1_109

o.L264

0 .1391

0.l_64s

0.1768

o.2007

0.2031-

o.2L2L

0.2204

o.2285

0,2493

o.2657

0.5520

0.0000

0. 0150

0.0322

0.0442

0.0624

0.074L

o.1206

0. 1-367

0. r_283

0.1459

0.1588

0.1673

0 .18s6

0.208s

0.2L54

0.2227

0.2269

o.2428

0 .2583

o.3L62

0 .5s73 l1



92

tn.if

rn
(f)

HORIZONTAL DEFLECTIONS IN 1X1O-3 INCHES

FIGURE 8-1 6 DEFLECTIONS DUE TO IIORIZONTAL FORCES. IIIALL ,84

orn

o
.if

.u)
t¿t
sv
jL) GIz
H
\z
rH
.Êq

<!ô
Þl ô¡
(n

t
ú
FEr

H
rIÉ O
I (, c\¡
]H
I l¡l

.. rn,.r .{

F.l

rn

Deflection at 37,800 1b.

- 
position of wall at
faÍlure.

Note: RelaËive deflections plotted here.

0 40 B0 L20 160 200 240 280 320



16 20 24 28 32 36 40

HORIZONTAL LOAD IN KIPS

LOAD.DBFLECTION CUR\Æ FOR A

ON THE FREE OF STRESSES SIDB.

POINT

I/üALL

93

f*
r'l

\o
r'{

rn
Fl

r$

o.)
Fl

oi¡'-f

F{

o
-l

ot

æ

Ì\

\o

tn

c\I.o
r{

X
tn
f'lH
c)zH
zH
zo
H
Er
(J
14
FI
fr{
r-1

ã

8L2

FTGURE 8-17.
THE SLAB

44 48 52 56

5rt

B¿

ABOVE





95

W'a1,1 B-_-_)

a) Stres'ses

W?ren WaIl BU failed by cracking as shown in Ph-oto

8*I2. the connection between slab and waIl remained

intaët,;:" lhe shearÍng stress at the connection \tlas

?9r090.tr trB psi
19 0.5 in¿

which is almost identical to the predicted L92"90 psi.

Íh-e contribution of ttre mortar was

188 -0.75 x 270 = 188,r 203 = 15 psi

2 7 0 þs tr þ.erf-rgr GFrc..'-¡¡eú;È.i:è aI . isÉrrrsr ã:;''"- The'¡nortår .con trib ut e d

nothing in resisting the load.

b) Loads at Failure

The wall failed at 36'000 lb. which is almost the

same as the predicted 36¡60'0. lb.

c) Deflections

lftre measured deflections are given on Table 8-2 3 and

a deflection curve for the wall, ât 361000 Ib. horízontal

load, is plotted on Figure 8-1:8" Figure 8-19 shows the

load-deflection curve for the same point, as for the other

walls.



TABLE B_23. HORIZONTAL DISPLACEMENTS IN INCHES, CORRECTED
FOR ROTATION AND HORIZONTAL FORCES CORRECTED FOR ROLLING

RESISTANCE

WALL 85

DÍaL
6

3, 600

5,400

7,800

9 ,000

10,900

]-2,600

L4,400

L6,200

18, 000

19,900

2L,600

23,4A0

25,500

27ro0o

28,800

31,600

32,400

34,2O0

36, ooo

0.0000

0.0023

0.0073

0 .0082

0.0161

0.0195

0 .0134

0.0152

0 .016 3

0.0173

0 .0180

0 .0181

0 .01_94

0 .0192

0.0189

o.0223

0 .02 30

0.0227

0.0238

0.0000

0 .0030

0.0091

0 .0110

0.0184

0 .0196

o.0237

0.0248

0.0289

0.0248

o,0322

0.0284

0.0156

0 .014 8

0 .01_89

0.0230

o.0252

0.0266

0 .0333

0.0000

0.0046

0.0098

0 .0116

0 .0198

0.0309

0 .0358

0.0346

0 .0369

0.0332

0.0419

0.0322

0.0320

0.0287

0.0254

0.0283

0 .0310

0 .036 7

0 .08s2 
i

0.0000

0 .0035

0.0089

0.0074

0.0182

0.0205

0.021_5

0.0244

0.0258

0.0262

0.0251

0.0230

o.0224

0.0193

0.or72

0 .0r-51

0 .0120

0 .0100

0.0240

Horizontal I Dial
Load Ín Lbs.l 3
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festing of Group C

Ttre shear strength of the mortar at 28 days was l5B psi.
the hollow waIl was tested at zero vertical load. vüal1 cz

vras te.sted at 2.33 verticaÌ load. TLre shear resisting area

in the case of wall. c, was the t,otaL cross-sectional area of
the walI, i.e . 7.625 x 63.5 = 485 l-:nz, and for WaI1 C, it was

190.5 in2, The other tlrree walIs, C3, C4 and CU were not

tested. d.ue to limitation of time and capacity of roading frame.

TABT,E 8^24. LGAÐING OF GROUP C AND TEST RESULTS

I1
Total Vertical
Load in kips

i/ertical Stress
in psi

Total Horizontal
Load at. Failure

in kips

Shear Stress
at Failure

in psi

ct

cz

0

2.33

0

t2.3

34 ,60 0

39 ,600

L82

82
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Wa'Il C.,Ê

a) Stresses

The srrearing stress at failure h¡"as 34'f 609 
f raz psi.

19 0 . 5inl
Ttre wall was expecteil to fail at 158 psi shearing stress

which- is 0.87 th-e actual- shear at failure. The failure was

a clear shear failure. Ph-oto 8-13 shows the waIl after

failure.

b) Load at Failure

Th-e wall failed at 341600 1b. trorizontal load. Iltre

vertical load was 0-0 lb.

c ) Def'lect,ions

Tt¡-e deflections are. given on Table 8-25 and the

deflection f,or L2r60O lb. trorizontal load is plotË,ed on

Figure 8-20. Figure 8-2L shows the load-deflection curve

for the same point as for all ottrer test specimens.
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TABLE B_25. HORIZOÌ{TAL DISPI,ACEMENTS IN
ROTATION AND HORIZONTAI FORCES CORRECTED

INCHES, CORRECTED FOR
FOR ROLLING RESISTANCE

t?.::

I^IALL Cl

HorÍzontal
Load in Lbs.

DÍaI
3

Dial
4

Dial
5

Dial
6

3,600

5,400

7,800

9,000

t0, 900

L2,600

L4,40O

L6,2OO

l-8,000

l-9,800

0.0000

0 .0139

0.0327

0.0432

0 .0525

0.0s83

0.0706

0 .0808

0.0851

0.0891

0.0000

0 .0250

0.0427

0 .052 3

0 .1037

0 .1004

0.L824

0.2034

0.L964

0.L977

0.0000

0.0173

0 .0419

0 .0619

0.1896

0.1053

0.2213

0 .237 3

0,2548

o.2648

0.0000

0 .0012

0.0143

0.0250

0 .0387

0.0447

0.0592

0.0707

0.072L

0.0724

2L,600

23,400

25 ,500
27,000

28,800

31, 600

32,400

34,20O

36 ,000

0.0949

0 .1004

0 .l_055

0 .3388

0.3469

0.3479

0 .349 I
0.3580

0.3s97

0.2020

0.2067

0.2LL4

0.3550

0.3692

0.3822

0.3826

0.3927

0.4016

o.3763

0.3873

0.3966

0.472L

o.472I
0.4794

0.4873

0 .3886

.4899

0 .0763

0 .0780

0 .0833

0.3655

0.3751-

0 .3898

0.4067

o.4379

0.4719
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Vtall C^

a) Stresses

rhis is the only filled waII tested. It failed by

shear at a shearing stress of 39 '600zlb = 82 psi.
485 in

I-,ooking at Photos 8-14 and 8-15, a crack through the slab

can be seen. The last portion of the slab remained cemented

on the upper part. The failure of this wall is similar to

that of WaII Bn. The crack in the slab occurred first.

Ttre remaíning joint section could not carry the load and

failed. in shear. The capacity df tft" waII was relatively

Iow. The bonding betwe.en slab and the walI was poor. The

poor bonding is attributed to the fact that mortar fe1l in

during the construction of the wall which prevented good

bonding between slab and wa}l. Also, the fact that the

slab \^las smooth fíníshed may have had some effect in the

poor bonding. No special precautions \'riere taken in order

to ensure good connection, for example, the surface \^las

dry and no cement slurry \^ras äpplied;

b) Load aÈ Failure

The walI failed at 39'600 lb. horizontal load which

is 111400 lb. less than the oçected load..

c) Deflections

Íhe deflections of

Tab1e 8-26. A graph of

8-22 for the deflections

load-deflect,ion curve is

thís waII as measured are given in

the def,lections is given in Fígure

just before failure occurred. A

shown in Figure 8-23.
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TABLE 8_26. HORIZONTAL DISPLACEMENTS IN INCHES' CORRECTED
FOR ROTATION AND HORIZONTAL FORCES CORRECTED FOR ROLLTNG

RESISTANCE

I^TALL C2

DiaI
5

3,600

5,400

7, 800

9,000

l_0, 800

L2,600

L4,400

L6,2oo

18,000

19,900

2l1600

23,440

25 ,500

27,000

28,800

31, 600

321400

34,20O

36,000

37, Boo

39,800

0 .0000

0.0038

0.01-68

0.0288

0 .0387

0.0551

0.0661

0.0744

0.0775

0.0885

0.0977

0.l-071_

0 .l_120

0.L420

0.L546

0.L667

0 .3283

0 .3433

0 .348 3

0.3s03

0 .3508

0 .0000

0.0041

0.0167

0,0275

0.0372

0.0540

0.0647

0.0705

0.0744

0.0861_

o.o979

0.1005

0.1_20r_

0.1348

0.r_483

0 .1-500

0,4423

0,4433

0.4437

0.4496

0.4816

0.0000

0.0039

0 .017 3

o.0276

0.0389

0.0535

0.0701

0.0746

0.0868

0.0962

0.0994

0 .121_3

0 .139 3

0.t472

0.L242

0 .2551

0.494L

0.4952

o.497L

0 . s046

0.5868

0 .0000

0.0077

0 .021-9

0.0361

0.0472

0 .0613

o.0725

0.0772

0 .0837

0 .0899

0.0994

0.11-86

0.1418

o.L542

0 .1_640

0.r724

0 .4014

0.4028

0 .4030

0.404L

0.4047

HorízontallDiallOiat
Load in Lbs.i 3 I 4

ìl
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HORIZONTAL DEFLECTIONS IN 1X1O-3 INCHES

FIGURE B-ZZ. DEFLECTIONS DUE TO HORIZONTAL FORCES. I^IALL Cz
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CHAPTER IX

Discuss-Íon of Results

a) General

The shear strength of the wall was calculaÈed from

the formulae given in Chapter If. The results of these

calculat,ions are given on Tab1e 8-1. The ultimate shear

stress calculated from the suggested formulae (Chapter ïI)
agreesf;:r¡ûeúirwith the e>çerímental results. practicarly no

increase in the shear strength of the walls was noticed

after the precompressíon \^/as increased from 150 psi to
270 psi. However, the small increase in shear strength
with an increase in precompression above 150 psi occurred

because failure is governed by the ultimate strength of
the blocks. For practical purposes, the shear strength
after a certain precompression can be assumed constant.

See Figure 9-6. The failures of the walls came at loads

very close to those calcuLate.d from the analytical work.

However, the mode of failure at high precompressive stresses

u/as different than e>çected. The results and the failure
modes are discussed further in this chapter.

Although some special problems such as large deflec-
tions of loading framg and loca1 failures \^/ere spotted, the

experiments can be regarded as successful. However, the

conclusíons given in this chapter shoutd be invesûígated

further.



b) Anal-ysis of Results+

From ttre experiruents carried out it was for:nd that two

types of failure 'occured:

,i) sheá,fr :ifal*ïre¡-¿ ::...,;r

.ti) failure by cracking.

ÍLrese two types of failures will now be d,iscussed.

Shear Failures

lrfalls Arr 42, A3r Bl , BZ, 83, Cl and C, failed in shear.

TLre results obtained from the analytical work gave very good

indicat,i-on of the capacity of the joint. (ÌItre relation

v = vo + poy wíth p =Q75 was used in the rrr.ry"i"(.51 However,

analyzing the sheåiri-stress for VrTalls Arr AZ and Ar, it was

observed that the contribution of the mortar was higher than the

average shear stress for¡nd experimentally using the 3-block test.

'."'' At this pointr, it is pos:ethi;.1e:*tor-,sr.lgge5;È -that. th-e..:3;.b1ock

,' shear test underestimates the strength of the mortar. The average

strength of the mortar for ttre three shear failures of Wa1ls Arr

Ar¡ and A, is 1/3 (66.3 6".1 + 58) = 60 Psir'nrhereas the strength

,., 
þæedicte$.,fFo+.-,.t$"* 3 p,logþ e"xperimep.u,'wa,g, .4.9.r"5 p-ii... '. , ,, ,,

:i:::"t. :. :- .-. From, th'es.e . re'sulbs 'rthe:.'e'f,f€eÈ.ivg strêg's¿ ,of..:.g1rnr r3-b trock

shear test can be fo'nd using a simple analogy procedure:



total shearing load
wa11

area of contact for
total she.aring load
3:bfock test

I1

_h
A1

vr=

n-r\1 -

Vb, =

_1Tþ- FA6' where on the

that, waIl

for

K[Greek letter kappa) = stress
reduction
factor

contact forAb = nominal area of
ttre 3-block test

Since 
-h 

*." for:nd. to be 60 psi and for the same mortarAt
the 3-block test gave a slrear strength- of 48.5

* = nåöu =o'81

that is, the nominals¿6gsÈ Ç48.8'psil calculated for the series

of tests for mortar shear strengths strould be rm:ltiplied by 6jbl
to give the effective sftiserys. Ttre author believes that the

commonly used procedures in placing the mortar and the shear

distribution in the mortar joint are such as to strengttren the

point, and that by using als'tlîessi'reduction factor, more realistic
results are obt,ained.

Crre-ekilrg; n"owì the failure. of Wall Cl, the ratio of shear

strength to shearing stress at, failure is +åå = -87 which is
close to the rËltg.eqs' ,*edr¡etiorr. factöy,, p::opö.3'e-d "e'aïi,Íelr. This factor
cannot be checl<ed with the resuLts from Walls Brr BZ and B, due

to the adverse effect of the additive.

Ttre distribution of strear in th-e 3-block test is now

discussed in more d.etail. Figure 9.-.1 sh-orrs a shear dis.Lribution

which is believed to be more re.alistic for the 3-block test.
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lthe Shear at any point is gir.ren by the ::elation

r{¿=Ë},"'-v2)
(Tirn¡shenko, TheorT of Elasticity)

P = IoarJ I = nonent of inerb.ia

Itre relation is derirred fiom ttre relation rXlz = IT ,"' - y2)

which gr\¡es thre shear for a cantiler¡e::ed beam loaded by a æncentrated

load at tJre free end, ky asstming ttrat ttre 3-b1ock test is eguivalent

to tr^¡o cantilevered bearc loaded at the u:srppor:ted side with a load P7.

shear
distrij¡ubion

average
shear

FIGUR.E 9.1. SITEAR DISTRIBUTÏON ON 3-BLOCK SHEAR STRENGTH TEST

Although in previous discussion the shear distribution
is not taken as parabolic, the shear strength of the mortar

at the 3-block shear strength test is larger than the average

shear stress. This argement . is d.emonst.rated in Figure 9-1.
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Ilh-e capacity of tlre joint for tkre walls that failed in
shear is greatly d.ependent on ttre mortar shear strength. füal1 C,

failed at a load 2.5 times more Èh-an W'all Ar r even Èho.tlgh'-!{a11 A,

rrad a:Verti'càI stress of' !2'.3 psi anil lfal-l c, had no prestress.

Fail-ure by,Cra,ckinq

In t?re analytical work it was stated that tension I

failure will occur when the tensile stress would reach the value

of 100 psi at which time Èhe reLation

100=ft=

would hold and ttre

Oo=%tan

tT-
,f gg- +-2 -g¿\| 4 -2

crack would be at an angle. given by the relation

-lt
"y

Vfalls Anr 45, 84 and BU faíled by cracking. ItÀro possible

e:çlanations can be given to these failures.

1. Failure due to tensile stress;

2. Local failure due to bendinq.

the two possibilit.ies are now examined.

I . VÍaIl A,

-{*
TLre vertical stress was 210 psi and the shearing stress

at faiTure was 208. Ttre angle at which the crack was expected

is given by the relation



i:ì:ì:_'
:': -':,'-"i-'ì'l , -, _ -, - -:., -.-:-. _ :-: :;r:a;ri:,r:t::-:l:,"1:i

oo = h tan*l

-1^\tan-

T
oy = \ tan-I ffi
.495 and

= \ C45o) = 22.5o

Looking at Ph-oto 8-5 and the lvay the crack is shown,

this is a very good e>çlanation ';of tFre failure mode, for the

crack must be at 90 + o = r13o with the direction which is
very close to the one obt,ained experimentally" From the two

possible explanations of the failure, itîrd'sr=b:eilieved, thaL úle
seiond'"IocaÌ fa*.Iure .ëlue ,to bèDrcltrrq¿, j.s 'tlrc, ¡nore probábrê.

Hst¡rever-; tft" faCt,riemaíns that: fai-lure"occuÉred at loads higher
than g.xpeçted.

' *ri" ¡in"iãe "Ëfiäntta;aitsiä. r"r,'tni= :*rrr1savè an ansle
for maximum tensile stre.ss of. -24 degrees at erement 21 which

1 ;[s ;;114ooi]\,üi"th:r.the. Irorizontal because of the sign conventíon

used in the program. TLre tensile stress ís given from the

relation

2L0- 
-- 

= J-Zö psa
¿

which is within reasonable tirnits ¡çef¡ the one for¡nd experi-
mentally. The same approach used for the other wal1s gives

the following resu1ts.,

ry.
2

0 = àtan-1 208m -1ar+= zEAll .75 = 18o

Vüal-I A-

-_3

The crack then sh-ouId be at right angle with the direction
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of the tensile stress, i"e. at 90 + 1g = L08o. Measuring

tt¡-e angle from Ph-oto¿ 8-8r,,iwe. see a good agreement with the

calculated value.

The te.nsile stress ttre.n can be calculated using the

formulae

44!L

270
2

- r35

_gr
2

= \l 63900
I

which is very close

lfaI,l B,

13s

to

= 252 - 135 = 117 psi

ttre tensile strength found experiment,ally.

105

= 105 psi

Èhe tensile strength for.:nd in the tension

The angle which the crack made with the horizontal is
105 degrees, and the angle calculated in ttre theoretical

analysis is o %tan-l (å") = t4EarL'L 
# = ,átan-t ,838

O = 20.00.

The crack then should be at 9Oo + 2Oo = 1109 with the

horizontal which is almost as measured in the experiment.

The tensile stress at failure was according to the theo-

f,é t i.e ¿iT : 
.ápþ.ro 

a ctr-

t[=
2g.

4 - ry.=
2

= 210

remarkably close

test.

I

105

to

+ 45700



WaIl B-

--.€
Using the same assuroption as previously used, the tensile

stress on the walI can.be found as

ft =i +'. rBB2

='j 53900 - r35 =

270T
232 135 = 97 psi

2. A possible explanation of the failure is the following.
TLre blocks failed due to bending at the center of the loaded

face and after this had occurred, the side of the blocks

faiIed.. Assume that the blocks are load.ed as shov¡n in Fiq. g-2.

Load on
vertical
side of
wa11

l-
7i/8"nil

l--rs's/t9

TIGURE 9-2. ASSUMED BEHAVIOUR OF END SECTION
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For ltaIl An the total load was 39f 600 kfps, i.e.
39,r,600 _ ôî,= - 825 k/'in" rhis load uniformry distributed over

the 7.725" of tlre cross*section of, th-e wall will give a

moment of

[ntl2 - .825 x 4. Tzl2
Tã - æ='1e85k/in'

Tï¡-e stresses due to thís bending are

oy=ry
.1985xl75xLz
F=.¡¡¡iSir.f,

Tlre assumptions made Îrere are the following:

a) thÍckness 1.5"

b) ilistance between supports 7.725 - 2 x 1.5 = 4.625"

1.5 being the thickness of the sides of the block
c) the assr¡ned beam is fixed at the ends.

The results of this calculation show high tensile strength
but' the thickness of the block varies from 2" on the upper part,

to I .25n on the lower - the.refore lower stresses o4 the upper

part existed. Ttre fact that the failure was sudden strengthens

this poínt. Also the bending resistance of the steel plate is
not taken into consideraLion trere. A more accurate analysis

í,i is, therefore, required..
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w'as

A Portion of tlr-e. blocks

analy zed by tlr-e cornputer

strown sch-ematically in Figure 9-3

using ttr-e f inite element technique.

load

The re.sults of 'this analysis

Figure 9- 4 shows the elements and

\^ras subdivided for the analysis.

FTGURE 9- 3. AÌ{ALYZED BIOCK PORTION

plate

ass'¿med supports
for analysis

are given in Table. 9-1.

nodes into which the section

--_ steel
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FIGURE 9-4. ELEMENT. AND NODES ANALYZED.

TA3LE 9-1. STRESSES AT SELECTED NODES.

ttlll
13

12

825 kps/loaded node

11

Node X-Stress Y-Stress Max-Stress DÍrection

-25 .3714

-34.27s6

-4r,2822

23.5536

-41.7696

-25,5205

-s,,4430

J.p

1t
L2

20

2L

22

23

0.0868

0. 0516

0. 0259

-0. 019 3

-0.3458

-8. ssss

-0. 6139

-0. 0654

-0.0s33

-o.oI22

-0.2052

-0.2666

-0.L247

-0. 080r

0.1309

0.L426

0. 1540

0.0243

0.0455

0.0024

-0.o752



122

From ûris analysis it is now nost probably that the walIs

v¡trictt- failed in this manner failed in tlre following sequence.

Ttre moment prod.uced by ttr-e applÌed load caused high stresses

(tensile) on ttre inside face of tl¡-e block (Point A) . At a certain
poÌnt. the section failed in tension, wh-ich caused large tensile
stresses on the outside of the block (Points B and el). As the

Load increased, the block deflected as shown in Photo 9-1 wíth

resulting tensile failure at th-e other end of this and ttre

following block. Figure 9-5 illustrates sequence of failures.

FIGURE 9-5. FAILURE STAGE$ .OF TOADED BTOCKS
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The failure of WalI 
"4 

is believed to be a failure

due to diagonal tension. The tensíle stress at this failure
was calculated to be 105 psi, which means that when the local

failures occurred, the wa1J-s \^rere at impending failure by dia-
gorr^a} tension. Although this is to be verified by further
investigation, as recontmended in the section "Recommendations",

from thís st,udy it ís found that the waIIs, even wíth the local

failures r cêrr take a load as large as that, calculated by the

analysis, using the relation

oy

IÈ is observed from the e>çeriments that the shear

stress of the mortar is not of great importance when the vertical
stresses are high. Tn this case, failure will occur by other

shear mechaaisms, so the strength of the mortar is not utilized.

Examining the deflection curves of the walls, one can

very clearly see Èhat the walLs built using mortar produced by

normal cement and polyvinyl acetate deflected more, biefore

failure, than the other waIIs. Tlr.is is due to the plasticizing

effect of the additive.

Let us now look into the code requirements and allow-

able shearing stress for masonry constructed shear waIIs, and

how the allornrable shear compares with the experimentally fowrd

capacíty.

The LITO Canadian National Building coa"(2) states

"TLre maximum horízontal shear stress ín a shear waIl, Vstn/, Shall



not exceed the value Vsvir = Vm + -.3 fcs

where Vm = the allowabIe applicable shear strength

fcs = compressive stress d.ue to vertical loads.

Article 4.3.3.33.4 of the Supplement No. 4 to the Nat,ional

Building Code of Canada.

A plot of this relatíon is given in Figure 9-6. In

the same figure, the ex¡reriment,al result,s of Group A are p,lötted.

From this graph, it is observed that, the allowable shear as

given in the Code gives a Iow safety factor at low vertical
stresses and this factor increases with increasing vertical
stress. It is believed by the author that for concrete blocks

and mortars produced using masonry cement or normal cement the

frictional factor p is at, least 0.70, (the lowest for-nd in
lit,erature $¡as 0.72(6) ). ïf u is known with precision, then

the frictional contribution in the resulting lateral forces may

be predicted with great accuracy. The use of a low value of

u (0':30) irnplies that the abílity of a masonry walI to carry

lateral loads is underestimated. The San Fernando Earthquake

showed this to be the case. Observing Figure 9-I, it is clear

that after a vertical sLress of approximately 190 psi, the shear

capacity is almost constant. After this point shear failure is
not possible, i.e. the wall will fail in another mode. lIowever,

the e:çerimental data indicates that the allowable shear st.ress
'il-.ì-

should not be greater than a\ftc psi in order to prevent local

or diagonal tensile failures from occurring.

L24
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Le.t us now Look into th-e San Fernando Earttrquake. It
,f,ìs,* reported. b¡ Mr. Nor-man 8.. gneen in th-e. May 1972 ACI i="rr"r(3)
th-aÈ th-e loacl ùmposed on the structures was in tlle order of 0.83g.

Masonry constructed buildings performed exceptionally werI.

This is explained by the fact that ttre ability of the wal-l sections

to carry this load is a functÌon of th-e vertical stress and the

friction f,actor between blocks and mortar which can very easily
be as large as0.85(:) In other words, the strength of the walls

in s.hear was almost equail to ttre Lr-orizont,al force (excluding the

contribution of the mortar). The great damage on relatively
light, buildings in the area, and the condition of the heavier

buildings show that the structures were at the edge of failure
and that if the intensity of the earthguake was in the order of
.909, gfreater d.amage was unavoidable. Photos 9-2, 9-3 and 9-4

show three views of tl¡-e San Femando Earthquake. Note the

similarity of the failure with th-gse of V[a1ls An and AU¡ although

the loading on Walls An and AU is not exactly tlre same as that
induced on the buildings;:ishown in Photos 9-2, 3 and 4. ftre 

:

failure shown in Ptroto 9-4 is believed to be a compressive one..
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Photo 9-2.

Photo 9-3. View of earthquake
separation between

Damage to light building in San Fernando
Earthquake.

4-* - .- .--.-.

d.amaoe. Note the
blocks and concrete fiIl.



I

Photo 9-4. The damage in this
the failure of VlaLl

picture is similar to
A.4.

Note: Artlrough th¡^ere is a similarity in plrotos 9-4
and 8+7, the loadipg of tfre walls is notexactly the same.
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In studying the strains obtained from the strain gauges,

it is observed that at certain points the blocks are almost. free

of strain, or the st.rains are decreased despite th.e increase in
the horizontal load. The same observation can be made with
deflections and with the strains th-at can be for:nd using the

reading of dials 6 and 5.

It is believed that most deformations take place in the
joints, and the spring-like beh-aviour mentioned before in this
study seems to be a valid one. Ilowever, a detailed analysis of
these results is beyond ttre scope of this study.

An explanation of the

mortar and. ttre blocks follow
mation for one block and. one

AT = AT- + AT.IJ1

beh-aviour is given. If both the

Hooke:t,s=:J-av(rthen the total defor-
joint is

when

AT = total deformation

ATB = deformation of block

ATj = deformation of mortar joint

If the modulus of elasticity of the blocks is E" and

that of the mortar is 
"j 

then ttre block and the joint, have differ-
ent deformations (due to E and size). W?ren the capacity of the

joint is exceeded then th-e joint deforms much further beyond the

strain in ttLe block with th^e effect of re*tie,:t.'ng th-e st,nes,ses tn
þü-I¡e-s,:b¿r"ck.
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The finite element analylsis in masonry constructed

walls can be of great usefulness. llh-e results obtained in

analyzing Group A (deflections and stresses) show that the

analysis gives very high slresses and d.eflections which are a

fraction of the ones measured. It is believed that this is

because of the modulus of elasticity used. in t]re anáIysis. Ît

was assumed that E = 3000 ksii' Tttis is not the case. Let us

try to find a relation between E" and Ej where EB = modulus of

elasticity of block and Ej = modulus of elasticit'y of mortar.

It was stated previouslY that

AT=ATB+^Tj

ATj = ejTj wtr-ere ej = strain in joint

Tj = thickness of joint-

Using Hookets law

o=Ee then ATi=$-Ti- ï-J

ilf Em = modulus of elasticity of masonry wal} ailcl" T = equivalent 
;:;,,,,:..,,

thickness of the wall and T" - thickness of the btock th-en
:,:;:;,:,.

9r=9 8-+g.rjEm* E" l:! Ej

from which the modulus of elasticity can be for:nd by setting
,'-tat 

t,,_

rF-i 14 i . :. . .i: ..:

#=Tand.#=ß

Em _1+y
Eã_ - ïrr/s
This indicates that th-e modulus of elasticity of the
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masonrr cons'tructed. waÈ1"is a function af many factors that
vary from wall to walI. An-d it is believed to be. the reason
for the results of the finite erement analysis and the strain
gauges being difficult to reTate.
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I.

2.

3.

CHAPTER X

iiiitt"tlr=ions

Th-e slrear sti:engttr- of ttrc mqrtar is very important when

low vertical stresses exist. For high vertical stresses,

the contribution of th^e mortar is small compared with the

frictional contríbution.

Mortar produced by normal cement and polyvinyl acetate

has greater flexibility and larger deflections are measured.

before failure. This is an important aspect since greater

energy can be rn"olrn"d by larger deformations.

The shear capacity of r:nreinforced masonr1" walls can

be obtained usj-ng the reLation

V=Vo*po-y

4. Failure of the walI will not occur until the relation

is at least 100psi.

5. The code allowabIe shear formula for unreinforced.

masonry wa1ls

Vsw = Vm t0.3 fcs

r-:nderestimates th-e shear capacity by at least .4 fcs, since

it usesO.3 fes instead of at leastg"7 fcs.

6. I|h-e maximum shear th^at can be carried out before IocaI
t-or general failure in tension occurs, is at least 4$frct
I

oy
2
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provided that vertical stress is high enough (over 180 psi).

However/ more test d.ata is needed..

7. Finite element analysis gives very high stresses,

and is useful for finding average stresses. However,

deflections are much less than the measured ones. The

modulus of elasticity used in this analysis appears to
be very high.

8. Strain gauges as mearrs of calculating strains and

stresses on the lbocks give results not easily related to

those obtained by finite element. because of the effects
of local variations of material property and lack of

homogeneity of wall.

g. No cönclusions can be drawn for filled watls

because onlv one .\^las tested.
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1.

CHAPTER XI

Recommendations

High shear strengtti mortar should be used' when the

vertical load,s are small. Normal cement with l0g Poly-

vinyl acetate giúes a shear strength of 150 psi at

28 d,ays and is recommended for use after further studies.

When mortar with high shear strength is ustàd', and

where shear stresses are high, it is recontmended that

grooves be cut out of the block to better utilize the

strengttr'of the mort":.

It is recommended that the shear strength of the

wall is obtained using the least of the values obtained

from

uoY vith U = 0.70 (I)

2.

3.

4.

5.

"14ll} -ry withrt=2ï;,o'

It is recommended ttrat allonrable shear for masonry

constructed. r¡nreinforced slrear walls and connections with

sla"bs be increased if ttrey are si¡nilar to ttrose tested.

tÍtre amount of increase should be determined. by further testing.

' It is recommended ttrat a study be carried out using

ttre finite element approactr to find the appropriate çf¿5gf s

cpnstants,.;' for unreinforced masonry walls, and a further

study to deterrnine the usefulness of strain gauges as a



tinl
::'.1:::i::.:.:::::.:::::::;il'i:,i..¿i:llì:l:ì:ì:ij:!:i;:::J:ji:;;1:ri:i::iri:ii-iìi

136

means of ìmderstanding Lhe movements of the blocks

within the warl, since it, ís believed, from the result,s

obt,aj-ned from the limited investigation in thís area,

that movements take place within the wa1l.

6- rt is recommended that, in simirar t,ests, the loaded

face block is filled to avoid local failures t ot if not,

fílIed, two plates (1" x 1,5,') shor,lld be placed on the

sides of the loaded face in order that the appried load

is transferred to the wa1I without causing bending of the

end section. Also the plate on which the loads are applied
should be I inch thick so that bending of the prate would

be largely elimínated.

7- rt is also recoÍrmended that a targe number of tests
be carried out in order t,o propose changes in the arrow-

able shear stress on similar wal1s.

8. It is recornmended that the effect .of vertical
reinforcement in the shear st.rength capacity of the walr
be investigated.

9. It is recommended that the shear capacity of fi1led
walls with and without vertical and horizontal reinforce-
ment be investigated.
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INTRODUCTION

The mortar in masonry construction Ís used to bind the

individual urasonry r:nits togeËher into a single sËructure whose strength

characterístics can be predicted, and also to províde a seal which r.¡il1

ProÈect the joint from penetraÈion by air and moísture. Many problens

such as c::ackíng and rain penetration have been directly at.t.ributed to

the use of rnsuitable uortar. The mortar ís also required Èo bond wiËh

steel reinforcement, Ëies and anchor bolËs so that they perforur íntegrally

wiÈh the masonry. There are many types of mortars each vrith different

characterisËics. The most cormlon mortars are the following fÍve types

Mr. s, N, o, K with average compressive st.rengËhs respectively at 2g days

of 250o,1800, 750,350 and 75 psi. (sven sahlin, structural Masonry,

L97L.)

The mosË important property of harden"d *o.trt is bond, which holds

Èhe masonry units together. The xnaterials now available irave a very poor

bond strength. It has been proved experimentally that mortar having a

conþressive strength of 2500 psi could develop a bond strength of only

50 to 100 psi. Stresses causing bond faílure develop rnrhen masonry ís

subjected to eccentric gravity 1oads, loads from winds and oËher lateral_

forces



MORTARS

In this study., ËTrree types of mortars T¡z-ere used. The

w'at,er-cement raËio was the same in all t,?rree, wÍth the only

dif ference being a polyvinyl aceËate emulsion which was

used as an additÍve. The weight of the additÍve was sub-

Ëraved from Ëhe amounË of water to keep w1c ratio constant

and equal Ëo 0.55"

TEST METEOD

l:i",.:t.::i,t'iir:ir,i¡ li:i
143

The specÍmens ürere

Ëhe micldle block while

in Ë,1t,eL;r-f,fgure be1ow.

Ëested by app

the oËher Ër^ro

lying direct force in

blocks rested as shown

P
t'
I

Bond or shear capaciËy at failure = Io where A = area of contact

_5=tE

P=

^5 -2X J; = Zl..l) l-fÌ
ö

load at failure

Ihe síze. of the blocks Tôras 2tt x 4u x 8". (Norninal)
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Mortar 1.

Materials: 1:4 masonry cement to sand

w/c =0.55

, Do additÍve

TABLEA-I.SHEAR STRENGTH OF MORTARI.

Age ín Days Load at Failure
in 1b.

Average Load
in Ib.

Average Shear SÈrength
in psí

2200

1650

3740

2530 46

74 3100

3s50

900

25L2 45

28 3L20

2500

1500

2706 48.5

.:: ! -.

:. ;.::.ì .
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Y[ortar 2.

MaËeríals: 1:4 masonry cement. to sand

w/c =Q.55

107" by cement weight additÍve

TABLE A:2e SIIEAR STRENGTII OF MORTAR II.

L45

Age in Days Load aË Faílure
in lb.

1800

2950

3750

7400

4650

6950

2760

3380

2890

3290

2L60

3830

3480

1900

Average Loa
Ín lb.

Average Shear
Strength Ín psí

113.5



Mortar 3.

Materials: 1:4 cement to sand

ç/q =9.55

5, 10, L5, 2O7( of additive hras tried.

The shear strength of mortars produced usíng the above

combÍnation of m¡terials is given on the following Ëables. From

previous experiments conducted by the author, it was found that the

shear strength of Ëhe mortar increased r.¡iÈh increas {ag: aoaun.ü,,of, "addltÍve
However, the w/c raËio has Ëo be decreased aË higher additive content.

The nortars produced were on the weË side, buË in order to have consis-

tancl¡ the w/c ratio was kept atg.55. The presented resulÈs are conser-

vative sÍnce the quality of the blocks rías poor, resulting in some cases

of block failure.

. : .. ..: _.,.. :. -, ...". : :.:-"-. -. 
" 

"t-'.. " 
-" 

"..:..: 
-.'"-:.'..:-..
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TABTE A-3.SHEAR STRENGTH OF MORTAR WITH

NORMAL CRÍENT,5 PERCENT ADDITIVE

Age in Days Load at Failure I Average Load I Average
in Ib. Ín 1b.

Shear StrengËh
in psi

82.5

6L66

TABLE A-4.. SHEAR STRENGTH OF MORTAR I^IITH

NOR}IAL CEMENT, 10 PERCENT ADDITIVE

7400

6500

7000

6700

6300

tge in Days Load at Failure
Ín lb.

Average Load
in lb.

Average Shear Strength
in psi

L4

28

6640

4360

3380

6500

9200

9560

7500

9700

9300

4793

8420

8833

86

151

158
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TABLE A-5. SHEAR STRENGTH OF MORTAR WITH

NORMAL CEMENT,15 PERCENT ADDITIVE

Age in Days Load aÈ Failure
in lb.

Average Load þverage Shear Strength
in psiin lb.

TA.BLE A.6.SHEAR STRENGTH OF MORTAR I^IITH

NORMAL CEMENT,20 PERCENT ADDiTIVE

8320

5700

5100

10000

8700

15500

9250

9500

9200

Age in Days Load at Failure
in lb.

4500

5520

6400

13000

9s00

10500

8750

L2750

L2250

Average Load I Average Shear SËrength
in lb. I in psi

5473 98. 5

11000

11250

L97.5
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CONCLUSIONS AND RECOMMENDATIONS

From Ëïre series of experimental investigations iË is

believed tÎ¡-at:

1. AdditÍ.on of polyvinyl acetaËêr â product of the Swift

Chemical Company with the Ërade number 52-81, increases

the bond strength of mortar produced usíng normal- cement.

2. ![orkability of the morÈar wiËh additive is good. The

mortar üras f ound to be in good condj- Ëion, as f ar as

workabilíty is corrcerned afLer sÍttíng untouched for

tw'o hours.

3. lüater seems Ëo have no effect on the hardened morËar.

Ilowever, iË ís recommended Èhat f urËher and more ext,ens íve

invesËigation be made regarding such aspecËs as: optímum

addiËive and cement ratío, heaË effects, fÍre resistanee,

moísture penetraËion, etc.

4. The additÍve decreases the shear strengËh of mortars

produced, using masonry cemerf,t.

5. Polyvíny1 acet,ate reduces iJne amourit of waËer requi-red

to produce a w'orkable Tnortar, which is an advantage f or

sËrength since Ëhe l-ower the r,'¡aËer content Ëhe higher

Ëhe s treng th-.

6. Additive increases compressì,ve' sËrengËh by approxinatel-y

4s7".
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Recommendations

1. The use of polyvínyl acetate is recommended only as an

additive with normal cement to increase shear strengËh. Ilowever,

additÍon of the material in morËars produced using nasonry cement

musË be avoided for the shear strength decreases with time afËer

approximately 16 days.

2. Further investigation inËo the propertíes of mortar produced

using normal cement and polyviny,l_ acetate is recommended.
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TABLEA-7. COMPRESSIVE STRH{GTH OF MORTARS AT 28 DAYS

The test cylínders were 3 inches ín diameËer and 6 incher in height.

Area = Ir2 = 3.L4Ãú2 = 7.o5.n2

aunl-n Masonry Cement
No Additive

Masonry CemenË
102 AddiËive

Normal Cement
102 Addirive Comments

Load
in lb.

Average
SËrength

psi

Loact
in Ib.

Average
Strength

psi

Load
l_n lb.

Average
Strength

psi

19000

15000

15500

18s00

14300

20800

11000

8000

17900

19000

11000

19000

17000

13950

2150
psi

26300

2 3800

22900

25100

22000

20250

25050

2 3800

2L900

22600

3320
PSí

27L00

23800

23100

22L00

21800

24900

2 3000

2L600

23900

23000

3340



TASLE A-S.COMPRESSIVE STRENGTH OF CONCRETE USED IN SLABS AND FILLING THE WALLS

l_

2

3

4

5

6

7

8

9

10

118000

100000

121000

104000

103000

68000

88000

113000

98500

103500

The tesË cylínders were 6

Area = Ir2 = 3'r! x 62 -

inches in dÍaneËer by 12 inches high.

28.3 j-:n?

Load in lb. at Average Strength in psi



TABLE A-9. COMPRESSIVE STRENGTH OF BLOCKS

Strength in Ib/in

34.58

_l

- rr -

-rr-

-il-

- rt 
-

lt

Dimensions of Èested block

ContacË area = 7 L/2 x 7 L/2 -

= 34.58 Ín2

Groove 3/4 x !4

4.1 x 5.1 - 3/4x314

Load in kips I PlL kltn

103 | Z.gA

ro4 | 3.O2

110 | S.Z

53 | 1.s4

58 I 1.68

86 | 2.s
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TABLE A-10. SIEVE ANATYSTS OF SA¡ID

Fineness trodulus = X % accumulative reÈained
.

l-
= ft- [3.9 + 14.5 + 30.01-55.6 + 83.4 + 83.4 + 97.0] = 2.84

Note: Sl-eve No. 200 fs not Íncluded in the tlÉ.e.ness- modulus.

SÍeve wË. Rerained Z Retained Z Retaíned
Accumulative

Z Passing
AccumulaËÍve

lr4

3/4

318

4

I
16

30

50

100

200

Pass 200

0

0

0

38

111

L49

246

266

130

r6

4

0

0

0

3,96

r0 .6

15.5

25.6

27 .g

13.6

t.7

.4

0

0

0

3.9

t4.5

?0.0

55 .6

83.4

97 .O

98.7

99.L

100

100

100

96. I

8s.5

70.0

44.4

16.6

3.0

1,3

.9
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APPENDIX .B

TENSILE STRENGTH OF BLOCKS
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Calculation of f.""if" Stre"gttt ot

To determine the tensile strength of the blocks, ten speeimens

of three blocks vrere prepared using normal cement and L0% polyvinal

acetate as an additive. (Photo g-1 illusËrates specírnen).

Holes were made usÍng a drill, on both sides of the specimen and

using two plates to dj.stribute the load, t.ension tests were made as

shown ín Photo B-I.

AJ.l specirnens failed in tension on the blocks, and the area of

the failure surface is calculated by measuring. A saurple calculaËion

ís shown below.

area = /.e rz+L'B .L 1'3 + 1'' L-- - --Z-r
= 7.6 " t$åËl = 7.6 x rTl = 7.6 x 3.05 = 23.2

tensÍre st 2370rength = ñi = 102 psi

Although the faílure cannot be state¿ as being 1002 due to tensíon,

iË is believed that it gives a good indication of what the tensile

st,rength of the blocks was.



Specimen

I

2

3

5

6

7

8

9

10

Load aË Failure
Average
StrengËh

L02

Conments

TABLEN:l.C4],CI]LATION OF TENSILE STRENGTII OF BLOCKS

.1..j. i : 1!r:,::..-)_:._, -

2370

2350

2400

2300

2 380

2230

2420

2400

2370

2480

Area

23.2

23.2

23.2

23.2

23.2

23.2

23.2

23.2

23.2

23.2

The results agree remarkably well with the assumption made in

Ëhe core of thís Ëhesís that Ëhe Gensile strengËh of Ëhe concrete \,ras

n* = 2rltt^ = 2\l%o 3 too psi.Etc

IË is also worthwhíle mentioning here thaË :Ehe tensile sËrength

of the morËar ís large enough to make the possÍbilíty of building wall

sections and then lifËing them into place- a consíderaËion Ëo be looked

inÈo further.
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APPENDIX C

ROLLING RESISTANCE
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ROLLING RESISTANCE OF ROLLERS.

The horizontal loads must be corrected for the rolling
resísËance. For Ëhis purpose, the rollers used on the top of the wall

were placed in the same manner as in the tests, using the same materials,

tnder a vertical loadÍng appartus and the ro11íng resistance at various

vertícal loads was found. The horizontal loads then r¿ere adjr:sted and

thus the actual horizontal load on the wa1l was determi.ned. Table C-I
and FigureC-2gíve Èhe results of this work.

To reduce the folling resistance as much as possíble

were kept clean and the rollers were lubrj-cated and cleaned

test.

Ëest.

all plates

after every

Figure c-l irlustrates qualitatively the procedure used in this

<Ph

Pv

I

Figure C-l. Rolling Resistance Test
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TABLE Cjl¡ 'ROLL-fNG RES"ISTANCE

Vertical Load ín Lb.

L64

1,000
2,000
4,000

10,000
15,000
20,000
25,000
30,000
35,000
40,000
45 ,000
50,000
55 , ooo
60,000

Resistance in Lb.

96 * LO}
L87 x 200
374 * 400

1050 *1000
1460 *1500
206Ox2OO0
2453fî-2500

3000
3500
4000
4s00
s000
5s00
6000

Note: Only up to 251000 lb. verËícal load hras tested.
The rolling resistance for higher vertÍcal loads
were calculated using .10 of the vertical load.
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APPENDIX D

RESI]LTS FROM STRATN GAUGES
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TABLE D-l

RESTJLTS FROM STRAIN GAUGES

(srRArNS rN TNCHES pER rNcH x Lo 4)'

WAT,L AI-

GAUGEABCDEF

HORIZONTAL LOAD 4,000 lb.

. ex -4 .L200 -0. 0367 -0 .0434 -0. 0334 0 .66i,4 O .66L4
ey 0.5011- -0.0802 -0.0601 -0.0535 0,6347 0.6815

-yrry 0.4643 -0.0501 -0.0468 -0.0167 _ 0.6381 0.8285 -

HoRTZoNTAL LoAD 6,000 lb.

. ex -0.1436 -0.1069 -0.0735 -0.0969 I.O4Z3 !,0256

. ey 1.0523 -0 .0167 -0.0200 -0.L269 0 .9922 0.9955

-yxy . o.9487 -0.0802 -0.0902 -0.1236 0.9454 O.93BZ_

HORTZONTAT, LoAD 8,000 1b.

-ex -0.0802 -0.0367 -0.030r -0.0100 L.2594 7 .1394

.ey L.L392 0.0134 O,0367 -0.0935 1. j-191 L.L79Z

_Jxy _ 1.0490 -0.0067 0.01-34 0.0s35 L.zzg4 -4.9960
HoRTZoNTAL LoAD 10,000 lb.

.ex -0.1570 -0.1136 -0.0902 -0.1136 L.0423 l_.0590

.ey l-.1525 0.0568 0.0334 -0.2105 O.942L : O.|Z2O ,.,,,,,
1i'._-1 -11 1:

,yxy L.0.L22 -0.0569 ; -0.0935 -0.1303 o.g3g7 0.9197 
,, ,....,

HORIZONTAL LOAD 12,000 Ib. ','t,' 
'..':...,::

..

ex ,-0 .L637 -0.L236 -0.0969 -0.1303 0.9788 O.ggzz

,ey l- .0790 0.0969 0.0468 -0.2439 O .9452 0. Bt_85

1*y 0 .9521 -0.043,4 -0 .0702 -0 .L269 0.9752 0. g495 
,;,,,..;,;,..,,.,

IloRrzoNTAL LoAD 14,000 l-b ,,t :..'ì'

_ex -7.1050 -0.1169 -0.1_102 -0.1336 0.9955 L.OOZ2

_ey L.LB26 0.1_470 0.0735 -0.2773 0.8285 0.76l-7

Jry .. 1.0389 -0.0200 -0.0635 -0.1436 0.8686 _ 0.8251 _



: ::--...: :l;.:'t.ì :,;.:,Í":.;'::':.-"r:".:j".:':

GAUGE

RTSI]LTS

(STRAINS IN

-0 .1069

0.2338

0.0668

0.2472

0.2L7I

0.0267

TABLE D-2

FROM STRAIN

INCIIES PER

I^IALL A1

GAUGES

INCII x fO 4)

CD

HORTZONTAL LOAD 16,000 t_b.

-0.L236 -0.1637
0.0969 -0.3307

-0.0635 -0.1403

0.9588

0.63r_4

0 .7383

L.286L

L.2227

0.9988

ex

ey

Yxy

ex

ey

Yxy

-o.1269
L.2795

0 .9955

o.2739

L.4365

0.8118

HORTZONTAL LoAD 18,000 lb.

o.97s5

0. 3580

0.861_9

L.2026

1.1458

I.0022

0.0100 -0.0367
0.0334 -0.0902

-0.0501 -0.0568
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GAUGE

ex

ey

Yxy

Êx

ey

Yxy

ex

Êy

Yxy

Êx

ey

Yxy

-0 .1371_

0.2608
o.36L2

-0.0535

0 .2809

0 .3s45

0.0000

0.2608

o.3444

0.0301

o.244L

0.3043

-6.3300
0.2809

0.3010

0.0669
0 .2_809

0.301_0

D

4,000 lb.

-0.0368

-0.0268

0.r739

0.2274

8,000 lb.

o.L672

o.43L4
0 .5016

0.3244

0 .7 424

0.6655

-0.0569

0 .5050
0 .5986

-0.0167

o.7926

0.7992

À

RESIILTS

(STRAINS IN

0.1170

0.2408

TABLE D-3

FROM STRAIN

INCHES PER

I^IALL 83

GAUGES

INCH x ro 4)

c

IIORIZONTAL LOAD

ex

ey

Txy

ex

Êy

Yxy

-o.L706 -0.2207

0 .2006 0. Ll_04 0.1438
0 .321_0 0 .535i 0 .244L

IroRrzoNTAL LOAD 6,000 t_b.

-0.l-304 -0 .1_706

0 .0468

0.4682
HORIZONTAI LOAD

-0.0970 -0.1405 -0.0134
0.0936 0.0301- 0.2006

o .2408 0 .4682 0 .2408

HoRTZoNTAL LoAD 10,000 lb.

-0 .0635 -0 .l-037 -0.0000
0.0769 0.0067 0.2274

0.2040 0.4381 0,2274

HoRIZONTAT, LOAD 12,000 lb.

o.2274 -0.0702

0 .5451_ 0 . 6l_8 7

0.5953 0.7156

0.2542 -0.0635
0.5919 0.652L

0 .6086 0 .7 324

0.2776 -0.0468
0.6488 0.7223

0 .632L 0.7758

0.3043 -0.0368
0 .6922 0 .7 424

0 .6387 0 .7792

-0.0368 -0.0736
0.0669 -0.0067
o.L772 0.421,4

HORIZONTA], LOAD

0 .016 7

0 .2508

0.2274
14,000 lb.

0 .0268

0.2742

0.234L

-0.0201
0.0736

o.L772

-0.0502
-0 .0067

0.42L4



TABLE D-4

RESTILTS FROM STRAIN GAUGES

(srurNs rN TNcHES PER rNcH x 10 4)

I^IALL 83

lceucr A B c D E F

ì HoRIZoNTAT, LOAD 16,000 1b

ex 0.0936 0,0234 -0.0067 0.0502 0.3645 0.0033
ey ' 0.2742 O,O7O2 -0.0234 0.3L77 0.8327 0.8695

yxy 0.2742 0.1-605 0.4080 o.234I 0.7056 0.8327
HORIZoNTAL LOAD 18,000 lb.

ex -6.3300 0.0435 0.01-67 0.0635 0.3745 0.0234
ey O .2909 0 .0736 -0 .0301 0 . 3411 0 ,87 62 0 .9063
yxy O .2776 0 .L572 0.4080 0 .234L 0. 7056 0.8394

HORTZONTAT LoAD 20,000 lb.

ex O ,1237 0 .0702 0 .0401- -L.4279 0 .3946 0 .0435

ey 0 . 3010 O .0702 -0 .0368 0 .3645 0 .9397 0 .9631_

yxy 0.2776 0.1-538 0.4046 0.2374 O.72gO 0.8594

HORTZONTAL LOAD 22,000 l_b.

ex -6.6660 0.0669 0.0368 0.0869 0.41-13 0.0568

ey 0.3177 0.1003 -0.0134 0.4582 1.0768 1.0802
yxy 0.2876 Q.224L 0.5284 0.3143 0.8293 0.9631

HORIZoNTAL LOAD 24,000 ]_b.

ex 0.1538 0.0836 0.0468 0.0936 0.4247 0.0602
ey 0 .3344 0 .0936 -0 .0234 0.481_6 1.1136 1 .1 069

yxy 0.3010 O .224L 0.5317 O.3244 O.8427 0.9698

HORIZONTAL LoAD 26,000 lb.

ex i O. l-906 0 .1037 0.0702 O.l-037 O .4448 0 . O63s

ey I 0.3545 0.0803 -0.0334 0.5083 l.rgos L.L57t
yïy - 0.3110 0.2L74 0.s284 0,3244 0.8762 I.0099

L70
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TABLE D.5

FROM STRAIN GAUGES

INCHES PER rNcrr x t0 4)

T^IAIL 83

L7T

GAUGE

0.3277

0.3344

0 .1839

RESULTS

(STRAINS IN

0.1338

0.1_940

0 .2809

0.0401

0 .04 35

0.6454

CD
¡

IIORTZONTAL LoAD 29,000 1b.

E

-Êx

.ey
Yxy

0.2040

0 .l_973

0 .3378

0.L204

0. 0201

o.7357

0 .41_13

1.5082

0 .9865

0 .0869

0.9966

0.8494

0.1137

1.0568

0.8962

o.L47I

L.1404

0 .94 30

0 .1906

L.2407

0.9999

0.2642

1.3510

r_ .0634

0.3645

1_ .5483

1.1_905

0.0970 0 .2073
0.5652 1.0300

0.4L47 0 .739L

30,000 t0..

_ex

.ey

Yxy

-ex

_ey

Yxy

ex

ey

Yxy

-1.1870
0.3s4s

0.1973

0.3946

0.3779

0.2006

0.4347

0.3913

0 .1940

0.4682

0.4013

0 .1906

0 .5016

0 .4180

0 .1906

_ex

-ey

Yxy

ex

ey

Yxy

HORIZONTAL I.OAD

0 .L47L 0 .0568 o .11_70 0 .2475
0.1973 0.0401 0.5799 L.0902
0.3010 0.6ss4 5.8458 0.7692

EORIZONTAI LOAD 32,000 lb.

0 .L672 0.0769 0.1338 0.2675
0.2006 0.0334 0.6287 L.L771
0.3143 0 .67s5 0.4448 0.8059

ItoRrzoNTAr LOAD 34,000 lb.

0.1806 0.0903 0.1505 0.3043
0.1940 0.0268 0.6588 , L.2641_

o .3244 0 .6889 0 .4581_ o .8494

HORTZONTAT L0AD 36,000 lb.

0 .1940

0 .1973

0.3311

0.1070

0 .0167

0.7090

0 .1706

0 .6989

0.48r_s

38,000 1b .

0.1940

0.7424

0 .5016

0.3344

L.3577

0.8929

IIORIZONTAT, LOAD



TABLE D-6 T72

RESIILTS FROM STRAIN GAUGES

(srRArNs rN rNcrrEs PER rNcH x 10 4)

WALL 83

GAUGE A B

, HoRrzoNTAr LoAD 40,000 lb.

ex 0.581-9 0. 2508 0.15 38 0 .244L 0. 5585 0 .6354

ey 0.4815 O.2l-4O 0.0167 0.8059 I.7624 t.8326
yxy 0.1-973 0.3511 0.7825 0.5518 t-.1370 L.4OLT

HORTZONTAL LOþÐ 42,000 l_b.

'i

ex 0.3980 O.L572 0.0803,0.1-806 O.5Ot6 0.4649
ey 0.3110 O.L672 0.0167 0.6722 1.5316 L.7356
yxy 0.1438 O.2L4O 0.6655 O.4gL6 1.0233 L.3744
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APPENDIX ,]E

DEFLECTION DATA
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TABLE E-1. DEFLECTION MEASUREMENTS IN INCIIES x 103

I.TAIL A1 TOTAL VERTICAL LOAD 2.33K

Total Hor.
Load in Kips

Dial
1

Dial
2

Dial
3

Díal
4

DÍa1
5

DiaI
6 Ç6n¡menËs

000

4,000

6 ,000

8,000

10,000

12,000

14,000

l_6,000

000

000

002

008

0L2

015

026

000

-039

-046

-o52

-053

-056

-062

000

o4L

054

055

063

075

083

000

060

o69

084

095

113

L28

000

072

088

110

123

L62

]-67

000

050

060

07L

078

090

098

Fail-ure
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FrcuRE E-1. LocATroN oF DEFLECTToN MEASURTNG DEVTCES - WALL A1.
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TABLE E-2. DEFLECTION MEASUREMENTS IN INCHES x 103

I^TAI,L A2 TOTA], VERTICAI LOAD 15.7K

Total Hor.
Load in Kips

Dial
1

DÍa1
2

Dial
3

Dial
4

Dial
5

Dial
6 Comments

000

4 ,000

6,000

8,000

10,000

12,000

l_4,000

16 ,000

18,000

20,000

22,000

24,000

26,000

000

-006

-006

-005

-005

-007

-004

-004

-004

+00f

+007

+010

000 
i

I

-02s i

I

-030 |

i

-o3s i
¡

-o4e i

-040 i

-032't
I

-038 i

-040 i

:

-042:

-045 i

-048 i
I

I
I
I
ì

000

019

033

045

078

081

092

106

115

L22

L25

L29

000

020

030

036

040

041

039

048

050

055

058

062

000

030

047

047

o47

050

028

035

040

039

025

018

000

024

033

040

045

05r-

05r-

066

069

070

07L

073

FaÍl-ure
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24,000

26,000

2B,000

30,000

32,000

34, oo0

36,000

25 r 000

TASLE E-3. DEFLECTION MEASUREMENTS TN

. I^IA],L A3 TOTAI, VERTTCAI LOAD

180

INCHES x 103

28. 30k

-039

-02r
-008

009

034

o37

-L07

-107

-100

-l_00

-094

-099

022

010

010

019

02L

088

233

300

L07

110

Ltz
126

150

L87

27L

330

L44

155

158

L79

L79

L99

276

342

107

L04

LLz

1t_4

L47

L87

336

422

Failure

ToÈal- Hor.
Load in Kips

Dial
L

Dial
2

Dial
3

Dial
4

Dlal
5

Dial
6 Comrents

000

4,000

6 ,000

8,000

10,000

12,000

14,000

16,000

18,000

20,000

22,O00

000

-004

-006

-006

-011

-02r
-047

-046

-048

-043

-041

riI 0001il
i -002 i

1 -005 ì

lr
i -011 Iri
i -ozo ¡

i -027 i

i -035 ì

ir

| -042 I

j -oso i

rl
i -059 i
li

i -oos I

000

010

0L5

010

015

015

015

0r_6

018

019

020

000

015

020

025

04s

043

055

067

078

092

106

000

o20

030

036

052

066

086

105

L29

140

137

008

o12

019

026

037

047

057

067

078

092

LO2
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FIGIJRE E-3. LOCATION OF DEFLECTION MEASTIRING DEVICES - hTALL A3'



TABLE E-4. DEFLECTION },fEASUREMENTS IN

I^TALL A4 TOTAL VERTICAI, LOAD

L82

INCHES x 103

39.95k

16 , ooo
1g,000
20 ,000
22,000
24,0O0
26 ,0oo
2g, oo0
30,000
32,000
34,000
36,000
38, ooo
40,000
42,000
44 , oo0
46,000
48, ooo
50,000

-007
-004
-002

000
002
005
008
011_

0t_4
016
020
022
o26
028
035
o32
038
042

-025
-029
-042
-035
-038
-040
-041
-044
-o47
-050
,05 3
-056
-061
-065
-067
-o67
-07L
-077

033
035
045
047
051-
0s4
058
062
065
072
077
085
091
L02
110
r29
155
L7L
190

UJþ
039
052
058
064
070
075
080
090
099
106
118
L27
L42
L52
180
208
230
250

076
092
100
1_11

L20
t_30
L40
lsq
r64
L74
188
200
222
237
270
202
330
360

057
065
07L
076
082
089
094
l_00
L07
LL4
L20
130
L42
1_50

:l-70
195
214
23r

Failure

Total Hor.
Load 1n KÍps

Dial
I

Dial
2

Dial
3

Dial
4

Dial
5

Dial
6 Corments

000
4,000
6,000
8r000

1_0,000
12 ,0oo
14.000

000
000

-002
-01-0
-010
-010
-008

000
-009
-010
-02L
-013
-016
-o2?

II 000

i oos
ì 009
i 018
': 026
; 027ì oqq

000
003
004
009
032
029
(, lr)

000
0L2
016
o25
048
055
068

000
010
01_4

020
028
038
048
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FIGI]RE E.4. LOCATION OF DEFLECTION MEASIIRING DEVICES - I^IAIL A4'
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TABLE E-5. DEFLECTION MEASIIREMENTS IN INCIIES x 103

I^TAIL A5 TOTA]. VERTICAL LOAD 51.40K

184

16,000

18,000

20,000

22,000

24,000

26,000

29,000

30, o0o

32,000

34, ooo

36,000

38,000

40, ooo

42,00o

44,'OOO

46 ,000

-006

-008

-009

-010

-010

-010

-010

-010

-010

-010

-01 0

-020

-018

-015

-010

-010

-015

-0L7

-02L

-024

-027

-030

-035

-036

-040

-042

-035

-050

-0s2

-055

-060

-05s

014

016

020

022

o32

040

048

062

o62

074

080

090

1_10

L20

138

L42

016

017

0t_8

019

030

040

048

065

070

078

085

L04

1,25

t_40

185

1_90

020

022

030

032

040

050

058'

075

080

086

095

100

L26

L45

l.92

2r2

010

011

011

0]-,2

013

0L4

015

0L7

018

020

02L

022

023

030

055

050 Failure

Total- Hor.
Load in KÍps

Dial
t_

Dial
2

Dial
3

Dial
4

Dial
5

Dial
6 Conments

000

4,000

6 ,000

8,000

10,000

l_2,000

14 ,000

000

000

-005

-005

-005

-005

-006

000

000

-002

-005

-007

-01-0

-01_1

000

000

001

007

008

0t_0

011

000

000

002

009

0l_0

011_

013

000

000

003

011

016

018

018

000

000

003

005

008

01-0

010

58,000 LoAD I,üAS REACHED AËIER FATLURE
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TÄ,BLE'E-6.DEFLECïION MEASUREMENTS IN INCHES x 103

T'IAIL B1A TOTAL VERTICAI LOAD 2.33K

Tabl-eE-T.DEFLECTION MEASUREMENTS IN INCHES x l-03

IÀIALL B1B TOTAL VERTICAL LOAD 1-5.7k

-.:.':.:

Total
Load in

Hor.
Kips

Dial
1

Díal
2

Díal
3

Díal
4

Dial-
5

Díal
6 Comments

000

4,000

6 ,000

000

003

004

000

-020

-028

000

036

072

000

068

097

000

082

2r9

000

046

L97 Failure

Total Hor.
Load ín Kips

Dial
1

Dial
2

Dial
3

DÍal
4

Dial
5

Dial
6 Couments

000

4,000

6 ,000

000

-002

-010

000

-030

-044

000

005

0L7

000

081-

095

000

t_09

227

000

010

028 Failure
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FIGI]RE E-6. LOCATION OF DEFLECTION I"TEÁ,SIIRING DEVICES . I.¡ALL B.--- -1A'
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TABLE. E=S.DEFLECTION MEASUREMENTS IN INCHES x 103

I,{AIL 83 TOTA], VERTICA]. LOAD 28.30K

Total Hor.
Load,in Kíps

Dial
1

Díal
2

Díal-
3

DiaL
4

Díal
5

Día1
6 Comments

000

4 ,000
6,000

8,000

10,000

12,000

14,000

16,000

l_8 , oo0

20, 000

22,000

241000

26,000

28,000

30,000

32 ,000
34,000

36 ,000

38, 000

221000

000

000

000

002

004

006

008

009

oL7

007

006

008

006

008

oL2

013

018

o2L

o25

000

-01_0

-0L7

-024

-034

-044

-060

-070

-084

-L25

-L4L

-155

-180

-200

-2L3

-227

-24L

-254

-268

i
1

T

I
ì
¡
{

I
Ì

i

¡

¡
i
!
i

i
Í

¡
lé

I
i

i
;
i
t

¡

I
I

¡

¡
I

000

043

054

070

089

11-6

L42

L65

L96

239

258

284

308

323

333

339

350

367

402

785

f
I
¡

I

000 
|

o4s 
I

0s7 
i

o8o i
104 I

f
1_3e 

å

174 Ê

i
204 ì

I
246 \\

306 i
I

334 
¡

36s i

407 i
l

434 
|

467 í

so3 
I

s25 i

s36 i
I

seg I

64r i

000 
i

067 l
I

082 I
,¡

112 :

L44 1

f
188 i

z:Js1
I

274 
I

330 
{

4os 
i

44e 'l

I,

486 i
i

542 ¡.

¡

s77 I

623Ï
I

667 ir

673 |

677 I
I

786 i
I

1048 i

000

006

0L4

033

055

090

LzL

L47

1_86

235

26L

290

332

347

374

409

429

43s

46L

688

Shear Fail
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FrGIlRx E-8. LocATroN oF DEFLECTTON MEASURTNG DEVrcEs - I^rALL B^.
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TA3LE E-9. DEFLECTION MEASUREMENTS IN

I^IAIL 84 TOTAI VERTICAL LOAD

INCHES x 103

39 .95k

Total Hor. I Dial-l Dial
Load in Kípsl 1 I 2

Día1
3

Dial
4

Díal
5

Dial
6 Conrnents

000

4,000

6,000

8,000

10,000

t_2,000

14,000

l_6,000

18 ,000
20,000

22,O00

24,000

26,000

28,000

000 i 000

-00s I -00s

-001 
I -012

-001_ i -01e

-001 I -030

-002 i -038

-003 | -0s8

-00s [ -083

-0r.3 I -102

-015 I -147

-ors $ -rsz
-oLsl -L72

-01_6 i -18s

-02r- | -1e3

000

015

024

040

055

072

088

L25

t_50

L65

181

L94

209

220

000

020

035

058

080

LO4

130

LB2

2L9

243

27L

296

328

338

000

028

051

080

l_10

L44

178

253

300

336

375

4LL

455

472

000

0l_3

034

055

073

095

It7
l_56

193

2L3

236

257

272

292

30 ,000

32,000

34 ,000

36,000

38,000

40,000

42,000

44,0O0

-020

-022

-017

-01_8

-018

-015

-0L3

-027

-L94

-273

-230

-236

-243

-253

-263

-233

230

234

25L

258

265

279

296

7L5

509

52L

57L

592

606

647

682

900

306

318

344

354

362

385

407

84L

364

368

380

384

399

422

45L

822
¡i

22,AOO SUSTAINED LOAD AFTER FAILURE
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TABLECE:lO.DEFLECTION MEASUREMENTS IN

hIAIL B5 TOTA], VERTICAL LOAD

INCHES x 103

51.40k

Failure40,000

36,000 REACIIED I^IIIEN LOADED AFTER FAILIIREi
i

Total Hor.
Load in Kíps

Dlal
1

Díal
2

Dial
3

Día1
4

Dial
5

Dial
6 CormrenÈs

000

4,000

6,000

8,000

l_0,000

12,000

14,000

16 ,000
18,000

20,000

22,0O0

24,000

26 ,000
28,000

30,000

32,000

34,000

36,000

38 ,000

000 I 000

-003 | -0r-2

-oos | -013
I

-006 I -017
I

-006 | -021

-006 
i 

-024

-00s I -028

-oos i -o3o

-00s 
| 

-032

-00s i -03s

-oos i -o:a
I

-003 
I 

-040

-002 i -042

-oor l -o¿s
I

001 I -04s
1

003 I -047
I

oo4 I -048

oo7 
I 
-o4e

010 ! -0s0

000

023

025

031_

037

042

047

052

054

058

060

060

061

063

064

065

o69

07L

072

000

031

033

042

050

058

064

070

073

077

079

080

081

081_

082

085

091

096

L02

000

039

032

o42

053

063

082

090

a92

099

r_00

105

110

113

IL6

119

L20

L24

L26

000

o27

030

037

o44

050

055

0s9

061

064

066

067

o67

o67

066

066

065

064

064
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37.0"

I

f'F-- 44,5't'

FrcIlRE E-10. LocATroN oF DEFLECTTON MEASURTNG DEVTCES - I4TALL 85.
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TABi.E E-11. DEFLECTION MEASUREMENTS IN INCHES x LO3

I,TALL C]- TOTAL VERTICAL IOAD 2.33K

Total Hor.
Load in Kips

Dial
1

Dial-
2

Dial
3

Dial
4

Dial
5

Dial
6 Comments

000

4,000

6roo0

I,000
l-0,000

12,000

14,000

16,000

18,000

20,000

22,000

24,000

26,000

29,000

30,000

1

000

006

014 i

024 i

I
I

033 i

I

047 
|

05e 
i
i

06e 
I

o8o í
f

oe2 |
I

103 
|

u2¡
tz]- tr

Ë

128 
[
t

L37 t

,000 l

000

-011

-o2L

-025

-027

-029

-031

-033

-034

-034

-036

-037

-039

-040

-030

,OAD RI

000 
i

016 
i

034 
i

0s6 
I

o6e 
I

082 
[

0e1 
I

106 I

''e¡
126 

I
133 

I
141 

[
L4e 

Í
1s6 

$

_,':i
MAINEI

000 
I

oze 
I

066 
i

oe3 
[

110 
I

232 
|

248 
|

268 i
i

287 
I

2e8 
i

308 
[

31e I
f

331 
|

34L I
I

s84 i

AFTER

000

009

056

092

11-6

L49

L72

20L

227

243

259

275

290

305

566

FAILURE i

Failure
by Shear

000

004

037

068

093

L28

151

172

193

2L2

232

248

264

277

552

;-¡,
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TABLE- E-Iz. DEFLECTION MEASUREMENTS IN INCIIES x 103

I,üALL C2 TOTAI VERTICAI LOAD 2.33k

ToËaI Hor.
Load in Kips

Dial
1

Dial-
2

Díal
3

DíaI
4

Día1
5

Dial
6 Comments

000

4,000

6,000

8 ,000
10,000

l-2,000

l_4,000

1_6,000

l_8,000

20,000

22,0O0

24,0O0

26,000

2 8, 000

30,000

32,000

34,000

36,000

200

204

208

2L3

220

228

239

250

260

270

280

290

315

340

360

390

4L5

375

200

190

190

t_85

LB2

1-80

L79

180

181

185

185

t_89

L92

200

207

2L6

228

200

200

22L

226

242

257

270

290

304

315

320

334

345

362

390

406

424

440

608

200

233

24L

264

285

305

334

355

370

380

402

4]-5

445

482

510

535

560

840

200

240

25L

282

310

339

375

402

425

440

470

490

532

585

625

660

670

t-038

200

235

245

265

285

302

323

340

350

360

372

385

4L7

450

470

492

518

730 FaÍ1ure
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lnfverslty
lePartBenË

of
of

CIVIL. ENGINEERTTíG PROGRA}Í LIBRARY

) lnrxrmrcrrro¡¡

PSTRES - This program perforns a linear ffnlte element plane stress analysÍs.
In-plane loadings, self weÍght loadings and tenperature effects can.be con-
efdered.

Programed - Gl.enn A. Morris', March Lg7L.

) DESCRrprroN OF CoNTTNITLM Al{D LOADTNG

The contÍmuurû must be subdÍvided into a series of quadrelateral elemenËs
fnterconnecÈed by nodes which occutr only at the corners of the elements.
In describing the contÍnuum, all nodes are num'i:ered Ín an arbÍtrary sequencê,
as fllustrated ln FÍgure 1. The elenents are numbered in a second arbitr-ary
6equence

Al-l f,orces and modulus of elastfclty must be expressed
or pounds).

¿'4¿ ?¿!2 ttl4

ín the same units (kÍps

-#32,t- l" I
(zÐlQo; I fsU I

a"j

(ß)

.6o

'+l

8t)

12 lé 20 2'l ao

E- tt tí t --.-.

INPUT

the program input 1s descrLbed
descrÍptÍve headÍng cards and
dlvlded fnto 10 col'.rmn fields.

with reference to the
Ehe nodal lnformaÈlon

Exarnple below. Except for
cards, each data card is

lon; øt i (zz)

3' Q) l, "' l;; l;'l



(a)

(b)

-lt
1it..

DaËa Cards:

Job descrfptÍon - card to contaÍn a Job descrlptlon whlch is
prÍnted as a heading over Ëhe output.

Genera_l fnfo:matlon

20t

5 column
ffelds

in, etc. )

Fteld 1 nr.nber of g.fenenËs '

Fteld 2 nuuber of riodes
Fteld 3 number of nodes loaded by ocÈernal forces
Field 4 thfckness of planar continuun
Ffeld 5 the:maI expansiofi coefffcient o

Ffeld 6 (Co/s.5/lí2) unlts ('rTì or'IN') used for ele¡nent dl-mensions

Lf - fs not provlded,
G = .0000065 per degree F is assumed.

(c) Nodal fnfor.mation (one card for each node)

node n¡¡mber
Node X (horizontal) coordinaÈe
Node Y (vertical) coordlnate
Node type

Blank = non-restrained node
F, or FÐ(ED = flxed node
D, or DISPL = specified nodal dí.sp1,acurenËs
ç,'- roìler srrpgoÉjas rilustretdd rn Fr3 z,
Slope O (degrees), as illustrated in Fig, 2,
for any node constraíned to move perpendi-cular
to a glven directio!.
o varles i.."åå"-too and -90o.
Specif led nodal dÍsplacements, f-f any
(horízontal (in), vertical (in))

ño2_-_7-

(d) Elenent LnformatÍon (one card for each elenent)

Fteld I
Fteld 2
Ftel-d 3
Flel-d 4

Fleld 5

Fields 5 and 6

Field 1
Ftelds 2 13 r4 rs

Field 6
Fleld 7

Fteld 8

Elenent number I
Nt¡mbers of nodes at element corners f
Nodes musÈ be listed counter clockwíseJ
Modulus of elasÈic1Èy (ksi or psl)
PoÍssonr s raÈfo
Unit weight of material (k/cu.ft., lb/cu



Fle1d 9

Field 1
Field 2
Ffeld 3

If any of flelds 6 to 9 are left blank, the correspondfng values are
assrÐed to be the sa¡ne as for the preceding elemenÈ.

(e) Loadlng infor-rnatÍon (one card for each nodal load)

202

Elenent. terperature
If element temperatures are provfded, the effeòts
of these temperatures on the displacemenËs and
gtresses are Íncluded. OËherwise, temperaÈure
effects are ignored.

node nrmber
horfzontal load
vertical load

(a) A lfstfng of all lnput quantlties .-

8ì ä:Í:l.il"i:::i:T: horrzonral anå shearlng and prrncrpar
Étresses for each element (tension is posltlve).

(d) Stresses at each node, calculated as the average of
the values for the ele¡nents adJacenÈ to that node.
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çXAMPLE Pl,CIBLEIq G. MORRI S
ìr

O DIMENSIONAL STRESS ANALYSIS
'-': I :.i. j'{".. l,j

NPUT DATÂ

ó ELEI'|ENTS LZ NODES ELEMENT THICKNESS =

HERI4AL EXPANSION CTEFFICIENT = 0.0000066

}DAL COORDINÂTËS I FTI

JDF X CNORTJ Y COORD BOUNN. COND

'j

"'. I O.O 30"0000' :'.

. .2 10.0000 30.oooo
:3 2c .0000 30.0000

4 0.0 20.0ô00
5 l0.co10 20.00c0

i ó ?0.0000 20.0000
7 0.0 I 0. 0000I I 10" 0000 10.0000
9 20.0000 10.0000

to 0.c 0.o
I I 10.0000 0. 0
L-2 20.0000 t.0

F'XFD

rl:IîËÀlT Il.lC I lli--\Cf TâBLF

,lu'¿ruf r'¡O)F 1 NODÎ 2 ¡JODI: 3 NCIDË 4

¡!-zr-F 0 {0n4L L¡,1Í)S

NE PX(KTPSI PY(KIPSI

I 0.0 -5.01100
2 A.O - 10" 0{100
3 0.0 -5. 0000

I ,-.:.4 5 t 2 I:"'.''25632
:3-lg54
',.., 4 I 9 6 5

5 to 11 I 76 tr L? e I

'l;;r-ì- i::::!:t.:â::¿-:;:':ì ir f,-:-:i:: j::-':r-,;:::j+_!ìi.r..:L-.:-ì.::::::;.:::r:.::ì;;;rrl;._ti::::::;]-:;:a::i:ìåi:;]"!{:j:i::
:.'

(

^ ¡ ¡l--- -¿u3 -

t. lFTl

o SLCPE SÞt;C. DISPL.

0.c

0.0c02 0,0co1

MOD 5LA5T PNISS RATIC U¡¡IT þ

2000.000 0" 250 0. loc
2 00c, Ollo o. 250 0 " llc2000,000 C.25C O.lllC
2C0A. COC O.25C C. lO(]
2000.000 0.250 0" lcc
20c0.00,0 p.250 o.I0c



NODE

ELËMENT

ELEI4FNT

uo0Ë

X

-0.o004
-O . Ct0'J 2

-0. o()00
-0" oo04
-0. o002

0. o001
-0. c0r)4
-0. Olì01

0. ¡1002
-0.0004
-0. o000

0. o002

X STRESS

o. 0820
0. 0802

-0.0091
-0.0275
-o. o739

X STRFSS

o " oB20
0"0811
0.0832
0. 03 70
0 ".03174.0264

-0.O/+LO
-0. l02l
-0.1633
-0. o73g
-0. l8ó5
- c.2990

Y

-0.0031
-0.003 I
-0.0030
-o,0025
-0 " 0025
-0.0024
-0.0015
-c'!.0014
-0,0013
- 0.0000
-0.0000

o. o001

Y STRESS

-1.5100
-1.5102
-2.5087
-2.5115
-3.4934

Y STRFSS

-1.01t-ìtl.
-I.0I0l
-1"0102
-2. 0093
-2.0101
-2"0109
-3. 0c 10
-3.O101

. -3. C tg2
-3.9914
-4.01 0l
-4. 026g

0" 0920
c"cB02

-o.00Bl
-o, o275
-c.0 734
-ù.2985

C. t--326
c.08ll
rl. 0 802
0,0370
0. o3l 7
o. c2ó4

-0. c 4C)9
-0. l02l
-c. ló32
-rJ. O734
-0. I 865
-0.2985

c.1544
-c.154ó
-c"1901
c.1913
0"?2lo

-0 " 7¿¡ ] 8

D.22'L
-c.Occo
-c;"2255
-o.c561
-o.occo

0.05ó3
0..3162

-0. 1cô0
-0 " 3.r ù5
0.6291

-o.0000
-o"6ó14

::ì::::::: ;:;::.;::

EXAFPLE PRI]BLË¡{ G.IlCIRR IS

R ESUL TS

NODAL DISPLACE!If:IJTS (TT'II

I
?_

7
4
5
6
f
I
9

l0
l1
L2

STRFSSËS (KIPS/SQ FTI

t
2
3
4
5
ó

AVI ,ì AG!.

t
2
3
+
5
6
7

.8
9'

10
It
L2

-o.2g9t -3.52b8
N,.]DA L STR.ìSSr:S

XY -CTF.FSS

-0. oo43
0. o(.)43
0. 0(ìB 3

-0.0083
-0.0430

o. c4l0

XY ST'}.FSS

-0 " o(.ì43
0. tlr)00
D. L1043
0.0020
0. 0000

-o .00 20
-0.c174

0.0000
0.0174

-0.0430
0. 0'.ì00
o.,0 43 0

I'1 IN 5TR FS S

-l.51Ce
-1,51C2
-2.5087
-2.5116
-1"4939
-3 .527 4

MIN STRËSS

-1.0[00
-I.ClCl
-I.0102
-2 " 0c93
-2.01C1
-2.0109
-3.001[
-3.Cl0l
-3. C 193
- 3. 9938
-4. O l0I
-4.O273

MAX STP-f;SS DIRçCTJC

M,l X STRi:SS DI n.i:61 t
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NODAL COORDINATES I IN) yALLS A-
I

Y COORD

I 0l . 0000
93.0000
I 5. 0000
7 7. 0000
69.O000
ó1"0000
53. C000

.48.00û0
40.00ù0
32. O000
24.0000
1ó. û000
8.0000

. 0.0
rol . o0q0
93.0000
85"0000
77.0000
ó9.0000
.ól.0000
53. OOOO

48 .0000
40.0000
32. O000
24. OO00
16 " 0000

B " 0000
o.o

lo I . oc00
93.0000
85"0000
7 7.0000
69.0000
ó1.0000
5 3.0000
48. OO00
40. o000
32.0000
24.0000
16" 0000
8.0000

. o.0
I 0 l. 0000

93 .0000

TO As

NüDË

I
2
3
4
5
6
T

I
9

10
I1
t2
L3

-L4
1.5

-ló
L7
l8
l9

."20
2L
22
23
24
25

.2{,
27.
2B
29
30
3t
.32
33
34
35
36
37
3B
39
40
4T
42
43
+4

X COORD

ó4. O0 00
64.0000
ó4. OO00
64. O000
ó4, O000
ó4 " 0000
64.0000
.ó4. O0ü0
ó4" OO00
ó4. O000
ó4. O000
6+. O000
ó4.0000
ó4.0000
56. OO00
56, O000
56. t000
5ó. O000
5ó. O00c
.56.O000
56.0000
5ór 0000
5ó, O000
5ó. Q-OO0
5ó. O000
5ó. O000
5ó. O000
5ó. 0000
48 "O00048.0000
48.0000
,48. OOOO
48.0000
+8. OO00
48 "O00048. OL'rOO

4B " 0000
48.OO00
48.0000
48.0000
48.0000
48.0000
40. 0000
40.0000
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NODAL GOORDTNATES (CONTTNUED)

45 40.0000 85.oo'o0
46 40.0000 77.0000
+7 40.0000 69.0000
+B 40.0000 61.0000
49 40.0000 53.0000
50 40.0000 48.oco0
5t 40.0000 40.0000
52 40.0000 32.0000
53 40.0000 24.0000
54 40"0000 16.0c00
55 40.0000 8.c000
56 40 "0000 0.0
51 32. 0000 I 0I. Oü00
58 32.0000 93.0000
59 32"0000 85"0000
ó0 32" 0000 7?.0o00
61 32.0000 69.0000
62 32.0000 6L.0000
ó3 32.OOO0 53.0000
64 32.0000 48.0000
65 32.0000 40.0û00
óó 32.0000 32.0000
61 3Z,O000 24.0000

. -..-. - , óB . ,. "32.0000 _ 1ó.0000
69 32.0000 8.C000
70 32 "0000 0.0
7L 24.0000 l0l.oo0c
T2 24. OO00 93,0000
77 24.0000 85.C000

. ,. 14 24"0000 77.0000
75 24.0000 ó9.0000
76 24.0000 ó1.0000
77 24.0000 53.C000
18 24.0000 48. C000
79 24.0000 40.0000

. B0 24.0000 .32.0000
Bl 24..OO00 .24.0000
82 24"0000 16.0000
83 24.0000 8.0000
84 24"0000 0.0
85 16.0000 10I.0000
86 16.0000 93.0000
87 ló.0000 85.0000
BB 16"0000 77.0C00
89 16.0000 ó9.0000
90 16.0000 ó1.0000
9[ 16.0000 53.0000
92 16.0000 48.0000
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NODAL COORDINATES (CONTTNUED)

93
94
95
96
97
9B
99

100
101
LOz
103
104
105
l06
107
108
l09
Lt0
llt
112
1t3
114
1r5
116 .

LLl
1lB
tt9
L20
L2L

.122
L23
.L24
L25
L26

1ó.0000
I 6. 0000
16, 0000
16. O00 0
Ió.0000
16. O000

B. O0 00
E. OO00
B. 0000
B " O000
8.0000

. B. O00o
8.0000
8.0000
8.0000
8.0000
'8.0000
B, 0000
B. OO00
8. O000
0.0

... 0.0
o.û

-..-.0..o ...
o.o
o.0
0.o
0.0
o"o

,.o.0,
0.0
o.0
0.o
0,0

40. coo0
32.0000
24. OOO0
I 6. OO00
8.0000
0.0

l0t.oo00
93.0000
B 5. 0000
77" 0000
ó9.0000

..-"ól r 0oo0
53.0000
48.00 00
40.0000
32" 0000
24,.0000
1ó. O000

8. OO00
. 0.0
101.0000
93.00ù0
85.0000

- 77,0000
ó9.0000
ó l. 0000
53. COO0
48.oto0
40.0000

. .32.00Ð0
24.00c0
ló. oooo

B. OOO0. o.o
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