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THE EFFECT OF OPENINGS OGN THE LATERAL STIFFNESS OF WALLS

BETWEEN CONTINUQUS, RIGID FLOORS

1. INTRODUCTIN: The subject of this thesis was suggested by

Professor R. R. Mertel s a topic of immediate intrest and value
in connection with earthqueke-proof design.

After & short consideration of the problem, it‘ became
apparent that the nature of the floor systems ebove and below
any wall in question would greatly influence its resistence to
lateral deflections. The various kinds of floor systems were
therefore divided into three groups es follows.

1. Continuoué and rigid:- Systems composed of floors

which deflect laterally as plenes, without warping. Such floor
systems would fix the toys and bottoms of colums and wells against
rotation. -

2. Continuous.- Systems composed of floors sufficiently
rigid so that, in case of lateral motion, the vertical wmembers
between them will have approximetely the same deflection but not
necessarily the same end rotation. A floor of such & system will
warp when lateral motion tekes place but each element of the floor
will move epproximetely the same distence horizontally. (the case
of torsion between floors excluded)

5. Discontinuous.+ Systems composed of floors which

are not continuous from room to room throughout the entire story
and which are not capable of forcing equal horizontal deflections
of the vertical members between them.

If walls be investigated for each of the three different
floor systems mentioned above, enouéh informetion will probebly

be obtained to enable one to interpolate for intermediate cases.
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In regard to the relative importence of the three
floor systems mentioned above it may be said, that in earthquake
proof construction the continuous system would be by far the most

importent. Structures with continuous end rigid floor systeums (or

nearly so) would be very massive end in most cases not prectical,

while structures with discontinuous floor systems would be wnsafe

in earthqueke regims.
This investigation deals with walls which are between

floors clasified above as continuous end rigid. This class wes

chosen as the first to study beceuse it is eassier to duplicate the
loading conditions experimentelly. After the development in tech-
nique end method of experimentation coming from the investigatiom
of this first cless we will be more competent to extend the

research to the more importent end complicated cases.

2. METHOD IN GENERAL OF OBTAINING DEFLECTION EQUATIONS:

The equatiaﬁs for the deflection of waiia with openings will

be developed by the use of the moment esrea method and certain

assumptions which will be mentioned when they are made.
These equations will comtain certain undetermined cmstents

which will be evaluated experimentally.
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3. ANALYTICAL SOLUTION: Consider the total deflection of the wall

(see Fig. .1 (d), (h) and (m) ) to be composed of three parts:

22’ = the shear deflection of the entire wall

Zi: == the bending deflectien of the wall about the
axis of the wall
%

the bending deflection of the twe vertical
strips on the sides of the opening which
will be referred to hereafter as the columns
The method for finding é;- can be seen easily from

figure o1 (b), (c) and (d)
= &P |B=d 4 d
2:—'%(} 1+1-b]

(a)1 is a constant whose value depends upon the shear
distribution. For rectangular sections with parabolic
shear distribution a ==-%%.for uniform shear dis-

tribution a = ]

1. Ses 5. Timoschenko, Streugth of Materials, Part I, Page 186; also
see Naito, Design for Earthquake Stresses (translation from
Japanese, Page 77 or Naito, Bulletin of Seismological Soc. of
America, Vol. 17=18, 1927-28.




We obtain the bending deflection ;I; about the axis of
the wall by taking the statical moment of the ‘ﬁf diagram about the
top of the wall.

n
Let Fig. .2 represent the ilf diagram,,figure.l {g)

Consider the
triangles in the
following order:
moment of ABCD -
moment of A ADB.
moment of A fgh - -

moment of A ehf

ﬁﬂo 2

° . ',V. -d ,____‘j_, h _d_
Som el - gopen eal-a e d]

§o=wte g

sibatitating AP iy a
Et13



and bPd . _6Pd Pop 3P
Et (13— 1b3) Et 13
we have
2; - P n3 + B g3 1 X
b= 3 3 3 3
Et1l Et 1? e B 1

The second term of the right hand member in the above

equation is very smell compared to the first term when the opening

in the wall is small. When the opening is large this term is very

small compared to the value of é;; (determined later), so that
this term may be dropped without introducing eappreciable error.

From the moment area diagrams it can be seen that:

é; _  4pas
e B

Et (1=0D)

The total deflection then is:

b =8+ 8 44

é; = aP |b=d 4 d | L _Ph 3 4 4rd®
t 6 1 1-b Et 13 E t (1-b)3

1 1-b 13 (1-b)3

S = 2 fax [m.;...e.} 4 ondy ad

In the derivation of this equation it was assumed that

the material immediately above and below the opening was just as

(1)



effective as the rest in resisting lateral load.

As a matter of fact this material is ineffective in re-
sisting lateral load when the floors above and below the wall are
rigid.

If the shaded areas
are not so effective in
giving rigidity then the
value of d in the equation
will need to be modified
in order to obtain the

proper deflections.

We will say that the effective height of the opening

d* is: d*' = d <4 ¢b
Substituting d' for d in equation (1), we have the

general equation for deflection of walls with openings.

= L] 4E aa)®
g | i 1-&} S (1 b)"” i

Et G

e
3 will vary according to the natorial of whish the
wall is made

2. See S. Timoschenko, Strength of Materials ( Part 1, Art.14,15,16
; ( Part 2, Art. 46



Since £ a8 sndd the Linita of w abe
2(1 4~ w) :

0 and #, the value of .ﬁ. must be between 2 and 3.

2 The value of ** (a -%-)(u found by experiments described
w

later) is 3,for solid walls at least. Substituting this in

equation (2), we have:

3 (1-b)3

i ad ® (3 3 Q 1
ﬁ{a[—‘%’ +-1-3;] 3 5 AR G

d'= d<4 ¢cb

-'g- = 2.5 and a = 1.2 are reasonabls nlﬁui.s

The 3x;aph below gives € as a function of the percentage of
the wall remaining. The equation can now be solved.

3. See note 2. (part 1, Art. 16. 4. See Art. 12
5. See Naito, Design for Earthguake Stresses , translation from

Japanese, Page 17, “Vol. 2, Page 296.
5% See Art 12
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EXPERIMENTAL TESTS

4. PROCEDURE: Twenty-one cellloid models® 6" square and .015
thick were used in this series of tests. The program for testing
the models follows:

The model was mounted as shown in Fig. 6, with initial
tension forces sufficient to 7
assure that all parts of the
model would remain in tension
after the lateral test forces
were applied.

Vectors P and F re-
present the forces measured in
the tests. The force F was
used only to make the loading
bar remain parallel to the bas
when it was so desired. In al

the tests the force P was made

just large enough to give a lateral deflection of the point » of
+0081 inches. For each particular model of a windowed wall four
values of P were taken:

1. The force at () required to deflect the wall ,0081 in.
to the right with F not acting.

2+ The force at the same point with the same deflection
with F acting. (loading bar parallel to base)

3. The force at (1) required to deflect the wall 0081 in.
to the left with F not acting

4. The force at the same point with the same deflection
~with F acting. (loading bar parallel té base)

6. The commercial neme of the celluloid was Pryolin, made by DuPoat
Viocoloid Compand. For physical properties see International
Critical Tables, Vol. 2, Page 296
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Fig. 1 shows the twenty-one models and the number and
kind of openings represented by each. Altogether ninety-five
different openings were represented. Copies of the data sheets are
found in the appendix. The method of numbering the particular models
is taken from the area, position, and shape of the opening. Thus

the first window cut from model 4 (see Fig. 1) would be numbered

1l «» 01l - S

meaning:
Area of window == 1 sq. inch

Position of window center ::2 = 0 in.
(y=1in.
Shape of window square

5. PORCE MEASUREMENTS: Small well made springs were calibrated

and used to measure the forces , (P and F). By means of long wire
hooks one end of such a spring was attached to the loading bar

and the other end to the movable pérf of a small steel vise. By
turning the vise screw the forces could then be gradually varied or

maintained constant. Figure .25 is a photograph of the apparatus.
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Springs of different tension values were used and -se
accurately enovgh so
calibrated,that the force measurements of the P forces are not in
error more than one percent. The values for the F forces are less

sccurate but they have not been used.

6. DEFLECTIONS: All lateral deflections of the point P (Fig.2)
were made the same 0081 inches. Observations were made by a
standard Biggs Deformeter microscope. When the F force vas also
applied, two other similar microscopes were used to determine when
the loading bar was parallel to the bases The error in these de=

flection observations is less than three per%ent.

7. SPEED OF LOADING: As is well known the rate of deflecting

models has an effect on the force readings. By extreme variations
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in this rate it was possible to get 10 perccent error; such extremes
were avoided and errors of not more than 3 per cent are to be ex-

pected from this source.

8+ BUCKLING: Ly the case of the larger openings buckling was noted
immediately abo?e and below the openinge In several tests these
regions were supported on ball bearings and loaded from above to
prevent the buckling. Such support of these regions did not greatly
stiffen the models and no great error is believed to have been

introduced by such buckling.
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TEST DATA ANALYSIS

9. EFFECT OF SIZE OF OPENING: The effect that the size of the

opening has upon the stiffness of a wall can be seen by an inspec=
tion of Fige 2 and 1 o+ 1In ali cases the stiffness gets smaller as
the per centage of area left gets smaller,but that is about the only
general thing which can be said for all ty pes of open:inigs. Any
formula which expresses the stiffness as a function of only the

per centage area left would indeed by a crude one.

10. EFFECT OF THE ECCENTRICITY OF THE OPENING: To obtain a picture
of this effect examine in connection with the first eleven models
of Fig. 1 the corresponding lines for the same models in Figures

2 and 10, Note two thingsi the separation of the white and black
dots for each particular model and aiso the variatidn of the lines
for the different models.

In general it seems that eccentricity has very little effect
except in the case where the opening approaches very near one of the
boundaries of the wall. The case of openings near to and cutting
the boundaries needs more investigation. Examination of lines for
models 3,5,7,9, and 11 will disclose irregularities not accounted

for by this thesis.

11. EFFECT OF THE SHAPE OF THE OPENING: The:shape of the opening
is a very important factor in determining the stiffness of a wall.
In connection with Fig. 1 examine Figures 3,4,5,6,7 and 11,12,13,

14, 15. All these Figures show the same thing but for openings of

different eccentricitys, The first series are for the(Ploadings
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only (lomding bar free to rotate) and the second are for the(P) and
(F)combined loadings (loading bar parallel to base). It can be seen
in general that broad openings greatly reduce the stiffness. Not
only because of the slender columns produced on each side, but also
because of the relatively large amount of material above and below

the opening which is ineffective.

12, DETERMINATION OF THE CONSTANT (-’1&-32) IN THE DEFLECTION EQUATION:

In a manner similar to the method of Article 3 the de-
flection equation for a model represented by Fig. 5 may be.deter~
mined. In this case the loading bar is free to rotate about the wall
axis while in the previous case the top and bottom connections of
the wall were forced 4o remain parallel by force F.

As before the total deflection 5/ is given by

S =S+ S 44

The first and third terms of the right hand member are
the same as before (equation 1) and é;b is determined by taking

the statical moment of the Eﬂf diagram about the top of the wall.

Total moment == moment of large triangle <+ moment of trapezoid

3 2
g = 4 Ph L 3Ed {hz_‘__a_ 1
b e by 3
Es13 : it ° X

The moment of the trapezoid may be neglected because it

is relatively very small.
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3
= 4 Ph
gb = .

Et 13
(approx.)
Adding this to the values of O, and J, we have:
é; P | aE |h=d d 4 h3 4 d3
- 3
Et) G [ﬁl + 1% + 19 + (1-b)3 (3)
7
If we replace d by 4° we have:
é; — P ) 2E f£-d:+ dr| 4 4 pdoy aad (4)
Et G L 1l 1-b 13 (l-b)3

This is the general equation for the deflection of a wall
with an opening where the top of the wall is free to rotate but figid
against warping.

| If equations (2) and (4) are applied to solid walls (where

d* and b are zero), we have:

: B ) aE n h3

(2) becomes: gp == ﬁ R + ~3 (4a)
3 3

(4) becomss: gf = -Eit. -ia—GE- -;3 - 412 (4v) |

Let the subscripts , and, mean loading bar parallel to base

end free to rotate respectively. In the experiments (where all the

deflections were made the same), 42 values were obtained for P for
each of the two gypes of loading represented by the equations above.
(see data sheets in the appendix) From these data we obtain an

average value of:
7o Art. 3, page 6




o) G

== = 2B = 5 oo L+ ()
P 10.16

a E h n3
P 6. 1 + 13 EEE + 1
£ = = (6)
Fp a E b 4 p3 aGE + 4
G 1 18

Equating the right hand members of equations (5) and (6),

we have:
a b
4 — & T
7 a B
—_— 4
= F
from which:
) 7*
2 E w 3

This value was substituted into equation (2) to obtain
equation (2a), Art. 3. |

It is recognized that the shear distribution factor (a)
can and probably does change when openings are cut in the wall.
However the above valQe of 2§E is kept constant in equations'(Za)

and (4) and will be shown by experimental data to be satisfactory.®

13. DETERMINATION OF THE CONSTANT ¢ IN EQUATION d'== d = che °
The value of this constant (¢} will be taken as that value
which will make equation (2a) fit the average line for <% = 1,

formed by superimposing figures 11, 12, 13, 14, and 15. Figure 15

8. See Artical 14
9. See artical 3 and equations (2a) and (4)
7%, See note 5"’) paget
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is the average formed by superimposing the above five figufes.

The inverse ratio of the deflections due to a unit load
on a windowed wall to the deflection\Egigfzgagga‘iﬁﬁload on a solid
wall will be equal to the stiffness ratio (R) of a windowed wall to

the solid wall,

1
R e« deflection of windowed wall due to unit load
— e :

deflection of solid wall due to unit load

deflection of solid wall due to unit load
deflection of windowed wall due to unit load

From equations (4a) and (2a) we have:

.
P J3E , b 4 b

- Et( G 1
P h-d* _ _d* h3 4 4'3
Et{s[l *M] i (1-b)3}

From the dimentions of the models we mey substitute:

R

1 for _h_
1

(d <+ cb) for d°

6 for 1
5 fori‘-e-E
and we have:
4
R =
3
d +cb d 4cb 4 (d 4 cb)
A {:1 - =% 6—-b]+ + 3
4 pd

o
il
w !
+
o
+.
Fe)
o’
SN——
/X
o
Dl
o
|
2ol
N
+
L
-
o
{
=+
o
N—
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Equation (7) is the expression for the ordinate values
of the lines of figure 15.l. We will take the 6 open points on the
line where %, = i1, in orderlto determine the value of ¢ as =
funetion of the per centage of solid wall remaining. The following
table gives the values of c which satisfy equation (7) when the

six R values from the middle 8 1line of figure 15.1 are substituted

b
in the equation.
b _
b d Per centage Experimental ‘e Calculated
: area left value of R Values of R

0 0 100 - 1.00 1.00

1 1 97.2 915 1.25 o873
1.5 1.5 93.7 «715 292 <723
_2.0 ’ 2.0 88.9 560 +65 567
265 265 82.6 «410 «40 432
3.0 3.0 750 «290 25 291

Fig o o7

These values of ¢ may now be plotted as ordinates against
the per centage area of wall left as abscissa giving a curve from
which values of ¢ may be taken. (Figure .4 Art. 3)

14. EXPERIMENTAL CHECK ON THE GENERAL DEFLECTION EQUATIONS: In

order tc determine « the ¢ values, the points on the middle

’ %: line of Fig. 15.1, were used‘v In order tc check the accuracy of
equations (2a) and (4) we have all the points on the five remeining
% lines of Pigures 15.1 and 8. Points coriesponding to. these ex-
perimentel points have been computéd‘by using the already determined

¢ values in equations (2a) end (4). The results may be seen by in-

specting Figures 15.1 and 8.
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15. GRAPHICAL SUMMARY OF EXPERIMENTAL DATA:  Experimentsl charts

15.1 and 8 have beenrenlarged and more lines interpolated between
those already existing (See Figs. 9 and 17). The method of this
interpolation cen be understood by inspecting Figures 8a, 8b, 15.2,
- and 15.3. These charts may be used tc obtain the wall stiffness

for square or a&lmost square wells where the eccentricity of the

opening is not more then x == —%— and y = —%— d

16. CONCLUSIONS:

(). As the size of openings are increased in & given
wall, it*s stiffness decreases.
¢

(b). Small eccentricities of the opening does not
greatly affect the stiffness.

(¢)o When an opening approaches very near the wall
boundary or cuts it, there is a noticable decrease
in stiffness.

(d). The shape of openings is an importent factor in
determining the well stiffness. Horizontal open~-
ings have a greater weakening effect than square
or vertical openings of equal areas

(e). The meterial immediately above and below an opening
is not as effective as the rest of the wall in
lending stiffness.

The amount of this ineffective material
probably increases when the opening is near tc the
boundary of the wall.

(£). Rectangular openings in rectangular wells may not
be the most efficient shape for admitting light.
Diamond shaped or eliptical openings may be better.
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