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CHAPTER I
INTRODUCTION
Background

Perforated floor systems are being used in livestock barns as
devices for collecting the waste material from livestock. Movement
of the livestock on the floor forces the waste material through the
perforations into storage pits located helow the floor. Livestock
waste collected and stored in this way may be mixed to form a slurry
that can be pumped. The slurries can be transported in tank wagons
and spread in fields as fertilizer or they can be conveyed to disposal
systems to be reduced by the action of microorganisms. These methods
of livestock waste disposal are proving to be more efficient than
conventional solid waste handling systems have been.

A series of long slender beams positioned parallel to each other
are used to form the perforated floors that are in general use. These
beams are installed with a narrow space between them through which the
waste material may pass.

All classes of livestock are being adapted to these slatted floor
systems. Floor designs for hogs are well perfected.  The greater
weight of cattle as compared to hogs has made it necessary to use
beams of larger proportions for cattle than for hogs. Single beam

slats having spans up to twelve feet in length are commonly used.



The Problem

A design consisting of a series of beams interconnected to form a
gridwork as illustrated in Figure 1 will be evaluated. Such a system
could distribute a load applied to any one slat over the four or five
beams in the series and thus reduce the stresses in the loaded beam.

For single beam type slats each beam must be designed for the
maximum load that may be applied at any one time. For gridwork designs,
it should be safe to assume that if one slat is fully loaded by cattle,
the two or three beams adjoining each side of the loaded beam could not
be fully loaded. This loading assumption plus the stress distribution
away from a loaded slat that can be expected in a gridwork should

provide economy of design.
Objectives

The objectives of the study are to:

1. Obtain data suitable for developing prediction equations that
describe the strains and the deformations in a gridwork slat
system when loads are applied to any of the component slats.
Strains and deformations will be related mathematically to
the variables that influence the strain and deformation.

2. Compare the prediction equation with theoretical design
procedures that have been developed.

3. Adapt the prediction equation to the design of prototype
slats suitable for use in commercial cattle producing
systems.
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© Figure 1. Configuration of Gridwork Suitable for Cattle Floor.
Systems '



CHAPTER II
LITERATURE REVIEW
Load Assumptions for Slats for Cattle Floors

Hoibo (6) published a report in 1960 on the results of structural
tests made in Nprway on concrete floor slats for cattle. Burgener (2)
adapted these test results to designs suitable for American needs.

The floor slats designed'for cattle in these papers are developed as
simple beams. Hoibo presented an extensive analysis of the loading
assumptions appropriate for the design of the slats. These assumptions
suggest individual loads of one-fourth the animal weight. The distance
between an animal's hoofs is assumed as one foot and the distance
between adjacent animals as two feet. The maximum number of hoof

loads possible with these spacings are placed on a slat. For moment
calculations, two superimposed hoof loads at midspan are assumed.
Figure 2 illustrates the application of these assumptions to a slat
eight feet long.

Berhe (1) concluded from data on animal weight and configuration
measurements that the ratio of the animal weight exerted through the
front legs to that exerted through the hind legs is approxiﬁately
one and one-fourth to one. These data may be adapted to the assump-
tions given by Hoibo.

Hoiﬁo concluded that slats having a trapizoidal cross section

provided for best disposal of droppings and that the slats need not

4
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Figure 2. A Loading Assumption Used to Design a Single Slat
that is Eight Feet Long



be reinforced for diagonal tension.

Using the resuiﬁs of Hoibo's\horki the Portland Cement Associa-
tion (18) has designed a set of reinforced concrete slats for cattle.
Figure 3 illustrates the design for a single slat for cattle designed
to span eight‘feet. Designs for présﬁressed concrete slats have not
been published, but such slats are being produced commercially. All

steel slats are also being fabricated.
Slope Deflection Analysis of Gridworks

The Portland Cement Association (18) suggests a design for pre-
cast slotted floor sections for hogs and sheep designed as gridworks.
These are cast in individual sectidns from sixteen to twenty~-four
inches wide with openings cast into the sections. The publication
points out that such sections are heavier to handle than individual
slats, but that they do not need spacers to hold all slats in position.
For hogs and sheep the slat cross section for the grids is suggested
but no design procedures are provided. . Designs of grids for cattle
floors are not included in this publication.

Tolaba (21), and Tuma and Tolaba (22) have tabulated the equa-
tions needed to analyze for stresses and deformations in rectangular
gridworks using slope deflection equations. In the analysis, a
fectangular planar grid is assumed to be loaded as shown in Figure 4.

These analyses include the torsional stiffness of the slats.

The slope deflection equatiohs are written for the membe;s that meet’
at a common junction as illustrated in Figure 5.
V represents shear, T represents torque, and M'répresents bending

moment. Torque is a moment acting around the axis of a slat or tie.
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Figure 3. Cross Section of a Single Slat for Cattle Designed to Span
' Eight Feet .
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Figure 4. Rectangular Planar Grid Configuration Used for Slope
-Deflection Analysis
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" Bending moment changes the curvature of the 1ongitudinal axis of a
.slat or tie.

‘Joint equilibrium equations are then written such that the sum of
all end moments, end fbrces, and joint loads at a given joiﬁt with
respect to a'giﬁen axis is equal to zero. ‘The.e4uations are written
as follows: - |

Myq + My + Ty + Ty = 0

+ Myjp + Tyq + Ty = 0

Mim j

Vi * Vin + Vik + Vg = By = 0

Subscripts define the members under stress as identified in
Figure 4.

Moment equations used are:

Myg = Rys05 + CKyj0;5 + 85y (&5 - By) + Py,

:ijﬂj + cxmjom + sjm (Am - Aj) +-FMjm

-'An) +,FMjn

jm

in = Kynly T Fagfn * Sin @

Torsion”équations used neglecting externally ﬁpplied torque ére:

' .

Rindy + cxgjem
Tin = K5 + OKyyy
Ty -K;i¢j1+ CK; 59
T = Ky + Ry 8

T

jm

Shear equations used are:

Vii = - 85305 - 83305 - Ryy By - 4y *EV
Vi = * Syi®y Syl * Ry By - 8y) + FVyy
Vim =+ SymPi + Smjfm - Ry By - 85) + FVy
Vin = - Sjnfj = Spjfn + Ryn (B3 - 8) + FV,
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The following nOtations‘are used;
@ - rotation around y_axis'
p - rotation aroun& x axis
A - vertical translation
FM -.fixed'end momenﬁé
FV - end.shears
If each slat.has a uqiform cross section and if E is the modulus
of elasticity, I is the moment of inertia, aﬁd L is the length of the
slat or tie betweén gridWork junctions, the constants used in the
moment and shear equations are as follows:

4Ejini
Lji
- ininj

Kyg

CK, .
3 T
ij

6E'iI'i

. 8,, =
3 “"“‘5‘@3.9_ |

Similar terms are written for K, CK, and S terms having other sub-

scripts.

If‘each slat haS‘a'unifo;mlcross-section,.énd if G is the shear
modulus, J_is the tprsionai moment‘of‘inertia, and L is the length of
;he member, the constant used in the torsion and shear eqtatioﬁs are

as foilows:

gt o &3l
Ji Lji

-G, .J, .

CKiy = 11
] L.«
ij

R, = 2Ey514
J L.,
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Similar terms are written for-K', CK', and R terms having other sub-
scripts.

Fixed end moment expressions are written:

2
4, Pu®v
FM:: =+
i
szi
2
_ Puv
Py T -T2
2
_ Pu“v
jm
M N Puv2
Jn szn

where v is the distance of the load from j and L - v = u.
Defining the location of P for end shears the same as was done

for FM, the end shear expressions arevwritten as follows:

Pu2 L + 2v
| (Ly4)

-2

Vo = - P (L + 2u)
(ij)3

2
FV. =-—P-l-jl'——£-L-—i-.—zﬂ

m 3
J (ij)

2
FV. = - Pve (L + 2u)

jn ‘ (Ljn)3
When appropriate expressions for moment, torque, and shear are
_Substituted into the joint equilibrium equationé, they are then tr#ns—
formed into expressiohs in tefms of”rotations around the x axis,
rotations around‘the y axis, and‘translation.parallel to the z axis.
| Analysis of a grid is accémplished by writing equations for each
point at which members meet to form a junction in the gridw0rk. This

results in a series of simultaneous equations. -Appropriate‘end
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conditiOne for O, ﬂ, and A terms are assumed. Solution of the equa-
tions is usually best accomplished by wrltlng the equation in a matrix
form called a stlffness matrix, ynverting this matrlx, and multlplylng
the inverted matrix by the original'stiffness matrix. This evaluates
the unknown 8, #, and A terms, Eiectronic computer solutions are a
prectical way to evaluate these equations.

. Similar analyses are presented by Martin and Hernandes (9) and
ferguson (3). In England, nghtfoot and Swako (8) published the matrix
form of the generalized slope deflectlon equatlons for grid frame-
works. Adapting this solution to the electronic computer is discussed.
Presentations are similar to those_of Tolaba (21), and Tuma and

Tolaba (22).
Plate Theory

Theery'using the differential equation:that,describes the deforma-
tion of thin plates cen be extended'to the aﬁalysis of gridworks.
Timoshenko and Woinowsky -erieger (20) reeqtd thevmodificétions.of the
plate equation needed te adapt it to grid desigﬁ. Figure 6 illustrates

the definitions of the variables used in the equation.

o,
=6 3W

oy - G 2
2

LG O

where C; and C, are the torsional rigidities of the beams parallel to

the x‘aﬁd y axis resPectively and W is the deflection of the plate.
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Figure 6. Variables Used in Gridwork Analysis Using Plate Theory
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The differential equation adépting plate fheory to gridwork
‘analysis is: |
B134W+YC1;C2 oW LB ? ‘*w‘
n a wle
where B1 and Bzﬂare,the fiexural rigidities of the beams parallel to
the X and Y axis respectively and P is the load.
The solution for a uniform load over the grid surface can be
foﬁnd by assuming that the defleétion,'w; takes the form of a sine

series.
Guyon-Massonnet Grid. Analysis

Guyon (4) utilized thé application‘of the plate theory to grid-
works to analyze grids for cases where the torsional stiffness equals
zero; In hisvanaiysis, he déveloped»coéfficients, K, suitabie forf
distributing the deflection of the loaded slats to the ofhér slats in
the g;id systeﬁ.

Massonnet (10) extended the study to include cases that ﬁad
torsional stiffnessés that are not eqﬁal to zero.

Moriée and Little (12) plotted the distribution coefficiénts, K,
from Guth and Massonhét.in a series of curves that can be used.for
the solution of the Stresses‘and deformations of unsymmetriéally loadéd
gridwork systems. - His inveétigatioh wasldésigned_to check the validity.
of the platé theory for the design of'Bridge 5eams connected to form a
'grid. | |

Figure 7 illustrates the symbols used to define the dimensions of
- a gridwork under analysis. The.effeétive width is 2b and is equal to

S+ p.
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Figure 7. Variables Used in Guyon-Massonnet Analysis of Grids
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coefficients, K, taken from the Guyon-Massonnet
by Morice in terms of rigidity factors, Q, effec~
s EBP, and torsion parameters, o.

factor is defined as follows:
2a VY j

beam position is defined as follows:

EBP = (E—:—l) (+ actual beam position)
n

The torsion p

o

The variables

as follows:

(o}

Morice presen

¢= 0. The other

arameter is defined as follows:

= 6 (g + jo)
2E V1]

in the expréssions for 6, EBP, and a are defined

1

= moment of inertia of main beam

= d

q ‘
= moment of inertia of cross beam

= the number  of main beams

= shear modulus

Kl

modulus of elasticity
= Io

P

= torsional moment of inertia of the main beam

- Jo

q
= torsional moment of inertia of the cross beam
ts two sets of curves. One is for cases where

for cases where o=*®. 1In these curves & is
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plotted on the abscissa and K on the ordinate.

On each plot, separate curves are plotted for EPB values of -b,

3b . b b b b 3b
Ty Ty O g gy amd B

When ¢ < & < 1, the distribution coefficient; K, is adjusted by‘

the eﬁuation:' .
Ky = Ky + (K] - K) Vo

K, 1s the distribution coefficient for a torsion parameter equél to o,
K, is the distribution coefficient for the case where o = 0. K1 is
the distribution coéfficient for the case where d = =,

To determine the deflections that occur in eaéh main beam when
the load is applied to one of the beams, the défleétion, W, of the
léaded beam is c§1culated as 1f it were a single béam. The mean

“deflections, MW, are calculated by the following equations:

W
MW T n

where n 1s the number of main beams. The design deflection, DW, is

then:

- W= (K) (MW)
The distribution of thevmoments acfoss the grid are determined in
a similar mannef. The bending moment, BM, of the loaded beam is cal-‘
culated as if it were a‘single beam. The mean bending moment is
computed by the following équation: |

BM
MBM = =3

The design bending moment, DBM, is then:

DBM = (K) (MBM)
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Rowé (16) has included the Guyon-Massonnet analysis for gridwork
‘systems for bridges in his book on concrete bridge design. Examples

of designs for grids are included.
Dimensional Analysis and Similitude

Murphy (13) presents a proced;re fo; the design of enginéering
research tests. His approach employs the principles of dimensional
analysis and similitude to evaluate the response that can be'expectéd
from a prototype system based on experiments with models.  Models are
designed on the basis of similitude theory.

The first step in the design of a model study is to identify and
list all ﬁariables that influence the”performance éf_the system béing
modeled. These variables shoﬁld include those that are to be predicted
called the.dependent variables and thg in&eéendent variables that
1nf1u¢nce those being predicted. All variables influéncing the system
must be included if dependable predictions aré to be made for the
'sYétem. Redundancy in the list will cause unnecessary test work.

‘The variébles are afranged_into dimensionless gréups; The
Buckingham Pi Theore@ discussed by Mgrphy (12) provides a means for
making these arrahgeménts. Dimensions a%e assigned to each variable to
properly describe the variable. The variables aré then grouped into

~ dimensionless pafametérs called pi térms.' The Buckingham Pi Thgorem'
‘states that the number éf independent pi terms th#t can be formed
equals the‘number of v#riablés involved in the éystem minus the rank of
the dimensional matrix.‘.The number of variables that must be considered
in a sequence of tests are reduced by this technique. If the first

pi term is considered as the parameter. containing the dependent
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variable, the general rélationship between the variables influencing
~ the system can be written:
T = £(7o, T3, Ths = - )

Murphy (13) outlines procedures that are sultable for evaluatihg
a function thaﬁ describes the performance of a system by the use of
models. The theory states that obsérvétions in an experiment should
be arranged so that all independent pi terms except one invplved in the
function remain constant with that one varied to establish a relafion-
ship between it and the dependént pi term. The procedure is repeated
for each independent pi term in the system. If ™ is ﬁhe dependent‘_

pi term, these relationships can be written in the following form if

"~ the bar over the pi symbol indicates that the term is held constant:

‘"1 = ﬂl(‘nz’ ?3’ ?4, LR ?n)
Tr]_ = ﬂz(ﬁzg 'H'3, Trlp N -ﬁn)
“1 = ¢3(n2 Ty s o v o nn)
‘"l = ﬂn-l(?z’ -7?3’ ?\:4, . ¢ . “n)

Models may be used to obtain the relationship between the para-
meters. Models may be of any size in relation to a prototype, but in
engineefing research greatest economy and convenience is usuglly
obtained by using models smalier than the prototypes being evaluated.
For structural testing, models need not be'geometrically similar, but
they may be. |

A set of relationships established for a model will be valid for

a prototype if the following conditions afe met :
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(ﬂl)model = (") prototype
("model = (ﬂ2)prototype
("Pmodel = (n3)prototype
1 t
] 1
] ]
' 1
("hdmodel = (“n)prototype
If the range of values used for pi terms for models is the same
as the range expected for prototypes, test results for models will be
valid for predicting the performance of the prototype. Murphy (13)
outlines a method that can be used to combine these relationships into
one equation.
One possible form of a suitable prediction equation is:

my, ‘ my

my - m3
A

ﬂl ;»ﬂ(“z o ﬂ3 > ﬂ4 3 v o+ v o T
Experimental data can be used to define values of 0, m2,.m3, mg,
« v o .omy for the range of values of the component pi terms being

evaluated.,
Structural Modeling with Plaster of Paris

: Plaster of Paris possesses characteristics that make it suitable
for many'structﬁral modeling applicaﬁions. Many prototype materials
aré characterized by a stress strain relétionship that is approximately
linear in the elastic range. Preeéé and Sandover (14) and Mattock (11)
suggest that materials used,to model these prototype materials should
also havé a linear modulus of elasticity in thé élastic range. Preece
and Sandover (14) further point oqut that the.material used for modeling

should be easily worked and should be a stable material.
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Figure 8 shows a typicél sfress-strain diagram for cured plaster
ofvParis and concrete in compression. These curves are given by Roark
_'and Hartenberg (15). It will be noted that the modulué of.the elasti-
léity of the plaéter of Paris appears to be hearly linear up to the

rupture point. -All test data from plaster of Paris models will be

taken when the stress-strain relationship is in the elastic range.

These results applied to a prototype will be suitable for evaluating

the stfess-strain relationships in its elastic range only. Beyond its
elastic range, test results‘will not be valid. Poisson's ratio is
reported by Roark'and Hartenberg (15) to rénge from .06-te .10. Wianecki
(22) presents a series of curves showing the stress-strain relationship
for plaster of Paris in both compression and tension and his data
‘indicates that the curves. by Roark and Hartenberg are valid. Wainecki
pfesents a series of curves on plaster of Paris manufactured with
vafying quantities of water. The influence of the variation in thé
water on the quality of the plasﬁer Qf Paris is shown in thesg{curves.
His calculations for'Poisson's‘ratio indicate that it ranges from

.0.196 to 0.206 depending on the water used for mixing. ‘Hetenyi (5)
points out that a variety of plaster materials are available commer-
ciaily that are suitable for model tests. These include molding,plaster,
plaster of Paris; or a high-grade potterybplaster. The chemical ecom-
position of these materials is about the same but the pottery plaster

is preferable in maﬁy ways because it has a‘somewhat:sloﬁer setting
‘time and permits a longer time far wérking the material. It is pointed
out agajn-that the quantity of water used in mixing the plaster affects
‘its quaiify. Proportions of 70 pounds of water to 100 pounds of plaster

of Paris when properly mixed will give materials with a modulus of
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elasticity of about one milliom PSI, a compressive étress of abhout
1,800 PSI, énd tensile strength from 600-800 PSI.

Recoﬁmgndations for mixing the plaster of Paris suggest thatvpure
drinking water at room temperature should be used. The plaster should
be slowly mixed into the water and the mixtﬁre should be.permitted to
blend for 10-12 minﬁtes. After the curing period,‘ﬁhe plaster of Parisv
should be slowly stirred to permit entrapped air bubbles‘to escape.
This should continue for about five minutes.

Plasfef of Paris undergoes a small volume expansion as it cures.
The curing process also involves a reaction that warms the plaster and
causes it to sweat. This sweating characteristic makes it easy to
remove the curing plaster of Paris from oiled molds after it has
‘hardened. For best‘st:ength characteristics, thé specimens éhould be
cured in é moist room for about tw6>days and then dried fér a minimuﬁb
of three wéeks at room temperature. Rapid curing at room temperaturé

is not recommended.



CHAPTER III
THE DESIGN OF EXPERIMENTS

The design of a series of's1at$ interconnected to fofm a gridwofk
in such a way that it would be suitable for cattle floors is an
indeterminate structural problem. Designing such systems may be based
on theoretical analyses. A model study was designed for the purpose of
validating the techniques used in thebfetical analyses. To'facilitate
the use of theoretical analyses, a gridwork system mustvbe idealized.
Slat and tie lengths ére taken from the center éf one junction to the
center of an adjoining one. In grids where the length 6f the tieé is
shért, slat width could have a significant effect. Validation of
theoretical apalyses by exberimental techniques would indica;e the
reliability of idealizations such as these.

The study'was limited to gridwsrk,systéms having four slats only.
Four slat reinforced concrete grids adapt well to caftlevbarn designs.

Plaster models of gridﬁork systems were fabricated and tested
under loads. The loading system suggested by Hoibo (6) was used as a
basis for determining the loadings that might be anticipated gn slat
systems. With cattlelloads it was considered that adjoiﬁing slats
_wouldvnot be ioaded simultaneéusly. In a four-slat gridwqu,»it is
chnceivable that one outsideislat only might be loaded and in this way

would give maximum eccentricity to the loading on the gridwork.

.25
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Symmetrical loading across the gridwork might also occur. .Load tests
were therefore donevby applying pairs of loads symmetrically placed on
slats in the model gridwork System,‘as shown in Figure 1. One slat
was loaaed at a time. The effects of several pairs of loads could be
obtained by using the principle of superposition if the system were
»stressgd within its linear stress-strain range.

Factors needed for the design'of thé main slatsvin a gridwork
_ system include the deflection of the slats and the strain developed
on the surfﬁces of the slats. With bending occurring in the slats,
maximum strain should occur on the top and bottom surfaces of each of
the slats. Loéds were applied to the slats in a symmetrical pattern.
If the grid systems are assumed to deform as plates deform in the
theory of plates, maximum translation and strain should occgrjat.the
center of the slats. . All measurements of these characteristics were
taken at slat éenters. |

End support systems for the gridworks were designed as simple
éupports. Tﬁe Cross sectiénal configuration of thebslats and ties was
assumed to be identical.

The principles of engineering similitudes along with dimengional
analysis were utilized iﬁ the design of the series of tests. Predic-
tion equations were developed. A prototype grid was tested and test’
results were compared'with values computed.from the prediction equa-

tions.
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Pertinent Quantities and Dimensionless Parameters

The pertinent quantities that are c0nsidered to influence the
“deflection and strain encountered in a gridworkbsystem are tebulated
-in TablevI. Definitions of pertinent quantities are illustrated in
Figufe 1. This listiﬁg includee both strain ana deflection as
vdependent variables. The same independent variables are coﬁsiﬂérea%"
as influencing the strain and deflection in a.gridwork system. -

Forming the pi terms ie done by considering e and d as the terms
‘that‘are useduto develop ‘the dependent dimensionless parameter.
Thevfemainlng'eleﬁen are used to form.independent’pi terms for
’analyzing for both e and d. Two dimensions are requifed to describe
ail variables so the number of ihdependent pi.terﬁs required to pre-
dict each dependent pi term is calculated as followe;

11 independeﬁt variables -:2 dimensions = 9 independent pi terms.
" Including the two dependent pivterms; a total of 11 pi terﬁs should be
formed. One set of parameters that can be formed arelshown in
Table II.

Prediction equations that may be written are:’

m o= f(ﬂ3’ Ths Tss Tes 37, n8, T , T, o, W)

9’ "10° "11
or
e = £(E1/GJ, E1/PL?, 1/B, L/X, T, S, b/L, h/L, XX/L)
and |
™y = f(n3,IW4, T5, n6; Tys Tgs “9"“10’ 111)
or S

L/d

£(E1/GJ, EI/PL?, L/B, X/L, T, S, b/L, h/L, XX/L)



TABLE I

PERTINENT QUANTITIES
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point where strain and deflection
are measured (inches)

_ Dimensional
No. Symbol Description Symbol
1 e Strain (microinches/inch) LL-1
2 - d Deflection (inches) "L
3 EI Stiffness; slat and tie FL?
(pounds-—inchesz)
4 GJ Torsional rigidit{; slat and tie FL2
(pounds;&inches )
5 L Grid length (inches) L
6 P Concentrated loads (total of pair F
of loads symmetrically placed on
a slat). (pounds)
7 B 0. C. slat spacing (inches) L
8 X Distance end of grid to load (inches) L
9 T Number of ties --
10 S Number of slats -~
11 b Slat and tie width (inches) L
12 h Slat and tie depth (inches) L
13 Distance reference end of grid to L
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TABLE II

DIMENSIONLESS PARAMETERS

- T

.- . - 13 - s

m, = L/d T = X/L Ty = b/L
7, = E1/GJ " =T Ty = WL
m, = EI/PL? | T = XK/L

Discussion of Pi Terms

Ty = e is the parameter describing the strain encountered at thé
center of each slat due to a pair of loads on any slat. . Strain by
itsélf is a dimensionlesé term usually measured as microinches of
stfain per inch of ﬁeam length. With proper assﬁmptions>as to the
variation in strain from the top to the hottom of the slat, the bending
moment can bé evaluated. o

Ty = L/d is the parameter describing the deflection at the center
of the slats in a loaded grid. The ratio of grid length to deflection
is an iﬁdex of deflection. |

n3 = EI/GJ is a term‘that inqlﬁdes.the bendingbstiffness and
torsional rigidity of the slats and cross ties. The testing program
was limited to grid systems in which these values were equal for slats
#nd cross ties. This limitation results in a design that is suitable
for a cattie floor system. - E represents the modulus of elasticity and
C the shear modulus of the material used in a grid. I fepreéents the
moment of inertia and J the torsional mbmént of inertia of the slats

and cross ties.



30

Ts =fEI/PL2'is the éi term that includes the effect of variation
in loéd. The load is a force which is expressed in‘poﬁnds. |

ns = L/B is the term that includesvthe on center spacing of the
slats. The dimension of B is length and any other length term could
be used to form the dimensionless parameter. |

‘“6 = X/L represents the location‘of'the load. X is a length
measﬁred‘from the end of the grid. .It could be paired with any other
~length termvto form a dimensionless parameter.

Ty = T has been defined as the term indicating the number-of'cross
ties in the grid system. A cross tie is considered as extending across
the width of the grid. This parameter is dimensionless.

Tg = S is defined as the term indicat;ng the ﬁumber of slats in
tﬁe grid system. A élat extends from‘one end of the grid to the other.
'This parameter is dimensionless. 'These studies were limited to grids
having foﬁr slats only. | | |

ﬁg = b/L is the term that includes the width of a slat or tie.
This term‘probablyvhas lécal effects at the joints. These effects
are of secondary,impoftance and are therefore neglected in this study.

nlO = h/L is the tefm that includes the depth of a slat or tie.
This term was neglécted in thiékstudy for the same reasoﬁs giveh,for
neglecting Ty.

| “1i = XX/ L representsv:he distance from a réferencevend.of a grid
to thequint at which strain and deflection are measured. In this
xstudy, only‘mameum values were cbnsidered. Two loads were placed an
equal distancé from each end of a slat to provide maximum deformations

at the center of slats. This assumption is derived from plate theory.
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Location of deformation measurements was not varied, but was recorded

at the center of slats only.
Schedule of Experiments

The indépendent parameters that were selected as those that
influenced the dependent strain parameter also were selected as those
‘that influenced the dependent ﬁeflection parameter. ﬂg = b/L and
Mo = h/L were neglected. Tg =S and Ty = XX/L were held constant
in . all tests. Predicfioh equations that include the significant
independent parameters are:

nl = f(n3, Ts Tgs Mg n7)

or

e = £(EI/GJ, EI/PL?, L/B, X/L, T)
and

n2‘= f(n3, Tps Tos Tes ﬁ7)
or

£(EI/GJ, EI/PL?, L/B, X/L, T)

L/d
The échedule of experiments in Table III summarizes the schedule of
treatﬁents for both grid strain and.deflection tests.,
The effect of each indepéndent pi term on the dependent pi term
describing strain or deflection was evaluated by five series of tests.
In experimeht series: A, for ,exatnple,»"3 wés varied whilé the other
four independent parameters were héld constant., The other four inde-
pendent §i>terms were each varied iﬁ turn in a similar manner in the
remaining four series of tesfs. ‘A,bar over the symbél for -pi written
‘as T in Table I1I indicates that the pi term is held constant in the

test. sequence under consideration.
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TABLE III

SCHEDULE -OF TREATMENTS FOR GRID STRAIN
AND DEFLECTION TESTS*

Test EI

: - El L X .
Series "3 =63 "4 = P12 Ts < T =1L myp =T
(T3)q _ - - .
A (TT3)2 TT4 TTS TT6 'n'7
("3)3
("3)4
Gl
™ 412 = 7 =
B 3 ()3 "5 "6 "7
(“4)4
Te):
. - o _ _
¢ "3 T4 (15)3 "6 "7
('"6)
D . TTY3 TT4 'TT‘5 » (,n.6 3 ‘ 11'7,
1 : o
B - TS BT T A%

*ﬁl = e and w2 = L/d are the measuredvvariables.
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Experimental Equipment

Slat Stiffness Determinations

To evaluate EI and GJ for the grid tests, single slat tests were

conducted to determine E and G. E was determined by measuring the

deflection on a single slat that was symmetrically loaded with a pair

of point loads. G was determined by measuring the angular rotation

of a single slat to which a torsional load was applied.

Figures 9 and 10 illustrate the test equipment used to determine- E,

The equipment included:

Model support stand designed to reduce the deformation in the
stand as much as possible when the models were loaded.

Molding plaster single beam model.

Low friction bearings supporting the ends of the beams.
Loading ques; |

Loading bar for distributing load to two loading yokes.

Weights.

~ Ames dial indicators. Deflection readings to the nearest

.001 inch.

-Dial indicator éupport stand.

Figures 11-14 illustrate the test equipment used to determine. G.

The equipment includes:

'1.

2.

Molding plaster single slat model.

‘Model support stand. One end'of the model was clamped rigidly

to the stand. The other end was clamped to a circular plate
which was supported on a pair of low friction rollers. A
loading arm of known length was attached tq the circular
plate. An arm was placed on each side of the plate to

equalize the dead load of the bars. Loads applied at one

end of the bar would then be the only load causing torsion.

Weights.

~ Mirrors glued to the models a measured distance apart.



Figure 9.

Test Equipment Used to Evaluate E for the
Molding Plaster
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PLASTER OF PARIS BEAM -
24 INCHES IN LENGTH

/—DlAL INDICATORS - / _ /

- ' N= _
- , —
0 s 0

LOADING BAR-" | <LOADING YOKES

LOAD

Figure 10. Diagram of Test Equipment Used to Evaluate E of
: Plaster - E



Figure 11.

Torsion Machine Used to Evaluate G of
the Molding Plaster
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Figure 12.

Projectors Directed at Mirrors on Test Slat
for Evaluating the Twist in the Slat
Under a Torsional Load
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Figure 13.

Relationship Between Projectors, Slat,
and Measuring Scale Used for Evalu-
ating the Twist in the Slat Under a
Torsional Load
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PROJECTION PANEL

-—— MEASURING SCALE

BEAM

LOAD

PROJECTOR .

Figure 14. Diagram of Relationship Between Projectors, Slat and
’ Measuring Scales Used for Evaluating Twist in the
Slat Under a Torsional Load
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5. Two 35 millimeter slide projectors.

6. Slides with mounted cross hairs. Human hairs were mounted in
- glass slides to provide the cross hairs.

7. Projecting boards wiﬁh measuring scales. Cross hairs were
projected from the projectors and were reflected from the
mirrors to the projection board, Measurements provided data
to determine beam twist.

Grid Tests

The same models were used for grid strain and grid deflection
measurements. In one test sequence, these measurements were taken in
~ separate tests. Baséd on the experience gained from these first tests,
it was conclﬁded that both sets of measurements could be taken con-
currently. This was done on'succeeding tests.

Figures 15 and 16 illustrate the test equiément used to determine

the strain and deflection at the‘center of the slats in the gridé.
The support, léading; and strain gauge arfangementvare similar to that
of the singlé beam illustrated in Figures 9 and 10. |

The equipment included:

1, Model support stand designed to reduce the deformation in the
stand as much as possible when the models were loaded.

- 2. Molding plaster gridwork models.
3.  Low friction bearings supporting the ends of the grids.

4. Loading yokes>ﬁsed»to apply pairs of ldads to each beam in
turn in the grids. ‘

5, Loading bar for distributing load to the two loading yokes.
6, Weights,

7. Ames dial indicators. Deflection reading to the nearest
.001 inch. . '

8. Dial indicator support stand.



Figure 15,

Apparatus Used to Test Plaster Grids
Showing Dial Indicators and Strain
Gauge Installation
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Figure 16.

Plaster Grid Model in Position
for Testing
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11.

12.
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SR-4 strain gauges, Baldwin-Lima-Hamilton. Type FAP-25-12 $-6
Constantan foil paper backed gauges. Gauge length: one-
fourth inch. ‘ '

- Epoxy cement,
: Baldwin-Lima?Hamilton strain gauge switch,

‘Baldwin-Lima-Hamilton single channel strain indicator.



CHAPTER IV

CHARACTERISTICS OF PROTOTYPE GRIDS SUITABLE

FOR CATTLE FLOOR SYSTEMS

The range of values selected for the independent pi terms for the
model tests was based on the characteristics of prototype gridworks
suitable for livestock floor systems. Table IV lists the maximum and

minimum values assigned to the independent pi terms.-

TABLE IV

LIMITS OF VALUES ASSIGNED TO INDEPENDENT DIMENSIONLESS
PI TERMS FOR MODEL TESTS AS DETERMINED FROM THE
CHARACTERISTICS OF SUITABLE PROTOTYPE GRIDS

Dimensionless Pi, Term'Values for Prototypes

P; Termsi ’ ‘ Minimum . : . Maximuw
"y = EL/GI | 0.80° 4.63
", = EL/PLZ 4.0 | 44.0
" =ﬂL/B | 9.0 , | - 2.0
Te = X/L ) S 0.17 N ' 0.46
m, =T | 1.0 4,0 .

Ty is defined as EI/GJ. Placing limits on this pi term required
that strength characteristics of the matérials used for the prototype

concrete grids be considered as well as the cross sectional shape of

44
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the slats. It ig comﬁon.practige in reinforced concrete design of
indeterﬁinate structures to assume values of EI-ahd GJ based on -
unreihforced concrete sectioﬁ51 This_prpcedufe ﬁas adopted for‘esti—
méting the‘fatio EI/GJ for concrete prototypes, Roark and Hartenberg
(15)‘h&Ve reported that Poisson's ratio, U, for concrete may be taken

~as approximately 0.2. Using the relationéhip:

E

G = ————

2(1 + w)
~we find that:

_ E

¢ 2(1 + 0.2)

G = —£
2(1.2)

G=-—E-
2.4

G = 0.4167E

Mo:ice and Liftle (12) also suggest that for‘éoncrete design,_the
apprdximation'G = 0.4E may Bé assumed. | |
| Two extremes considered practical és cross sec;ion dimensioﬁs for
cqnéreté slats>inc1ude one having a depﬁh of two inches and a width of
n» six-inéhes and a second having a depﬁh of six inches_and'é width of |
three ‘»inches' |

<Rectangu1af cross sections are not‘pormally used for concrete
slaté, but were considered‘satisfaétory fof'determining the approxi-
‘mate limits>for the ratio, EI/GJ. The equation 1= 1/12 bh? provides
"an estimate of the moment of inertia of a rectangular‘bross section of
homogeheoué material if b is the.width apd h is the dépth of th¢,
'sectién, This is an expression fot the.moment of inertia abdut an

x‘axis located at the center of the section.
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Seely (17) and Timoshenko and Young (20). summarize :the work of
de St. Venant published in 1855 in Mém des Savanis éstrangers, y. 1l4.
They»reporf-that-a satisfactory expression for the torsional moment of
ineftia of a. rectangular cross section of homogeneous material may‘be
written: |

J = 1/16(16/3 ~ 3.36 b/h (1 ~ 1/12 (b/h)*))hb3

where h equals the'lgng'diménsion and b equals the short dimension.
J has been interpreted to.be equal to g(hb3) in the equation g = T/ ghb3G
as given by Timoshenko and Young (20). It is the expression used in the
equation fbr g as it is adapted to rectangular cross sections only. The
stress distribution across the face of .a bar having a rectangular cross
section is difficult to describe mathematically. The value given for
(ghb3) by the equation developed by St. Venant gives.a good approximation
of the distribution.. The equation was developed from experimental data
and assumes an approximate -stress distribution acfoss‘thevface of the
cross section. Other .equations have been developgd»for estimating
J = (ghb3), but the .one by St. Venant is used here. In this report
J is defined as being equal to ghb3,-

Table V lists the computed moments of imertia, I, and torsional
moments of inertia, J, for the two extreme cross sections being
considered. It aléo includes- the value of the relationships of

. EI/GJ assuming it can be approximated as I1/0.4J..
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TABLE V

PROTOTYPE GRID SLAT CHARACTERISTICS USED TO
DETERMINE TEST LIMITS FOR EI/GJ

——— g " - —— — " T r—

" Slat ‘Slat | EI I

“Width. Depth ‘ I A GJ T L4d
(in.) (in.) (in.®) _ (Y ‘
6 2 ' 4 12.6 0.795
3 7 85.7 4.2 4,630

-The limits of n4

used for bending stiffness and the loads that could be applied.

= EI/PL2 were influenced by the range of values

Table VI lists the values used to establish the uﬁpet and lower‘limits

of the pi term EI/PLZ,

TABLE VI

VALUES USED TO DETERMINE TEST LIMITS FOR EI/PL’

E L o P L | EI/PLZ
(psi) (in.7) (1bs.) (in.)
3 x10% 4 500 72 4.63
3 x l06' 85.7 - - 500 120 35.70

E for éonqrete waé taken as 3‘x 106 psi to‘eStabiish these
limits, |

P was taken aé 500 pounds since Burgener‘(Z) suggested that a
 suitab1e lbading assumpﬁion'for simple reinforced édncrete beam desigﬁ'
'”would be a ﬁair df loads of 250 pouﬁds eagh.ﬁ Each of these 250 pound

loads would represent a fourth of the weight of one animal.
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For the lower limit of the pi term EI/PL2

the moment of inertia
value of four was taken from Table V. Under equal loads smaller
bending moments will exist in short beams than iﬁ long beams.  For
this reason, the 72 inch beam length was associated with the moment of
inertia value of four. The upper limit related the longer beam length
of 120 iﬁcheS-with the moment of inertia value of 85.7. Values for

the ratios were computed as follows:

, 6
EI _3x10 x4 _
PLZ 500 x (72)2 4.63

6
EI _3 x 10° x 85.7 _ 35 79

PL2 500 x (120)2

The lower limit for the model tests was rounded off to four. The
second Value was selected at 12. An increment of 16 was used for
selected»third and fourth values which brought the upper value to 44,

The.limits of n_ = L/B were established at nine and 24. Minimum

5
.length was estimated at 72 inchés and ﬁaximum siat spacing at eight
inches; This suggested the minimum vaiue of niﬁe for L/B. Minimum
vslat spa;ing for a maximum length of 144 inches was estimated at six
inchés.. This suggested the ma#imum value of 24.

”6 = X/L describes the position of the loads on the slats as
relatéd to‘overall grid length.‘ The limits were determinéd by estab-
lishing X as closé to the cente; of the grid and as near to the end of‘
the grid as possible. Cross tie location restricted these positions
so the limits were set at 0;17 and 0.46. |

ﬂ7 describes the number of cross ties per grid excluding the ties

fabricated into each end of the grid. It is a dimensionless pi term.

Prototypes having a maximum of four ties were éonsidered suitable for



livéstock floor systems. Values assigned to the pi term, T, were

1, 2, 3, and 4 cross ties in addition to the two-end cross ties.
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CHAPTER V
"STRENGTH CHARACTERISTICS OF PLASTER OF PARIS

The workabilicy of different grades‘of piaster was evaluated by ‘
casting grid specimens‘fof preliminary tests. Plaster of Paris and a
"molding pléster called<Barga ILucca were compared. Barga Lucca is manu-
factured by Ngtional Gypsum Company of Dallas, Texas. Plaster of Paris
 was found to have an extremely short setting time. When large quanti-
ties were mixed, the setting‘time was sﬁorter than when smalléf
quanti;ieé were mixed. This was a serious limiﬁation since it was
desirable to cast several grids from one batch of plaster. This reduced
the number of tests needed to evaluate E and G since one series of |
| ‘these tests would provide the ﬁeeded data for the several grids made
from eachvbatch. The lack‘of‘workability of pléster of‘Patis‘made it
v'necessary to eliminate it as a modeling méterial. Barga Lucca was

selected iﬁ éiacé_of the plaster of Paris becauée tests indicated that:
it had»q desirable Setﬁing time. Adequate time was available to
thoroughly mix the plaster and work it fo'permit air bupbles to escape
before the'casﬁipgs were poured. = Its chemiéal'éompositipn is similar
to plaster»of Paris.

Stra;n Megsurement at Top_and Bottom of Beam

A series of tests were carried out to verify that the Barga Lucca
plaster models would exhibit a relationship in which the compressive

strain at the top of a’beém would equal the tension strain at the

50
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bottqm under concentrated loads. This would indicate that the modﬁlus
§f elasticity would be the same for tensile and compfessive §trésses

in the material, 'Tbuaccomplish this, a single beam was cast of Barga
Lucca plaster. Its dimensions were two inches wide, two inches deep,
and 24.inches long. An SR-4 strain gauge having a length of one-fourth
inch was mounﬁéd at the center of the cdp side of the beam to measure
strain along the length of the beam. A second strainvgauge»was mounted
inia similar manner on the lower side of thé beam. The Eeam Qas loaded
.as shown in Figure 17;

Loads were applied in inérements and the strains at the top and
bottom of the éenter of the beam wefe recorded for each increment.
Table VII lists the stress-strain data recorded for the test serieé.
The average increase in strain on the tqp under a five pound load incre-
ment for the three tests was 40 microinches per inch. The average
strain increase én the bottom under the five pound_incremeﬁt-for the
vthreé tests was 39.7 microinclies per inch. if was concluded ﬁhat
_ compreésive strain at the top'éf‘the beam compares very closely with
the tension strain on the bottom...Baéed on ﬁhese results,~strgin.

gauges were used on one surface only in subsequent tests.
-Ultimate Strength Tests

Thfee tesﬁs were carfiéd out to brovide information for estimating
fhe ultimate strength of Barga Lucca plaster when used for modeling.
Loads ﬁere‘applied to beams having'lengths of 24 inches‘in the manﬁer
illustrated in Figure 18.

The shear and:momeﬁt diagrams in Figure 18 show ;hat the value of

the bending moment is equal to nine times one of the loads. Using
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T : v — . ' 1

Figure 17. Loading Arrangement of Test Beam Used to.Verify that Strain
‘ Gauges on the Top and Bottom of Plaster Beams Yield
Readings that are Equal but Opposite in Sign



)3

 TABLE VII

RELATIONSHIP BETWEEN COMPRESSIVE STRAINSYAT THE TOP AND
TENSION STRAINS AT THE BOTTOM OF BEAMS MADE
OF MODELING .  PLASTER

Test 1 . Test 2 __ Test 3

Strain Strain Strain Strain ‘Strain  .Strain
on on on on on on
Load - Top Bottom Top Bottom Top Bottom -
(Pounds) (microinches/inch) (microinches/inch) (microinches/inch)
0 : -0 0 0 0 0 0
5 35 35 35 40 35 40
10 75 70 70 -~ 75 70 75
15 ‘ . 110 : 110 110 ' 115 110 110
20 155 150 150 150 150 150
25 195 - 190 190 190 190 190
30 240 230 230 230 - 230 230

35 285 280 280 275 275 280 .




-—h——-—- 9“ -——-4»—-—‘_5.' . A——— 9“ D e o

~ SHEAR DIAGRAM

MMAX. = 9P

" MOMENT DIAGRAM

' Figure 18. Beam Loadings Used to Determine
: Ultimate Stress of Plaster

N
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beams having rectangular cross sections, the flexure formula is as
fdllows;

. Mc/1I

wn
1

WS = 1/6 bh?

w
|

-_6M/bh2

M = 9P

'S = 542/bh?®
The three plaster beams that were tested were loaded until failure
accurred. The failure load was used to calculate.the ultimate stress

in bending.vTable VIII is a record of the test results,

TABLE VIII

CHARACTERISTICS OF BEAMS IN ULTIMATE STRENGTH TESTS

- o ’ - - - o —

‘Test. b . _h h? - bph? P S
No. (in.) (in.) (sq. in.) (cu. in.) (pounds) (psi)
1 w-l4 2 4 5 32  345.6
2 1-1/4 2 s s 33 ' 356,4

3 -1/2 2 4 - 6 42 378.0

"vtAn ultiméte?stress of aﬁproximatély 350 psi was used along with a
suifab1e saféty factor ﬁo'gétimate the safé loads used for testing the
_plaster grid models. The méduluélof elasticiﬁy was determined expéfif
men;ally for each plaster‘batchp This vglue along with the ﬁorking‘
‘stfess wés used to calculate a‘safe strain for each grid. Grids wére
’loaded up té a point where str#in.gauge‘readings iﬁ the tests approached

the safe éalculated strain.
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Experimental Modulus of Elastjicity Determinations

The modulus of elasticity of each batch of plaster used to ﬁake
model grids was.deeermined expefimentally. Simple beame were fabricated
from each plaster bateh._ Deformation tests were made‘on these beems
and the test results were uéed to compute the modulus of elasticity.

All test beams were made 24 inches long. Some beams were supported
on rollers in such a way that the centef of the'support coincided with
the end of the beam., The effective length of these beams was taken as
24 inches. These supports could not be glued securely to the plaster
so the support was placed one-eighth inch from the end of the beam.

Thie left an effective length of 23.75 inches.
Figure 19 illustrates the load pdsitions esed for testing.
The expression for &eflection af the center of the beaﬁ under the

loading shown is written:

_ _Pa_ 2. 4.2
d = 2LFL (3L 4a”)
..,a P 2 _ 422y
E =55 x5 (3L - 4a®)

Deflection meaSurements were taken at eaeh.end and‘the center-of»
‘the beam. End deflections were averaged and the average was subtracted
froh the center deflection reading te give the actual deflection,

Loads were applied in the tests in one pound increments froﬁ one
pound upvto eighe pounds. Deflection readings were recorded‘for each
load inerement. A linear regression analysis was made for each beam
with load plotted'oh the y axis and deflection-plotted‘on the x axis.

vRegressioﬁ line slope from ehe linear regression represented‘the‘ratio,
P/d. This ratio was substituted into the equation for the modulus of

elasticity calculations.



Figure 19. Load Arrangement Used to Test Single Beams
" 'to Determine Modulus of Elasticity of
Plaster Modeling Material
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Four beam tests were made to serve as replications for each batch
of‘molding plaster. In most ¢asés, two‘beams were used for testing.:
Replicatioﬁs were obtainéd by teétingvin one position and then’inverting
“the beam for a second set of test data. ‘Diffefent plaster,batches are
idehtified by tﬁe prefix letters in the test beam,numbers‘in Tables IX
~and X. 'Seven ba;ches of'élaster were used for thebmodels. An eighth
batch is identified as‘batch’T and was used for a prototype grid for
vaiidéting the test results.

Table IX records the dimensioﬁs of each beam tested and the cal-
culated moment of ihertia._ Table X records the results of the linear
regression analysis for each test beam. Thevlinear fegressibn equakion
is P = A + B(d), where A is thg Y intercept and B is the slope of the
liﬁe. All 1inear~¢qrre1#ti§n coefficients are larger in magnitude than
.0.99 which indi;ateé'ﬁhat the relaﬁibnship between load aﬁd deflection
cloéély fitﬁ'a sttaight 1ine.

‘_An analysis of variance designed to test for differences between
the valués for the moduli of elésticity between beams in a batch and
between batches is»recorded in Table XI, Calculated F for the replica-
.tions was'2f86. _Tabulé;éd F at the 95 per cent level was 3;07 which
indicates that thefe probébly was no difference.betweén the vélues
between replicétions. Calculated‘F_fér.differences between>bétches
© was 4}44. Tabulated_f-at ﬁhe'QS:per gent 1eve1 Qas 2.49 which
:iﬁdicates that differences probably‘did exist between the value§ for
'different batches -of plaster. |

Sincg differenceé existed bétweeh'the eight batches oflplaéter,

it was necessary'to determine a value for the’modulusAof elasticity
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TABLE IX

CHARACTERISTICS OF BEAMS USED IN MODULUS OF
' ELASTICITY DETERMINATIONS

Test o o ' Moment

Beam . ' Beam : -Beam Beam of -
 Number - Width - - Depth -Span Inertia
o . (in.) (in.) | (in.) (in.%)
- T11 1.27 1.75 23.75 0.57
T12 1.27 1.75 23.75 " 0.57
T21 1.22 ‘ 1,27 23.75 0.21
T22 s 1.22 1.27 23.75 0.21
Gl1 ‘ 1.32 1.73 23.75 0.57
Gl2 o 1.32 1.73 23.75 0.57
G21 1.33 ' 1.49 23.75 0.37
G22 1.33 1.49 - 23.75 0.37
N11 1.24 _ 1.29 23.75 0.22
N12 1.24 1.29 23.75 0.22
N31 - 1.27 1.23 23.75 0.20
N32 1.27 1.23 : 23.75 0.20
P11 1.24 1,23 23.75 0.19
P12 1.24 S 1.23 23.75 - 0.19
P21 S 1.24 1.24 - 23.75 0.19
P22 o 1.24 1.24 23.75 0.19
F41 . o 1.20 1.21 ' 23.75 0.18
CF42 - 1.20 1,21 24.00 0.18
F31. - l.24 ' 1.24 - 24,00, - 0.20
F51 1.25 1.24 24,00 0.20
M3t 1.28 1.22 24.00 0.19
M1l 1.22 S 1.28 -23.75 0.22
M21 R 1.22 - 1.29 23.75 - 0.22
M22 : 1.22 - 1.29 23.75 0.22
D31 1.24 - l.46 123.75 0.32
D32 1.24 . l.46 - 24.00 0.32
D11 » 1.05 f 1.23 24.00 0.16 °
D12 ' 1.05 : 1.23 23.75 0,16
B21 : 1.23 o 1.23 23,75 - 0.19
B31 1.19 5 1.23 23.75 0.18
Bl1 1.18 = . l.22 23.75 0.18
0.18

Bl2 1.18 1.22  .23.75
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TABLE X

LINEAR REGRESSION'ANALYSES»OF LOAD VERSUS DEFnECTION
-FOR MODULUS OF ELASTICITY DETERMINATIONS

" Modulus

Test Regression ' Regression Linear ‘ of
~ Beam Line Line Correlation Elasticity
Number - Slope " Intercept Coefficient (psi)
.T11 783.91 »25 ‘ .998 656,000
T12 842.56 .23 .997 705,000
-T21 333.89 -.04 o997 761,000
T22 277 .89 .21 : _ .994, . 633,000
Gl1 - 707.57 -.07 : .994 586,000
Gl2 ~ 836.96 .10 .998 693,000
G21 516.32 -.16 .998 660,000
G22 545.66 .05 .998 698,000
N11 315.27 .15 .998 680,000
N12 332.82 .16 .999 718,000
N31 - 323.73 ' .05 .999 785,000
N32 328.14 .09 . .999 795,000
P11 312.89 .01 ‘ .999 766,000
P12 314.72 ' -.03 ' 999 ‘ - 771,000
P21 - 298,82 .00 - - .999 . 727,000
P22 306.83 .04 ©.999 746,000
F41 271.67 - -.02 .999 © 725,000
F42 '280.09 .03 .999 774,000 -
F31 314.86 .00 .999 : 787,000
F51 320.47 : © .02 .999 ~ .800,000
M31 312.09 -.04 _ .999 787,000
M1l ©343.00 @ : .05 .999 ‘ 755,000
. M21 349.96 ‘ -.20 ‘ .999 . 764,000
-M22 .. 333.44 ' .07 .999 728,000
- D31 387 .45 .03 ' o .999 569,000
D32 424 .56 =04 ,999 - 645,000
D11 233.59 ' .01 .999 | . 704,000
D12 252.88 .06 _ .999 - 736,000
B21 : 276.92 -.03 .999 686,000
- B31 244.03 ‘ .14 ‘ 0 .998 634,000
B11 278.97 . =.01 . .999 738,000

B12 266.51 .01 -999 705,000 .
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for each plaster batgh to use to evalyate the pi terms in the grid

model tests.

TABLE XI

ANALYSIS OF VARIANCE OF MODULI OF ELASTICITY FOR FOUR
REPLICATIONS OF EIGHT BATCHES OF MOLDING PLASTER

Degfees of |

Source Freedom Sum of Squares Mean Squares F
Replications 3 15,904,000,000  5,301,333,300  2.86
Treatments 7 57,552,000,000  8,221,714,200  4.44
Error 21 38,805,000,000  1,847,857,100

Total ‘ 31

No differences were found by the analysis of vafiance between
replications within batches. A value of modulus of elasticity reprer
- sentative of each.plastef batch was selected using the data from the
four replications for each‘batch.»

One method of selecting the value of modulus of elasticity for
each batch would be to fake an arithmetic avefage of the four replicated
valﬁes. |

A secqnd meqhéd codld be used ifvthe cgnfiguration of each test
beam Qére the same. ,Iﬁbthis method, all test data forleach‘plaster
-batch could be subjected to a single linear regression analysis in
which load would be ploﬁted on’the y axis and defiection on the x axis.
Substituting the slope of the line detefmined in. this analysis in the
déflection-equation forvthq beam shoﬁn‘in Figure 19 would‘provide‘an

estimate of the’value'of'the modulus of eiasticity. -4 modification of



the second method was selected for these tests since the character- .

istics of each test beam were different. L was either’23.75-inché5'

or 24 inches. ' The moments of inertia varied.

Thé modification used in the analysis was to adjust beam char-

acteristics to standard conditions. - Standard beam characteristics

were selected at I equal to 0.25 inches4 and L equal to 24 inches.

Deflections were computed for each of the four E values using

P values ranging from one to eight pounds in increments of one pound.
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A linear regression analysis was developed using the P and deflection

relationships for all four replications at one time.

The slope of

the line from this regression was used to compute an E value for. the

composite of the plaster batch.

This procedure was repeated for each

of the eight batches ¢of plaster. Table XII records these values.

" LINEAR REGRESSION ANALYSIS OF LOAD VERSUS DEFLECTION
- FOR MODULUS OF ELASTICITY FOR REPLICATIONS

' TABLE XII

COMBINED FOR EACH BATCH OF PLASTER

———

Modulus

.03

Test Regression Regression " Linear of
. Batch = - Line Line . Correlation Elaéticity
-Number Slope ‘Intercept Cogfficient (psi)
T 341.25 .05 .988 669,764
G 326.05 .06 .988 639,919
N 370,27 .05 .990 726,612
P 382.17 .01 .999 750,072
F 389.95 .02 .997 765,333
M 384.62 . .01 998 754,879
D 319.04 . .11 976 626,174
B 345.64 .993

678,372
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Experimental Shear Modulus Determinations

The shear modulus for each batch of plaster used for models was
- determined eXpérimentally; .Single beams were deformed in a torsion
test machine. Data on loads applied and angle of twist were used to
evaluate the‘shear modulus of the molding plaster.

One end of each test beam was clampéd into the statibnary basé 6f
the torsion test device developed for these experiments. The other
end was clamped to_the part of the device that included the lever arm
for applying the torque. Two mirrors were glued on one side of the
beah along itsllongitudiﬁal center line. They were épaced 18 inches on
centef and each was the séme distance from the ends. Light projected
croSSed hair lines from each of the fwo slide projectors and each set
was focused on the approﬁriate one of the two mirrors glued to the test
beam. The projectors were then refocused so that the cross hairs were
feflected from the mirrors to a panel behind ﬁhe projectofs. The
ﬁross hairs were brought into focué on measuring scales on the panels.

Torques applied to one end of fhe test beam caused a twistiﬁg of
the heam. One mirror rotated more than the other. The difference
betwéen the two rotations was‘takenbas ﬁhe total rotation df thé
18'inch'1ength of beam between the two mirrorsf

’Figﬁre ZO‘illustrateé the characteristics_of the change in the

angle of a beam of light reflected by a mirror as‘the mirror is

rotated.
r =1
rl - il
i''=1i4+B8=r1'

CROR' = r' - (x- @) =i'- (L-8)=( +8)- (i-B) =28
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MIRROR

LIGHT SOURCE (8) (M) (M)
i -
1 =
NORMAL (N)__ {4 Eo
BRI
(NL =X~} T
r — 8
 REFLEGTED
CLIGHT (R)

"(R")

Figure 20, Characteristics of the Change in the Angle of a Beam of
- Light Reflected by a Mirror as the Mirror is Rotated
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This indicated that tﬁe angle measﬁredlby the reflected lightvwill
equal two ﬁimes the angle 6f rotafion of the beah.

 Angles We;e'éomputed by méasuriﬁg the movement of the reflected
' cross haifs on the measuring sqales on the panel behind the prdjectors.
The distance.ffom the reflecting mirror teo the measuring scale was |
‘measured. From fhése two dimensions, the angle wés‘computed. Rotation
. of the mirrors on the beam Qas computed by dividing the reflected
angle by two. The difference between the rotétions at the two mirrors
was taken as thé twist in the 18 inch section of beam between the
mirrors.

Torsional moment of inertia was computed using the formula:

. . 4
, 16
J = 1/16(—3' - 3.36’% (1 - —‘z;lgh ))hb3

where b is the short dimension and h is the long dimension of the beam
cross section.

The expression for computing rotation for a bar is written:

where T is the tofque; Applied torque, beam length, torsional moment
of‘inerﬁia,‘and 0 were determined for_eacb test. The shear modulus: (G)
. was gomputéd using the exéressioﬁ G =T/0 (L/J).

bTable XIII records the croés sectiénal dimeﬁsion of each beam, the
distanée froﬁ the mirrors to the meésdring scale, and the computed
torsional moment of inertia. |

Torquééﬂﬁere applied in the:test§~in five inch pound incrementé
from five inch pounds up>t6 fifty. inch pbundsf, The angle of twist wés
.recorded for each loadbincrement. For the small angles measured in

the tests, the angle in radians was considered as equal to the tangent



CHARACTERISTICS OF BEAMS USED IN
SHEAR MODULUS DETERMINATIONS

TABLE XIII
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T

' Torsional
Test Beam Beam Moment of
Beam Width Depth Radius Inertia

Number (in.) (in.) (in.) (in.a)
T11 1.22 1.27 239 0.335
T12 1.22 1.27 239 0.335
T2]1 1.27 1.75 239 0.664
T22 1.27 1.75 239 0.664
Gl1 1.33 1.49 239 0.552
Gl2 1.33 1.49 239 0.552
G21 1.32 1.73 239 0.712
G22 1.32 1.73 239 0.712
N1l 1.24 1.29 239 0.357
Ni2 1.24 1.29 239 0.357
N21 1.24 1.25 239 0.339
N22 1.24 1.25 ~ 239 0.339
P11 1.23 1.24 239 0.328
P12 1.23 1.24 239 0.328
P31 1.24 ‘1.25 239 0.337
P32 1.24 1.25 - 239 0.337
F41 1.20 1.21 239 0.298
F42 1.20 1.21 239 0.298
F31 1.22 1.23 239 - 0.314
F51 1.24 1.25 239 0.335

- Bll 1.18 1.22 239 0.292
B12 . 1.18 1.22 239 0.292
B21 1.23 1.23 239 0.323
B31 1.19 1.23 239 0.297
D31 1.24 1.46 239 0.451
D32 1.24 1.46 239 0.451
D11 1.05 1.23 239 0.229
D12 1.05 1.23 239 0.229
M31 1.22 ~1.28 239 0.344
Mil 1.22 1.28 239 0.344
M21 1.22 1.29- 239 0.345
‘M22 1.22 1.29 239 0.345
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of the angles, Thevmeasured movément of thé reflected beaﬁ was divided
by the distance from the measuring scalé to the mirror. This angle

was divided by tﬁo to‘give the angle of‘rotatiop of.the beam. For

each loaa increment, theée determinations were made for each mirror

and the twd values subtracted to give the rotation of phe 18 inch
section of beam.

A linear regression anélyéis‘was‘made for- each set of beam data
with torque plotged on the y axis and béam rotation oﬁ_the X axis;
‘Regression line slope from the 1ineér regression represented the ratio
'T/®. This ratio was substituted into the equation for the shéar
modulus caléulations. N

TaBle X1V reéords the results of the linear fegression analyseé
along with the sﬁear modulus for‘each‘beém.' The linear regression
equation is T=A+ B(0) where A is thé Y interéept and B is the slope
6fvthe liﬁe. All cdrrelation'ééefficiénts are larger iﬁ magnitude‘
than.0,99‘5n& mostlare larger than 0.999 which indicates that the
relétipnghip between torque and‘rotation ciose1y fits a straight iine.

As with the MOdulgs of glasticity tests,‘four beam tests were
made to s¢rve és.replicatioﬁs for each batch of @olding'plastgpi_m
‘The batches are idénﬁified By the prefix letters:in the test beam
ﬁumbers'in Tables XIII and XIV. :In.mosf cases, the same'beams-weré
~ used for the tests to détermine'shear modulus as ﬁere ﬁsed‘in the
modﬁlus of elasticity tests.:.Plaster batch T used for the prototype
was agaiﬁvihclude&.' |

Tﬁe anaiysis-of variance designed to test for differences between
the’ﬁalues for éhear moduli between béams in a bétch and between batches

isrrecorded'in Table XV.  Calculated F for the rep}icatiohs was 2.61.
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TABLE XIV

LINEAR REGRESSION ANALYSES .OF fORQUE (IN POUNDS) VERSUS
ROTATIQN (RADIANS) FOR SHEAR MODULUS DETERMINATIONS

—

Test ‘ Regression Regression Linear Shear

Beam Line . Line . Correlation - Modulus
Number - Slope ‘ Intercept Coefficient (psi)
T11 5,931 -.03 .999 318,000
T12 5,896 , .28 .999 - 317,000
T21 12,395 ‘ 1.24 ' .999 336,000
T22 13,443 -1.50 .993 364,000
Gl1 9,457 ' - =45 , .999 309,000
Gl2 - 9,485 .96 .999 310,000
G21 11,422 .62 .999 289,000
G22 11,772 1.18 .999 298,000
N1l 7,006 .93 .999 353,000
N12 © 7,006 .52 , .999 . ‘ 356,000
N21 6,669 .59 .999 354,000
N22 _ 6,786 -.36 , .999 , - 360,000
P11 5,977 -.01 .999 328,000
P12 6,188 +26 .999 350,000
P31 v 6,538 - -.26 .999 349,000
P32 ' 6,575 - .44 .999 351,000
F41 5,268 ' .84 » .999 319,000
F42 ‘ 5,281 , +29 ©.999 319,000
F31 6,280 .07 ‘ .999 - 360,000
F51 ' 6,112 .32 .999 , 328,000
Bll 4,825 .04 .999 298,000
B12 : 4,863 ‘ 47 +999 300,000
B21 - . 5,290 -.03 .999 295,000
B31 : 4,858 . .07 999 295,000
D31 7,250 . -.56 . .999 289,000
D32 7,219 41 .999 288,000
D11 3,955 -.12 _ .999 311,000
- D12 3,944 -.06 . .999 . 310,000
M31 6,160 b4 ~.999 323,000
M1l - 6,239 ' .33 ~.999 326,000
M21 6,421 -.21 - .999 335,000

M22 6,499 - .99 .999 339,000
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Tabulated F at the 95 per cent 1evel was 3.07 which indicates that‘
there‘probably was no difference between the valces between replica-
tions. -Calculated'F for‘differences‘between batches was 14.17.
Tabulated F at the 95 per cent level was 2.49 which indicaces that
differences probably did exisﬁ hetween Valﬁes_for shear modulus for
‘different batches of‘plasce;. This is similar to the results from

‘modulus of elasticityrtests.

TABLE XV

ANALYSIS OF VARIANCE OF SHEAR MODULI FOR FOUR REPLICATIONS
OF EIGHT BATCHES OF ‘MOLDING.PLASTER

-

Degrees of

Source Freedom Sdm of Squares 7 Mean of Squares | F
Replications 3 '1;074,300,000 358,100,000 2.6l
 Treatments | 7 ' 13,602,200,000 1,943,171,400  14.17
Error 21 2,878,400,000 137,066,660
. Total - 31 © 17,554,900,000 |

.SinCe'differencesvexisted between the eight batches of plaster,
it was necessary to detefﬁine a‘value for the shear modulus for each
plaster batch to use to evaluate the p1 terms in the’ grld model tests.,

As with the modulus of elast;clty determlnatlons, no differences
were found by the analy51s.of varlancevbetween replications w1th1n
batches. A value of shear modulus’ representatlve of each plaster
bbatch was selected using the data from the four replications for each

batch.
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One méthod‘Of sélectingithe value of shear modulus for each batch
Qould be to take an arithmetic average of the four réplic#ted values.

A second method oﬁtiined_under.determinations of modulus of elasti-
.city cpuld be used if the éonfigurationv§f each tést.beam were the same.
In thisbmethod,_all test data‘for éach plaster bétqh could be subjected
to a single linear regression analysis in which torque would be plotted
on the y axis and angle of twiét on the x axis. . Substituting the éldpe
of the line determined in this analysis in the equation;'G = T/0 x L/J
would provide an estimate of the value of shear modulus.

A modification of tHe-second method was selected for thgée tests
_ since the characteristics of each ﬁeSt beam were different. The modifi-
,cation used in the analysis wés to adjust beam characteristics to |
standard cpnditionsf »Standard beam characteriétics were selected at
J equal to 0.35 inches4 and L equal to 18 inches.

Torques ﬁere computed for gach of the fpur G Vaiues using T.values
ranging frombfive to 50 inch pounds in incremeﬁts'of five inéh poﬁnds.
A‘linearvregresgion énalysis-was developed uéing the torque‘and‘angle
of twist relationéhips computed for all four replications at one time.
_The slope of the line froﬁ tﬁis.regressiqn was uéed to_compﬁté‘a
.G value‘for the comﬁosite of the plaster bhatches by usiﬁg_thé equation
G = T/0 x L/J. This procedﬁre was repeated for each of the eight

batches of plaster.. Table XVI,fecords'these values.
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TABLE "XV

LINEAR REGRESSION ANALYSIS OF TORQUE (INCHES-POUNDS)
VERSUS ROTATION (RADIANS) FOR SHEAR MODULUS FOR
- REPLICATIONS COMBINED FOR EACH BATCH

Test, Regression Regression Linear Shear

Batch Line Line Correlation Modulus
Number: __Slope Intercept _ Coefficient (psi)
1 6,379 .39 .993 328,074
¢ 5,827 .11 ~.998 299,681
N 6,916 .01 .999 " 355,705
P ‘ 6;627 ' .09 . ' .998 - 340,824
Foo 6,361 .30 995 327,177
M 6,417 | .05 .999 330,039
D 5,779 | 17 997 297;235

B . 5,972 .0l | .999 296,870




CHAPTER VI
DESIGN OF GRID MODELS

Molding plaster grid modelsvﬁere designed to have -pi term values
fall invthe ranges established for.prototype grids.‘ Table XVII lists
the vélues for the models. These valces compare Very closely.ﬁith the
- values established for‘prototypés that are listed in Table IV.
Table‘XVIII_lists'the characteristics of‘the‘models used tc‘provide
the pi term values listed in Table XVII. A total of fcur.variations
invcach pi term was designcdrinto the model study. f

| The modulus of‘elasticity of plaéter of Parisiwas assumed to be
1 xv106 pounds per square inch as reported by Hetényi (5). Roark and
Hartenberg (15) repOrted'a Poicson's'ratio_qf Otlcfor.plaster of Paris.
Using this data; an aSsumed>shear-modu1us, G; was computed.

___ B __1x10°
2(1 + ¥) 2(1 +0.1)

G = 454,545

G was rounded tc 4.5 x 10° for the purpose of designing the models.
Homent‘cf inertia, I, was-asscmed to be desctibed by the formula

I=1/12 bh3 Qhe;e b is the base width and h is the heigﬁt of the

.beam»crosslSection. | | | |
Torsionci momént of inertia, J, was assumed to be deScribed‘by the

'formclavJ = 1/16(16/3 - 3.36 b/ﬁ (1 - b4/12h4))hb3 where.b is the -

“short dimeﬁSicn.cnd h ic the long dimension of the beaﬁ crcss Section.

-Values-for the pi term, EI/GJ, Qere\established for the prototype

to range from 0.80 to 4.63. Valﬁes‘in the models ranged from 0.72 to
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TABLE‘XVII

PI TERM VALUES REQUIRED IN PLASTER OF PARIS GRID MODELS
FOR PREDICTING STRAIN AND DEFLECTION PI TERMS
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 Test

EI

X
L

L
Series "3 =GJ "4 = PI2 "s =3 "o = "y =T
v (1T3)1 = 0.72 .
(“3) = 1-32 T = T T - TT' —
A (ﬂ3)§ = 2.13 W4 12 “5 = 16 '“6 = 0.46 7 = 2
("3)4 = 4,12 ‘
(“4) = 4
1
B o= 1 (“4)2 =12 - T = T =
3 = .32 (ﬂ4)3 = 28 ‘“5 = 16 “6 = 0.46 7 = 2
(ﬂ4)4 = 44 .
c Ty=1032 T =12 82T T o4 Fo=2
(“5)4 = 9 ‘
. (1T6)1 = 0.46
- . - 2 = 216 (Tgly =0.38 —
D ﬂ3 1.32 LA 12 “5 16 (“6)3 = 0.29 ﬁ7 2
: . (_116)4 = 0.17
L R
e = _ = o = T = 46 - 7.2 -
E ﬂ3 ;,32 m, 12 ‘ﬂ5 16v 'ﬁ6_ 0.46 (ﬂ7)3 = 3
‘ =4




‘TABLE XVIII

CHARACTERISTICS OF fLASTER GRID MODELS REQUIRED FOR PI TERMS LISTED IN TABLE XVII '

. Slat -~ Slat o Grid Slat Load Number
. Width  Depth _ ’ Length Spacing ‘Location of Ties
Grid E G b h 1 3 Load L B . X T
Number (psi) (psi) (in.) (in.) (in.%)  (n.H (1bs.) (in.) (in.) (in.)
Al 1 x 10° 4.5 x 10° 1.50 0.50 0.02 0.05 1.7 28 1.75 . 12.83 2
A2 1x10% 4.5 x 103 1.25 1.25 0.20 0.34 29.5 24 1.50 11.00 2
A3 1 x 10° 4.5 x 102 1.00 1.50 0.28 . 0.29 40.8 24 1.50 11.00 2
Ak 1 x 106 4.5 x 10° 0.75 . 1.75 0.33 0.18 48.3 24 1.50 11.00 - 2
B1 1 x 108 4.5 x 109 1.25 1.25 0.20 0.34 88.5 24 1.50 11.00 2
B2 1 x 108 4.5 x 102 1.25  1.25 0.20 . 0.34  29.5 2% 1.50 11.00 2
B3 1 x 10° 4.5 x 10 1.25  1.25 0.20 0.34 12.6 2% . 1.50 11.00 2
B4 1x10° 4.5 x10° 1.25 1.25 0.20 0.34 8.0 24 1.50 11.00 2
c1 1x 102 4.5 x 102 1.25 1.25 0.20 0.34 13.1 36 1.50 . 16.50 2
c2 1x 10 4.5 x 10 1.25 1.25- 0.20 0.34 29.5 2% 1.50 11.00 2
c3 1 x 10° 4.5 x 102 1.25 1.25 . 0.20 0.34 52.5 18 1.50 8.25 2
c4 1x10% 4.5 x10° 1.25 1.25 0.20 0.34 - 52.5 18 2,00 8.25 2
pl 1x 102 4.5 x 102 1.25 1.25 0.20 0.34 29.5 24 1.50 11.00 2
D2 1x10 4.5 x 10 1.25 1.25 0.20 0.34 29.5 24 1.50 9.00 2
D3 1 x 108 4.5 x 10° 1.25 1.25 0.20 0.34 29.5 24 1.50 7.00 2
Dk 1 x 10° 4.5 x 107 1.25 1.25 0.20 0.34 29.5 24 1.50 4.00 2
El 1 x 108 4.5 x 10° 1.25 1.25 0.20 0.34 29.5 2 1.50 . 11.00 1
E2 1 x 108 4.5 x 102 1.25 1.25 0.20 0.34 29.5 2% 1.50 11.00- 2
E3 1x 10 4.5% 100 1.25 1.25 0.20 0.34 29.5 24 1.50 11.00 3
E4 1 x 10° 4.5 x 10° 1.25 1.25 0.20 0.34 29.5 24 1.50 11.00 4

aA
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4,12. This pi_term‘waé varied for eachvof the four modeis by usihg
différeﬁtbcross Section configurati6ns for slgts.iﬂ each of the four -
models. Other pi terﬁs were he1d constan£.

The'range of yaluesvfor*the pi term, EI/PLZ, was the same fqr the
prototype and the modelé. Other pi terms wére held constant., . The grid
mbdel used for test A, (na)é, was used in test series B to vary ("4)1’
'(na)z, (ﬁ4)3’.and (n4)4.' Variation was échieved.by varyihg P.

The range of values'for the pi term; L/B, was the sgme for the
prototype and models; To hold”ofher pi terms conétant and yet vary

L/B, the gfid lengths were adjusted. P was adjusted in the terﬁ.EI/PLz.
and X was adjusted in the term X/L to hold these twobpi te?ms constant
while varying.L/B. |

The range of values fbr thé pi term, X/L, was the same for ﬁhe
_protétype aﬁd models, Here again the model used in.teét-A, 0T3)2,
was used in test:series‘D to vary (36)1, ("6)2’ ("6)3,7and ("6)4‘ This
.waS’similar to tﬁe procedufe used in test series B. This held the
qther‘pi terms cénstant. ﬂX/L-was varied by placing loads at different
positions on fhé slaﬁs.‘

The rénge of_val#es for the pi term;'T, wasvthe samé'for_the
protoﬁype and\m&dels. . Model grids were mﬁde having 1, 2, 3, and 4‘-.
1¢ross ties. Oﬁher pi terms:were held constant. |

Ail strain and def}ection measurements were taken at‘the‘center
| of each slat in the'grid. The:SR-a péper backeq'foil gauges ﬁerev
attached to each slat. in thié positioh. Théy were attached to 6n1y
one surfacé of.each slat since preliminary ﬁés;s indicated tﬁat straips 
were approximatélyvequal in magnitude and opposite in sién 6n the top.

and bottom surfaces of plaster beams.
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All grids but two had no cross ties at the center p01nt of the
grid. In those grids having cross ties at the center, it was assumed
that bending was not influenced at that point by the junction of the
crdss ties.. |

" In the two grids having eross‘ties at the center, four strain
' gauges were placed.on each slat at points away from the cross tie
junctions. vThe four strains on each slat were used in a regtession
'analysis. The regression equation was used to e#trapblate the strain
to the center.of the grid. o

Figure 21 illustrates the characteristics‘of the grid models.
Grid width‘equals 3B + b. Three grids were modified to provide one
Withfpne crossvtie, a second with three. cross ties; and a third with

four cross ties.
Testing Series for Strain

Table XIX lists. the characteristlcs of the model grids used in
.the tests for strainl A difference exists between the assumed values
" for E and G as .listed in Table XVIII and those actually obtained with
the molding plaster Plaster batch 1dent1f1cat10n letters eorrespond
to those in'Tables,XII and XVI. 'The configurations of‘the models |
actually used compared well w1th those established in Table XVIII.
The values of the pi terms that resulted from the characteristics
‘listed in Table XIX conform to those in: Table XVII with two exceptions.

One exception was in the values of_EI/GJ; In the strain tests,
they were set‘at 0.74,}1.22, 2{06, and 3.87. The difference between
these Values,and thuse listedvin Table XVlI is due to the difference

between the ‘assumed and actual values of E and G.
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 TABLE XIX

CHARACTERISTICS OF PLASTER YGRID MODELS ‘USED FOR STRAIN EXPERIMENTS

"~ Slat Slat - : . Grid Slat Load Number -

: o width Depth. : Length Spacing Location of Ties
Plaster E ] G . b h. I J Load L B X T
_“Batch. . (psi) (psi) (in.) (in.) (in.%) (in.%) (1bs.) = (in.) - (in.) - (1n.)

F 765,333 327,177 1.51 0.51 0.02 . 0.05 1.3 28 1.75 12.83 2
D 626,174 297,235 1.25. 1.22 0.19 0.33 17.1 24 1.50 11.60 2
G 639,919 299,681 1.00 1.51 0.29 0.30 26.6 24 1.50 11.00 2
G. 639,919 299,681 0.75 1.72 0.32 " 0.18 29.5 24 1.50 11.00 2
D. 626,174 297,235 1.25 1.22 0.19 - 0433 51.4 24 1.50 11.00 2
D 626,174 297,235 1.25 1.22 0.19 0.33 17.1 2% 1.50 - .11.00 2
2: 3 626,174 297,235  1.25 1.22 T0.19 T 0.33 4.7 24 1.50 11.00 2
D 626,174 . 297,235 1.25 1.22 .~ 0:19 0.33 2.1 24 1.50 © 11.00 2
N 726,712 - 355,705 1.25 1.26 - 0.20 0.34 9.3 36 . 1.50 " 16.50 2
D 626,174 297,235 1.25 1.22 0.19 ©0.33. 17.1 24 1.50 11.00 - 2
F 765,333 327,177 1.25 1.23 0.19 -~ 0.33 38.2 18 T 1.50 8.25 2
B 678,372 296,870 1.25 1.24 0.20 - 0.34 34.2 18 © 2,00 - 8.25 2
D 626,174 297,235 1.25 - 1.22 0.19 0.33 17.1 24 1.50 - 11.00 2
D 626,174 297,235 . 1.25 - 1.22 0.19 0.33 17.1 24 1.50 9.00 2
D 626,174 297,235 1.25 1.22 0.19 0.33 17.1 24 1.50 7.00 2
D 626,174 297,235 1.25 1.22 0.19 0.33 17.1 24 - 1.50 . 4.00 T2
N 726,712 . 355,705 1.25 1.23 - 0.19 1 0.33 20.4 24 1.50 11.00 ° 1
D 626,174 - 297,235 1.25 1.22 0.19 0.33 17.1 24 1.50 . 11.00 2
N 726,712 355,705 1.25 - 1.23 0.19 0.33 20.4 - 24 ~1.50 11.00 3
P 750,072 340,824 1.25 1.24 0.20 0.34 4

21.5 T 24 1.50 11.00

8.



79

A second exception was in the valﬁés of EI/PLZ; In the strain

, tests,‘they weré set at 4{‘12’ 44, andv100. The upﬁer value in

Table XVIi“isvhh. For the.étrain tests, this upper value was extended
to 100 because it'was cénvenieﬁt-to dovaﬁd it extended’the.rangé of
validity for the re;ultihg predictibn equétion. This was done by

adjusting P in the pi termvEI/PLz.
Testing'Séries for Deflection

Table XX lists the éharacteristics of the model grids used in the

tests for deflection. As with the grids used for strain tests, the

assumed values for E and G as listed in Table XVIII érerdifferent frbm.
. those actually obtained with the molding plastef. Pléster bétch |
identifiéatioh letters correspond to thoée in TabléS-XII‘and XVI. Ihe
configurétioﬁ éf the‘mddgls'actuaily used compared well with thbsé |
estabiished in‘Table‘XVIII; The pi terms that resulted from the char-
acteristics listed in Table XX confo*m'to ﬁhose in Table XVII with one
except;on; | | |

| : The exgéptioﬁ is in-fhe value of‘EI/GJ. In the'déflection tests,
-vthése values were set at 0.74, 1.34, 2706; and 3.87. 1ﬁ the other
test sé:ies; fhis pi term was held constaﬁt_at‘1.34. The difference _
Between these values and tﬁdse.listed in.Tablé XVII is due tO‘the 

differences between the assumed and actual values of E and G.
Grid for Validating Prediction Equationsf:

A large plaster grid was tested and test data were compared_to
values computéd from prediction equations. The comparison was made to

validate the prediction equations.



. TABLE XX

CHARACTERISTICS OF PLASTER GRID MODELS USED FOR DEFLECTION EXPERIMENTS

Slat Slat ' : Grid Slat - Load Number

: Width Depth ' Length Spacing Location of Ties '
Grid Plaster E . G b h I } J Load L B X T
Number - Batch (psi) (psi) . (in.) ~({n.)  ({n) (in.%) (1bs.) (in.) . (in.) (in.)
Al F 765,333 327,177 - 1.50 0.51 0.17 0.05 1.3 28 1.75 12.83 2
v M 754,879 330,039 . 1.25 1.2 0.20 0.34 21.7 2 1.50 11.00 2
A3 G 639,919 299,681 - 1.00 1.51 10,29 0.30 26.6 24 1.50  11.00 2
M -G 639,919 299,681 0.75 1.72  0.32  0.18 29.5 24 1.50 °~ 11.00 2
Bl M 754,879 - 330,039 1.25 1.24 0.20 0.34 65.1 24 1.50 11.00 2
B2 M ' 754,879 330,039 1.25 1.24 0.20 ~  0.34 21.7 24 1.50 11.00 2
B3 M 754,879 . 330,039 1.25 1.24 0.20 - 0.34 9.3. 2 1.50 11.00 2
B4 M 754,879 330,039 1.25 1.24 0.20  ©0.34 5.9 24 1.50 '11.00 2
c1 N 726,712 355,705  1.25.  1.24 - 0.20 0.34 9.3 36 1.50 " 16.50 2
c2 M 754,879 330,039 1.25 .  1.24 0.20 0.34 217 24 1.50 11.00 2
c3 F 765,333 327,177 1.25 1.23 0.19 0.33 38.2 18 1.50 8.25 2
C4 B 678,372 296,870 - 1.25 1.24 0.20 0.34 34.2 18 2.00 8.25 2
‘DL - M 754,879 330,039 1.25 - 1.24 0.20 0.34 21.7 24 1.50 - 11.00 2
D2 M 754,879 330,039 1.25 ° 1.24 0.20 - 0.34 2.7 24 1.50 9.00 2
D3 M 754,879 330,039 1.25 1.24 0.20 0.34 21.7 24 1.50 - 7.00 2
D4 M 754,879 330,039 1.25 1.24 . 0.20 : 0.34 21.7 24 1,50 . - 4.00 .2
El N 726,712 355,705 1.25 1.23 0.19 0.33 20.4 24 1.50 11.00 1
E2 M - 754,879 330,039 1.25 1.24 0.20 0.34 ' 21.7 24 - 1.50 11.00 2
E3 N 726,712 355,705 1.25 1.23 - 0.19 . - 0.33 20.4 24 1.50 © 11.00 3
E4 P 1.50 11.00 4

750,072 340,824 1.25 1.24 0.20 - 0.34 21.5 24

08
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'Mplding‘plastef was the material used to fabricate the prototype
’bécause of its linear stress—strain relationéhip. The plastef batch
used to fébricate the grid was identified as T. Table XX lists the
modulué of‘eiasticity'as 669,764 and Table XVI lists the sheér‘modulus
as 328,074 for this plaster.

The length of the gridbwas 47 inches and its depth was 2.2 inches.
The‘slat width was 2.2 inche#. On center spaciﬁg of slats in the grid
" was three inches. The grid‘had four main slats and two crbss ties
in addition Eo those at each end.

The pi term EI/GJ was 1.21 and L/B equaled 15.7.



CHAPTER VII
-ANALYSIS OF DATA FOR GRID STRAIN TESTS

Strain ﬁeésurements_usihg the five test éeries3in fable XVII are
tabuiafed in-Appendix A, Appendix A, Table I lists strain meaSurements
taken for test series A, Table XVII in which the independent pi term
EI/GJ was varied while other independent pi terms were held constant.
Appendix A? Table II lists 'strain measurementé taken for test:séries B,
" Table XVII in which the indeééﬁdent pi term EI/Pi{2 was varied while

‘oﬁher independent pi‘terms'were held constant. 'Appeﬁdix A, Table_III
listg Strain measurements taken for test seriés C, Table‘XVII in which
fhe indépendeﬁt pi term L/B was vafied_while other independeﬁt'pi
‘terms‘were held consfant. Appendix A,‘Téble IV.lists strain measure-
ments taken for ﬁest-series‘D, Table XVII in which the‘independgnt

pi term k/L ﬁas varie& whilé other indépendent-pi tefms were held
constant,  APpendix:A; Table V lists strain measurements taken for
‘test serieé E, Table XVII in which the ihdepgndent pi term T was varied
’while other»independent pi terms were held‘constant;'

FivetcurVesfwere_blétted ﬁsingndagé“takeﬁ.from Appendix'A,i

Tabies'IfV.'.The datg plotfed reprééent the strain measurements taken
on slat one When slat -one was ;oaded1 In ¢3¢B¢Pf'these ﬁigures, the
’ functioﬁ ﬁsed to describe'the‘relationshiés between straih_and each

of the five independent pi terms are_aiso plotted. The relatignships
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‘of strain to the independent pi terms was similar for the other seven

conditions of loading for:each case so only one illustration is shown.
~Strain Versus EI/GJ

The effects of EI/GJ"on strain.will be influenced.by variations
of EI and GJ separately. One of these variables cannotcbe'changed
without changing tbe other. The value‘of EI/GJ will be'small if EI
is small and GJ is large. A small EI will permit the loaded slat to
bend to a great‘extent. The effect in tbe:cross ties wili’be to -
distributevless of the bending to the unloaded slats. Large values
‘of GJ will tend to nullify the effects of small values of EI to some
extent. |

The values of EI/GJ will be large if EI is large and GJ is sma11
‘A large EI w111 permit the loaded slat to bend very 11tt1e The effect
‘0in the cross ties will be to- distribute much of the bendlng'to the
unloaded slats. The small'torsional,stiffnéSs in the slats and ties
wxll not modlfy the effects pf a 1arge EI to 'a very great‘extent
Straln probably could be expected to decrease as EI becomes large and
GJ becomes small. |

This*effect may not be apparent in the testing sequence since thevv
var1ab1e EI is also 1nc1uded in the p1 ‘term. EI/PL2 io vary.EI/GJ,
EI must be varled To hold EI/PL2 constant, P must be Qaried as EI is
variedv For small values of EI/GJ EL will be small P w111 be small;
and the straln can be expected to be small If the values of: EI/GJ
“are 1ncreased, EI, P, and strain can be expected to 1ncrease

" Experimental data-show1ng the relatlonshlp between strain on

-slat cne and . EI/GJ withythe’load_onvslat one are plotted on,Figure-ZZ;
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' EI/GJ, With Other Pi Terms Held Constant; Load on
Slat One; Extrapolating Values of Strain for Values of
EI/GJ less than 0.74 is not Valid.
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The piotiillustrafes that a linear.rglationship apparently dpes not

~ describe the‘fun;tioﬁ. The data did not fali on a straight line in
log-log'plbts or ngi-log plots. The‘data.we;ébfitted to an equation
suggested by"Jphnsonv(7).. The form of thg.equa;ibn.is:

X

y=—2—

T a + bx
The data at the point where y was a minimum were Sélécted as‘a base
value for evaluating ﬁhe equation. This point was iﬁentifiéd_aé,
Xy and yl; The equation at this point is writteﬁ:_

X
1
Y1 =37 Bxl +C

If the equation for yl is subtracted from the general equation, an-
equation can be developed that can be fitted to a curve by linear

regression. Thévdevelopment ofvthis equation is as follows;
. _ X xl
Y ¥ Ta¥bx " @+ bx

1
a(x - xl)
(a + bx) (a + bx;)

X &.xl 'b(§'+ bx) (a + bxj)
oy e

X —Hxl, 'azy* ab*l +;§bx f!bzxxl

= e

"x —‘xlj
AR |
If a'=a+ bxl and b' =l% (a +va1)‘

{a + bxl) +‘;-(a + b#l) * -

x, xl L} ]
= a' +. b'x.
y "yl '

This is a linear equation having four constants, X1s Yp» a', and b'.

then

X - X N
1 Versus Xx.

“a' and b' can be evaluated by a linear regression of



a and b can be determined after a' and b' are known by solving

a' =a+ bx1 and b' = %(a + bxl) §imu1taneously for a'and b. The

expressions are:

albl
‘b = — )
+
a’ b Xy
- (@)
2T T +b'x
C can be evaluated by’substituting aand b in'the'equation;
o %
YI=WF,{'I+C
= Xy
C=vy, - aF5x
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The equation apparently does not predict exact values for strain‘when

EI/GJ equals 2.065 but the trénd of the curve is established. Th

e
eight'relétionships between strain and EI/GJ in this experiment were
developed in this way.
. T o . _ __EL/GI__
Coefficients A, B, and C,vfor the‘equgtlon e = A T B(EL/GY) + C,
describing the relationship between strain and EI/GJ for all eight
‘loading conditions are given in Table XXI.
- TABLE XXI
_ COEFFICIENTS. FOR EQUATIONS RELATING e TO EI/GJ
- EI/GI .. o
T L + C
X+ BEIGD
" Strain Load
Location Location ‘ . -
(Slat No.). "(Slat No.) A B c
1 | 1 -.007 S04 250,14
2 1 .058 ‘ -.088 123,95
3 1 =149 - .180 ' ' 80.78
4 1 -.112 126 67.52
1 2 028 - . - . 047 . 137.78
2 2 .015 : -.027 ‘ 189.39
3 2 S .2200 0 -.309 ~ 102.58
4 2 -.269 .345

86.12
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Strain Versus EI/PL2

 The felationshipbbet@een‘étfain and the pi term, Ei/PLZ,kméy be'
‘evéluated.in a model test'BY.Cbnsidering EI/L2 aé a constant and -
varying:P. ‘A small vélué fdr P ﬁill reéulﬁ in a‘iarge valﬁe for the
pi term,ZEI/PLz; As P is incfeased,‘the’vaiue of the pi term will
decrease. If the modeiing matefial, plaster, demonstrétes a linear
, stress-strain’relationship,‘the variation of strain and'P should be
linear in.thelmodel tests; As:EI‘/PL2 increases, strain should decrease,
Experimental data showing the relationship between strain on
slat one and EI/PL2 with the load on slat one are plotted op Figure 23.
Thé'plpt indicatesvthat the déta.fifvthe 1og-log‘e§uation of the type
log y = log A + B(ldg x). The logarithms of the data‘we:e‘fiﬁted to a
.straight line by linear fégression."Correlafioﬁ cdefficienté indicatedi
'vtﬁat the data fit well."CQefficieﬁﬁst and B for the'equation‘
e = A(EI/PLZ)&B, describing'the relagionship betweénvstrain and EI/PL2

for all eight loading conditions are given in Table XXII.

TABLE XXII

COEFFICIENTS OF EQUATIONS RELATING e TO EI/PL?
e = AGEL/PLY)"B

Strain Load

Location = . Location' o Correlation
(Slat No.) (Slat No.): A ‘ B Coefficients
1 1 1577 .52 1.029 - - 0.996
2 ‘1 1091.12 0.999 0.999
3 1 - 1021.72 1.014 0.998
4 1 1009 .80 1.038 0.991
1 2 1156.82" ~1.039 © 0.995
2 2 1686.80 1.114 . 0.991
3 2 1111.30 1.039 0.996
4 2 1.041 0.992

1075.67
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B in the équation e =‘A(EI’/PL2)'B has a‘valﬁe of approximately
one for each of the eight'equaﬁions. Ihis verifies that plasﬁer
demoﬁstrétes a linear stress-strain‘relationship.‘ For any given grid
EI/L2 will be cqﬁstant. vSince B is negative, the equation can be
written e‘% A(LZ/EI) (P). This lihéér form of the equation was used

in the prediction equatidn,
Strain Versus L/B

Cross tie length is a function of the slat spacing, B. The bending
and deflection that is transmitted from the loaded slat to the unloaded
slat is influenced by the‘deflectionvin the cross ties. This deflec-
tion in the cross tie may be expres;ed'as a function of PL3/EI, where
L wouid be a function of B. This is the general expression for
deflection in a beam. If L is short, diffeféntial deflection between
_ the loaded and unloaded siaps“Wouldvbe small and thé.créss tie would
effeétively transmit deflection away from the‘loaded slat. Moments
would be influehCed'in a similar manner. If L is long, differential
deflection between the loadéd and unloaded‘slats-would be large and the
loaded slat would déflect mdre than the unioaded slats. The loaded
slat wodld.carry greater mdment tﬁan the'uhloaded slat.

L ﬁas held constant iﬁ the model tesfs. The pi.term, L/B,‘was
ﬁaried by varying tﬂe slat spacing, B. As B increased, the pi term,
L/B, decreased. |

Experimental data showing the relationship‘between,strain on
slat one and‘L/B with thé‘loéd on'slét one are plOfted on Figure 24.
These data wefe handledbin a manner.similar to‘thg data fo? stfain

versus EI/PL2 since the lot‘indicateé that it fits a lbg-lo‘ curve.
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The correlation coefficient of the regression analysis indicaﬁes‘that
the data fit the log-~log curVe. Coefficients A and BB for the equation
e = A(L/B)~BB, describing the relationship between strain and L/B for ‘

all-eightﬂloadiﬁg conditions, are given iﬁ TabiesXXIII;

- TABLE XXIII

COEFFICIENTS OF EQUATIONS RELATING e TO L/B
e = A(L/B) BB

T

Strain " Load

Location Location ' oo Correlation
(Slat No.) (Slat No.) - A BB . Coefficients
1 1 1768 .36 .941 - 0.964
© 2 1 1223.27 .933 0.946
3 1 653.45 . = .752 , 0.912
4 1 366.87 .569 o 0.771
-1 2 1207.31 -.933 0.929
2 2 1119.09 . .814 .0.951
3 2 945.99 s .864 - 0.939
4 2

642.12 748 ©0.898

Strain Veféus:X/L_

As X/L becomes largef,'X must inerease;if'L-is held consfant. As
X increases,»the'léads are moved neéretvto.the cenéer of the grid‘and
"étrain’at‘thé.center shquld inéreaSe,

A simple beam may‘be uséd‘to estimate the possible Qalues of

» strain ﬁhat_may be ekpected to &e§e1op as slat one is ldadéd. Thé

| beaﬁs designed fér the grid used to test for thé»effect of vafiatipn
of X had a depth of 1.25 inches, and an I vélue éf‘b;z.- If.E is
assumed at 1 xf106 ﬁsi,‘twb loads Qf 15 pounds each would be réquired‘

to kee‘p-EI/PL2 constant at 12. An expression for estimating strain at



92 -

the center of slat one when slat one is loaded may be developed from

flexure formula if a simple beam is assumed,

I
S =77
‘Mc
Ee=I

= Me

€T EI

If equal loads are placed each an equal distance, X, from each
end of the beam, moment may be expressed as PX where P is the value for

each of the two loads.

M = PX
_ PXc
€T EI

or
46X (microinches/inch)
Evaluating 46X and dividing by four may give an estimate of the strain

at the center of one of the four slats in the grid.

X=11, X/L-= 0.46; 1/4 e = 126
X= 9, WL =0.38, 1/4e = 104
X= 7, X/L=0.29, l/4e= 80
X= 4, X/L - 0.17, 1/4 e = 46

Experimental data shbﬁing the relationship betwéen strain on
slat one and‘X/L withvthe.load on siaf one afe plotted bn Figure 25.
Thg estimated values Wére'largér than test data but é simply supported
beam was.assuﬁed for the éstimaﬁe and the actﬁal grid had‘partially
fixed ends on thé siats.. The correlation coefficient of.the regression1

analysis indicates that the data fit the log-log curve better than a
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linear curﬁe. Coefficients A and B for the equation e = A(X/L)B;
describing‘the relationship beﬁweenbstrain and X/L for all eight
loading conditions, are given in Table XXIV. The values of the expo-
nents of the pi term,.X/L, indicate that strain is greatesﬁ in the
loaded slat.. The amount of strain transmitted away, from the Jloaded

slat decreases as the distance away from the loaded slat increases.

TABLE . XXIV
COEFFICIENTS OF EQUATIONS RELATING e TO X/L
' e = A(X/L)B
Strain Load :
Location Location Correlation
(Slat No.) (Slat No.) A B Coefficients
1 1 370.74 1.434 0.979
2 1 201.79 1.003 0.986
3 1 166.17 0.888 0.990
4 1 143.93 0.787 . 0.977
1 2 194.72 0.993 0.983
2 2 305.79 1.325 0.987
3 2 188.73 1.000 0.993
4 2 175.88 0.960 0.986

_Strain Versus T

Increasing the nuhber of cross ties in a grid may be expected to
increase the stiffness of the grid and in turn reduce the strain at
the ceﬁter of the loaded slat. More strain should be transmitted to
unloaded slats as the number of ties is‘increased. The Guyon-Massonnet
(3, 8, 10, 14) procedure for analyzing grids indicated thaﬁ these

effects might not be great .
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Figure 26 illustrates the relationship between number of ties and
grid strain at the center of slat one ﬁhen loads are applied to élat
one in the position where X/L = 0.46. Strains are measured for loads
having the magnitude necessary to maintain EI/PL2 constant at 12,

The data were fitted to a stgaight line by means of a linear
regression analysis. The data were fitted to a log-log curve and a
semi-log curve, but correlation coefficients indicated that the linear
relationship provided the best fit. The general form of the regression
equation can be written:

e = A - B(T)

The linear regression of the data resulted in small values for
slope, suggesting that the number of cross ties may not influénce grid
étrain. Table XXV is a split-split plot analysis of varianée designed
to test if differences exist between strains for grids having 1, 2, 3,
or 4 cross ties. Table XXVI lists the values of strain used in the
analysis of variance.

The calc@lated F value is 15.13 for the differences between grids
having 1, 2, 3, or 4 cross ties. The tabulated value is 4.02 at the
99 per cent level. .This indicates that there probably is a difference
in the straiﬁ pi term at the center of each slat that is due to differ-
ences in the number of cross ties. It should therefore be included in
a combinéd prediction equation.

Coefficients A.and B for the equation e = A - B(T), describing the
relatioqship between strain and T for all eight loading conditions are

given in Table XXVII.
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Figure 26. Relationship Between Strain on Slat One and the Pi Term,
T, With Other Pi Terms Held Constant; Load on Slat One

96



TABLE XXV

ANALYSIS OF VARIANCE FOR GRID STRAIN VERSUS NUMBER OF TIES

I'd

Degrees of Sum of Mean
Source Freedom Squares Square F

Load Location (Slat No.) 1 3.00 3.00 0.20
Strain location (Slat No.) 3 13,901.70 4,633.90 316.64
Number of Ties 3 664.10 221.36 15.13
{Load Location) X (Strain Location) Interaction 3 5,190.00 1,730.00 118.21
(Load Location) X {(No. of Ties) Interaction 3 60.90 20.30 1.39
(Strain Location) X (No. of Ties) Interaction 9 511.00 56.77 3.88
(Load location) X (Strain Locafion) X (No. of Ties)

Interaction 9 946 .80 105.20 7.19
Error _23 1,404 .90 14.63

Total 127 22,682.40

L6



TABLE XXVI

GRID STRAIN AOV DATA

load on Slat 1

Load on Slat 2

Strain Strain Strain Strain Strain Strain - Strain Strain
on on on on on on on on

Number Slat Slat Slat Slat Slat Slat Slat Slat

of Ties Replication 1 2 3 4 1 2 3 : 4

on Grid Number - microinches per inch - - microinches per inch =~
1 1 124 .56 97.00 91.13 78.89 104.23 99.38 90.85 81.49
1 2 118.37 104.02 91.69 75.83 98.75 98 .37 87 .40 85.01
1 3 126.21 99.17 91.46 78.30 106 .50 106.02 92.40 86.82
1 4 113.40 102.07 89.82 77 .46 99.36 103.57 100.96 94.61
2 1 119.58 88.98 86.39 82.68 86.65 110.43 87.37 87 .41
2 2 125.81 91.69 82.57 77 .00 94.70 114 .46 84.46 78.38
2 3 125.66 89.95 8l.14 79.96 85.13  109.91 81.76 81.41
2 4 123.95 93.84 80.89 71.77 89.19 109.79 88.41 82.43
3 1 124 .48 99.59 84.22 69.79 97.71 108.20 87 .90 79.73
3 2 121.61 112.58 85.90 71.56 93.24 101.19 87 .94 84.08
3 3 120.29 98.75 86.69 76.54 106 .46 115.29 95.16 91.80
3 4 119.86 96.58 82.13 77.79 100.65 109 .88 94.52 91.81
4 1 110.40 96.23 83.11 80.06 96.93 101.76 87.78 84.38
4 2 108 .17 91.45 84 .35 83.33 95.13 96.85 90.22 85.16
4 3 104 .00 91.36 81.00 72.70 90.74 99.04 87.10 82.64
4 4 106.78 93.98 84.72 78.12 93.23 101.73 90.25 84.02

86
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TABLE XXVII

COEFFICIENTS A AND B AND CORRELATION COEFFICIENTS
FOR THE LINEAR REGRESSION EQUATION e = A - B(T)
FOR ALL CONDITIONS OF GRID LOADING

.Strain Load
Location Location Correlation
(Slat No.) (Slat No.) A B Coefficients
1 1 128.84 4,21 0.65
2 1 99.50 1.12 0.21
3 1 90.75 2.12 0.64
4 1 77.27 0.11 0.03
1 2 99.66 1.40 0.25
2 2 107 .49 0.85 0.17
3 2 91.23 0.63 0.16
4 2 86.16 0.44 0.11

The form of the equation used for combining the five functions of
the strain pi term by multiplication is given in Table XXVIII along
with the calculated values of F(ﬁé, ﬁz, fs, F6’ F7) for the eight cbﬁ-
ditions of grid loading. F(Wé, WL, Fs, Fé, F?) was taken as an average
of five strain values computed ffom the five functions of strain that
wefe developed from test data. Each of the five strain functions were
calculated using the value of each independent pi term aﬁ which the pi
terms were held constant for four of the test series.

The final form of the prediction equation and the coefficiénts
for each of the eight grid loading conditions are given in Table XXIX.
Regression line intercepts from the log-log plots. were multiplied
together and then divided by F(fé, fz,‘fs, fé,'f7) to evaluate the
coefficient, Kl' ‘

Eight prediction equations were written for strain. Four were

written for loads on slat one, and four were written for loads on slat
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two. Each set of four equations was written to predict strain at each

of the four slats as a result of the load applied to slats one or two.



TABLE XXVIII

FORM OF THE EQUATION COMBINING THE FUNCTIONS OF STRAIN AND THE VALUES
OF F(?B, ﬁ4, ﬁS, ﬁ%, ?7) FOR EACH OF THE EIGHT CONDITIONS . OF
LOADING USED IN THE TEST SERIES '

F(T3, 7,5, Tg, M) F(my,T,5 Mg m5) F(Tg,m,,75,mg,m7) F(W3fﬂ4,ﬂ5,?6?ﬂ7)'F(HB,vé,HS,W6,E7)

M, = - - - - -
1 F(TTB: ﬂlp WS, Tr63 TT7)4
Strain ) Load
Location Location F(T = = = = )
(Slat No.) (Slat No.) 3» "4> "5> T6> 7
1 . 1 127.71
2 1 94.62
3 ' 1 86.49
4 , -1 81.72
1 ' 2 94.34
2 2 119.03
3 ' 2 | 90.13

4 2 86.48
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TABLE XXIX

FINAL PREDICTION EQUATION FOR GRID STRAIN AND THE VALUES OF COEFFICIENTS TO

USE .FOR EACH OF THE EIGHT CONDITIONS OF LOADING USED IN THE TEST SERIES

e = () G Ry + %) BL/ED /) S R/DR6 (K, - k(D)

Strain Load
<§iiit§§?> (giZ:tQZ?) K Ky Ky K, ks Ke K Kg
1 1 3.89 .007 -.014 250.14 941 434 128 .84 4.21
2 1 3.36 .058 -.088 123.95 .933 .003 99.50 1.12
3 1 1.98 -.149 .180 80.78 .752 .888 90.75 2.12
4 1 1.20 -.112 .126 67.52 .569 .787 77.27 0.11
1 2 3.43 .028 -.047 137.78 .933 .993 99.66 1.40
2 2 2.88 .015 -.027 189.39 814 .325 107.49 0.85
3 2 3.01 .220 -.309 102.58 .864 .000 91.23 0.63
4 2 2.17 -.269 .345 86.12 748 .960 86.16 0.44

(4001



CHAPTER VIII
ANALYSIS OF DATA FOR GRID DEFLECTION TESIS

_ Deflection measurements using the five test series in Table XVII
are tabulated in Appendix B. - Appendix B, Table I lists deflection’
measurements taken for test series A, Table XVIL in which the indepen-
dent. pi term EI/GJ was varied while other independent pi terms were
held constant. Appendix B, Table II lists strain measurements taken
for test series B, Table XVII in which the independent pi term EI/PL2
was varied while other independent pi terms were held constant.
Appendix B, Table III lists deflection measurements taken for test
‘series C, Table XVII in which the independent pi term L/B was varied
while other independent pi terms were held constant. Appendix B,
Table IV lists deflection measurements taken for test series.D,

Table XVII in which the independent pi term X/L was varied while other
independent pi terms were held constant. Appendix B, Table V lists
deflection measurements taken for test series E, Table.XVII in which
the independent pi term T was varied while other independent pi terms
-were held constant.

- Five curves were plotted using data taken from Appendix B,

Tables I-V. The data plotted represent the deflection measurements
taken on slat one when slat one was loaded. The function used to
describe the relationships‘between deflection and each of the five

independent pi terms were also plotted. The relationships. of deflection

103
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to the independent pi terms were similar for the other seven conditions

of loading for each case so only one illustration is shown.
L/d Versus EI/GJ

It was shown for the relationship of strain to EIL/GJ that strain
on slat one may be expected to increase as EI/GJ increases. The same
effect may be expected for the relationship between deflection and
EL/GJ. This would cause an inverse relationship between L/d and EI/GJ.
An analysis of the test grids using the Guyon-Massonnet procedure of
analysis gave results in which a plot of calculated values would yield
a curve having a negative slope between EI/GJ = 0.74 and EI/GJ = 3.87.

Experimental data showing the relationship between L/d on slat
one and EI/GJ with the load on slat one are plotted on Figure 27. The
logarithms of the data were fitted to a straight line by linear regres-
sion.  Correlation coefficients indicated that the data did not fit a
log-log curve as well as most other relationships in the test series,
but correlation coefficients for the log-log curve were better than
for linear or semi-log plots. Deflections for other loading conditions
were analyzed in the same way.

Coefficients A and B for ﬁhe equation L/d = A(EI/GJ)B, describing
the relationship between L/d and EI/GJ for all eight loading conditions
are given in Table XXX.

The sign of the exponent, B, is negative on the loaded side of
the grid and positive on the unloaded side. The magnitude increases
from the unloaded to the loaded side. This has the effect of causing
the pi term L/d to be smaller on the loaded side of the grid than on

the unloaded side.
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Figure 27. Relationship Between L/d on Slat One and the Pi Term,

EI/GJ, With Other Pi Terms Held Comnstant; Load on
Slat One
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TABLE XXX

COEFFICIENTS FOR EQUATIONS RELATING L/d TO EI/GJ,
OTHER INDEPENDENT PI TERMS HELD CONSTANT

L/d = ACEI/GT)E

Deflection Load
Location Location Correlation
(Slat No.) (Slat No.) A B Coefficients
1 1 2335.9 -0.142 524
2 1 2644 .8 -0.073 .51l
3 1 3042.1 +0.061 471
4 1 3446 .1 +0.200 .715
1 2 2617 .9 -0.033 .194
2 2 2545.0 -0.049 .304
3 2 . 2798.2 -0.013 .090
4 2 2933.6 +0.027 171

L/d Versus EI/PL2

To evaluate the effect of EI/PL2 on the pi term L/d, EI/L2 and
L were considered -as being constant. EI/PL2 is then increased as P
decreases. An increasing EI/PL2 should decrease the deflection.
Therefore as EI/PL2 increases, L/d may be expected to increase.

Experimental data showing the relationship between L/d on slat
one and EI/PL2 with the load on siat one are plotted on Figure 28.

- The plot indicates that the data fit: the log-log equation of the
type log y = log-A + B log x. The logarithms of the data were fitted
to a straight line by linear regression. Correlation coefficients
indicated that the data fit well. Coefficients A and B for the equa-
tion L/d = A(EI/PLZ)B, describing the relationship between L/d and

2
EI/PL” for all eight loading conditions are given in Table XXXT.
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TABLE XXXI

‘ 2
COEFFICIENTS FOR EQUATIONS RELATING L/d TO EIL/PL,
OTHER INDEPENDENT PIL TERMS HELD CONSTANT

L/d = A(EL/PL?)B
Deflection Load
LQcation Location Correlation
(Slat No.) (Slat No.) A B Coefficients
1 1 145 .4 1.048 .998
2 1 174.7 1.057 .999
3 1 212.8 1.058 .997
4 1 267.0 1.066 .986
1 2 169.9 1.069 .997
2 2 174.3 1.066 .998
3 2 186 .9 1.067 .998
4 2 198.8 1.067 : .997

B in the equation L/d = A(EI/PLZ)B has a value of approximately
one for each of the eight equations. This verifies that plaster
demonstrates a linear stress-strain relationship. For any given grid,
EI/L2 will be constant. The equation can be‘written:

1/d = (A)(ET/12)(p)"!

This linear form of the equation was used in the prediction equation.

L/d Versus L/B

Cross tie length is a function of the slat spacing, B. The
equation for the deflection of a simple.beam is given as a function of
PLB/EI. If a function of this type is applied to cross ties of a
grid, L is a function of B. If L is small, differential deflection
will be small and unloaded slats will deflect nearly as much as the

loaded slat. If L is large, differential deflection will be large so
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the loaded slat will deflect to a greater degree than the unloaded slat.
If L becomes very large, differential deflection will be very large
and deflection of the loaded slat should approach that of a simple
beam. The adjoining unloaded slat should deflect very little.

As B becomes large, L/B will become small and the deflection on
the loaded slat should approach the deflection expected in a simple
beam. Under the same conditions, deflection in the unloaded beams
should become small which would make L/d large.

Figure 29 illustrates the relationships between L/d and L/B for
each of the four slats in a grid when slat one is loaded. The curves
represent the results of a linear regression of test data for each of
the four cases. Test data are plotted for L/d on slat one when slat
one is loaded to show the general relationship between the regression
1ine and the data.

When L/B approaches zero for the case where L/d was recorded on
slat one under a load on slat one, L/d should not approach zero. It
should approach a value similar to that expected for a simple beam.

A linear relationship gave these results where a log-log plot did not.
Correlation coefficients were better for the linear relationship than
for either log-log plots or semi-log plots. For these reasomns, the
linear relationship was selected.

If the unloaded slats are considered when L/B approaches zero,

d on these slats should become very small and the pi term, L/d, should
become large. This is partially demonstrated by a linear curve, but
the effect probably should be greater. The linear regression fits the
data better than a log-log curve for the reasons given for L/d on

‘'slat one under a load on slat one. The linear relationships were
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considered adequate for the range of values of L/B from nine to 24.
Coefficients A and C for the equation, L/d = A + CiL/B), describing
the relationship between L/d and L/B for all eight loading conditions

are given in Table XXXIIT.

TABLE XXXII

COEFFICIENTS FOR EQUATIONS RELATING L/d TO L/B,
OTHER INDEPENDENT PI TERMS HELD CONSTANT

L/d = A+ C(L/B)

Deflection Load

Location Location Correlation
(Slat No.) (Slat No.) A C Coefficients

1 1 932.5 67.9 .924

2 1 1479.6 52.9 .915

3 1 2327.8 26.4 571

4 1 3666.1 -19.9 - .199

1 2 1291.6 65.5 .878

2 2 1436.2 57 .8 .897

-3 2 1729.8 49 .4 .819

4 2 1991.5 41.6 .702

L/d Versus X/L

X in the pi term X/L répresents the distance from the end of the
grid to the load position. As load placement approaches the center
of the grid, X/L increases and d should be expected to increase. As
X/L incréases, the pi term L/d should decrease.

An estimate of the values of L/d for different values §va/L may
be made by assuming that a slat acts as a simpiy supported beam.
Deflection can be computed on.this basis and the deflection of a slat
may be considered as being one-fourth of the sum of the deflections of

all slats in thevgrid. For example, the deflection on slat one may
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be estimated when slat one is loaded for the grid used in this test

series.

~le

~la

ISTY

~la

=24§; (312 - 4a?)
P =15
E=1x 106
I=20.,2
L= 24
= Loa 3 x 262 - 4a?)

24 x 10° x 0,2

=3.12 x 107% a(1728 - 4a?)

a=11"
= 3.12 x 1078 x 11(1728 - 484)
= 4.26 x 1072
= % x 4.26 x 1072 = .0126"
a =9"
= 3.12 x 1070 x 9(1728 - 324)
= 3.94 x 1072
= % X 3.94 x 1072 = .0098"
a=7"
=3.12 % 10°% x 7(1728 - 196)
='3.35 x 1072
= % x 3.35 x 1072 = ,0084"
a = 4"
=3.12 x 107% x 4(1728 - 645
= 2.08 x 1072
= % x 2.08 x 10°2 = .0052"
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Experimental data shoﬁing‘the relatioﬁship between L/d on slat

. one and X/L with the load on slat one are blotted.in Figure.30. ‘Where
X/L equals 0.46, L/d was 1940 and 1900 from test data and estimates
respectively. .Where X/L equals 0.38, L/d was 2155 and 2450 from test
data and estimates respectively. Where X/L equals 0.29, L/d was 2655
and 2860 from test daté and estimates respeétively, Where X/L equals
0.21, L/d was 3805 and 4600 from test data and estimates respectively.
The estimated wvalues followed the trend of the test data. Differences
between computed values and values from test data may be explained by
the fact that a simple beam was assumed for the calculations while the
test slats had end restraints, These data were handled in a manner
similar to the data for L/d versus EI/PL2 since the plot indicates that
it fits a log-log curve. The,cofrelation coefficient of the regressioﬁ
analysis indicates that the data fitted the log-log curvé{ Coeffi-
cients A and B for the equation L/d = A(X/L)z, describing the relation-
ship between L/d and X/L for all eight loading conditions, are'given

in Table XXXITI.

" 'L/d Versus T

Figure 31 illustraﬁés the relatignship between the number of‘cross
ties in a grid énd the deflection pi term at the center of slat one
when loads are applied at slat one in the position where X/L = 0.46.

As the number of tiés in a grid is increased, the stiffness of
the grid should be expected to increase. When the stiffness of the
grid increases, the deflection on'tﬁe loadgd‘slat should be expected to
decrease and. the rafio of L/d should be expected t§ increase.

.Increasing the number of ties should transmit stress away from the
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COEFFICIENTS FOR EQUATIONS RELATING L/d TO X/L,

OTHER INDEPENDENT PI TERMS HELD CONSTANT

L/d = A(X/L)"B

Deflection Load

Location Location Correlation
(Slat No.) "(Slat No.) A B Coefficients

1 1 1141.1 .679 -.920

2 1 1335.1 .738 .986

3 1 1552.3 .802 .897

4 1 -1481,2 .148‘ 704

1 2 1448 .4 .635 .970

2 2 1469.1 . 649 974

3 2 1621.0 .614 974

2 17513 ,588 976
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loaded slat and cause a gfeater proportion of the deflection to be
shared by Ehe ﬁnloaded slaté..

When T is equal to one or. three in Figure 31, a cross tie is
located'ét‘the center of the gfid. This éoincides with the point at
which the deflection readings were made in each test. -When T equals
two or four, the‘deflegtipn readings were ﬁade at the center of the
grid which is half way betWéen two cross ties located neérest the
center of the grid. 1In thésevtests, load placements occurred between
the cross ties where deflection is meas@red. Greater déflection
‘apparently occurs at the center of the grid if fhere is no cross tie
located at that position. 'The'piot of the da;a indicates that values
for the fatio of L/d oscillate from high‘to low values between situa-
tions where there.were cross ties at the center of the grid énd where
there were no cross ties at.the éenter of thé grid. When né'cross
tie is located at the center of the grid, the slats probably are free
to bend to a greater degree than 1f a cross tie does exist at the
center of the slat. | |

Rather than aftémpt to predict ;ﬁe effeéts of the pscillation in
a finallprediction équatioﬁ, thg trend that was‘indicated.by bﬁe data
was used. Fitting'the déta to a straight Liﬁe by using linear regres-
sion analySis would prévide a‘line ;h#t would be Very close to the line
karbund which Ehe data éscillates.‘ ' h

Coefficiénts A and B for thé equation.L/d.= A - B(T); describing
vthe rel#tidnship betweenbL/d and T‘fbr all eight lbading conditioﬁs,
are given in Table XXXIV. Thevdgflectioh on slat one apparently
increases slightly undér a load on slat one as the number of tieé was

increased. This dbes*not‘agree with'the’anticipated performance of
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-this slat under load. The confidence intervals for the slopes of the
-regressionllioe are given in Table XXXIVﬁ Fo; the curve in Figure 40
the confioenoe interval ranges from'91 7 to -109.4. - This would indi-
cate that the negatlve slope for the line may have resulted from |
experimental error and that addltional testlng could show a positive

"slope whioh would agree with the éxpected performance of the system.
The data in Table XXXIVvalso indicates that increasing the number
of ties caused unloaded slats to deflect at a greater rate. This was

an expected response for‘grids as grid stiffness was increased.

TABLE XXXIV

COEFFICIENTS FOR EQUATIONS RELATING L/d TO T,
OTHER INDEPENDENT PI TERMS HELD CONSTANT

L/d = A - B(T)

Deflection Load IR | v Slope

Location ° Location  Intercept Slope  Correlation Confidence
(Slat No.) (Slat No.) A B - Coefficient Interval
1 1 2239,7 8.88. - 042 91.7 -109.4
2 1 2601.0. 32,11 163 - 59.6  -123.9
3 1 3161.1 62.79 347 17.0 -142.6
4 1 3723.0 . 116 62 . +318 47.0 -280.2
1 2 2638.6 28.21 - .175 47.0 -103.1
2 2 2775.0- °39.80 © . .214 - 45.8 ~125.4
-3 -2 2982.1 64.04 352 16.1 ~-144.1
4 -2 3032,1 - - 53.79 334 17,7 -125.3

o T T - o ——

The five_functionsvof the deflectioo pi term were combined by
multiplication, Combinations by addition‘and by methods involving
addltion of some terms and multlplicatlon of others were evaluated.
" The combination by mu1t1p11cat;on produced an equation that best

desg¢ribed the deflect;on of the prototype used as part of the test.
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‘The form of the equation used for combining the pi terms by multiplica-
tioﬁ is given in Table XXXV along with the caiculated values of

F(;3’ ?4,_?5,'?6, ?7) fbf the eight conditions of grid loading.
F(y, T, T T

computed from the five functions of deflection that were developed from

?7) was taken as. an average of five deflection values

fest data. .Each of the five deflection functions were calculated usiqg
the value of each independent pi term at which the pi terms were held
constant for fourbof the test series.

The final form.of the prediction equation and the coefficients
for each of the eight grid'loading conditioné are given in Table XXXVI.
Regressidn Line intefcepts from thé log-log plots were multiplied
together and then divide& by F(?3; ?4, ?5; ;6, ;7)‘to evaluate the
coefficient, K,,.

ﬁight prédiction equations were written for the deflection para-
meter for the same 1oading‘COnditions used.for strain. . The equations
can be adapted to design problems in the same manner as the strain

equations are adapted.



TABLE XXXV

FORM OF THE EQUATION COMBINING THE FUNCTIONS -OF DEFLECTION AND THE VALUES  OF

F(%3, ¥, 75, T, ;) FOR EACH OF THE EIGHT CONDITIONS OF
LOADING USED IN THE TEST SERIES '

= F(TT3’1T4’TTS’“6:TT7) F(TT ;ﬁl‘,’nS:“ﬁ’TW) F(W33W4,?5,“6’7T7) F(ﬂ3sn4’“5’-ﬁ6sﬁ7) F(TTB’TT[‘,:‘”S"”6’E7)

T2
' F(T3,7,75,76,77)
»Deflection Load
‘Location _ Location F(? , = , = ’ - , = )
(Slat No.) (Slat No.) 3> T4 55 Tes M7
1 1 2036.89
2 1 2386 .60
3 1 2865 .80
4 1 3457 .24
1 2 2387.09
2 2 2420.20
3 2 2604 .49
4 2 2737 .85

0c1



TABLE XXXVI

FINAL PREDICTION EQUATION FOR GRID DEFLECTION AND THE VALUES OF COEFFICIENTS
TO USE FOR EACH OF THE EIGHT CONDITIONS OF LOADING USED IN THE TEST SERIES

L/d = (&) (ET/6I) 2(ET/PL2) (Ry + K, (L/B)(X/L) X5 (Rg - Ky (D))

Deflection Load

Location Location .

(Slat No.) (Slat No.) K K Ky K, Ks Ke X7
1 1 .25X107° -0.142 932. 67.9 .679 2239. 8.875
2 1 .90X107>  -0.073  1479. 52.9 738 2601. 23.109
3 1 .49X1077 +0.061 2327. 26 .4 .802 3161.: 62.792
4 1 .95X1073 +0.200 3666. -19.9 .148 3723. 116.621
1 2 .98X10™° -0.033 1291. 65.5 .635 2638. 28.205
2 2 .90%10°5 -0.049 1436. 57.8 649 2775. 39.800
3 2 841072 -0.013 1729. 49 .4 .614 2982. 64.038
4 2 .8:zx1_o'5 +0.027 1991. 41.6 .588 3032. 53.788
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CHAPTER IX
DISCUSSION OF RESULTS
Comparison of Predicted ﬂl With Observed ™

Figure 32 is a plot of observed values of Wl compared to values
computed from the prediction equations in Tabie XXIX. The curve was
plotted to evaluate the precision with which the experimental data
taken from the models were described by values computed from the pre-
diction equations. Thirty observed values for strain were selected
at random from all of the observations made in the tests. The inter-
cept of the’regression curve was -1.08 and the slope of the line was
1.005. The confidence iﬂterval on the slope ranged from 0.99 to 1.02.
The correlation coefficient was 0.99.

Figure 33 is a plot of observed values of T, compared to values

1
cbmputed from the predictioﬁ equations for the prototype grid having a
length of 47 inches, The data plotted are for strain on slat one under
loads on slat one. Data for the prototype are t#bulated in Appendix C.
The cﬁrve was plotted to evaluate the precision with which the experi-
mental data taken from the prototype were described by values computed
from the prediction equation. The intercept of the regression curve
was 1.93 and the slope of the line was 1.081. The confidence interval

on the slope ranged from 1.08 to 1.09. The correlation coefficient

was 0.99.

122
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Figure 32. Observed Values of m Compared to Values Computed from
Prediction Equationis for Strain Derived from Experi-
mental Data Taken from the Model Tests
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Figure'33. Observed Values of T, Compared to Values Computed from
Prediction Equations for Strain on Slat One Under
-Loads on Slat Ore from Prototype Data in Appendix C
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In both cases, the intercept of the regression line is near zero
and the slope of the line is approximately one. This indicates that
values computed from the prediction equation closely approximated the
observed values. The confidencevintgrval for the slope of the line
plotted for data from the models ranged above and below one. The
high and low values of the confidence interval for the slope of the
line for data from the prototype having a length of 47 inches were
both greater than one. This indicates that the prediction equation
did not estimate the performance of the prototypé with as much preci-

sion as it did for the model.

Comparison of Predicted T, With Observed T

2 2

Figure 34 is a plot of observed values of T, compared to values

2
computed from the prediction equation in Table XXXVI. . The curve was
plotted to evaluate the precision with which the experimental data
taken froﬁ the models were described by values computed from the pre-
diction equation. Thirty observed values for L/d were selected at
.random from all of the observatipns made in the tests, The intercept
of the regression line was 55.4 and the slope of the line was 0.98.

The cdnfidence interval on the slope of the line ranged from 0.97 to
0.99. The correlation coefficient was 0.99.

Figure 35 is a plot of observed values of Ty compared to values
computed from the prediction equations fof the prototype grid having a
length of 47 inches. The data plotted are for L/d values on slat one
under loads on slat one. Data for the prototype are tabulated in
Appendix D. The curve was plotted to evaluate the precision with which

the experimental data taken from the prototype were described by values
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computed from the prediction equation. The intercept of the regression
curve was 0.01 énd the slope of the line was 1.11. The confidence
interval on the slope of the line ranged from 1.10 to 1.12, The cdr-
relation coefficient was 0.99.

The intercept of one curve was 55.4 and for the other curve it
was 0.00. The maximum values of L/d plotted in Figure 34 were almost
27,000, and in Figure 35 the maximum plotted value of L/d was about
15,000. When the maximum values are considered, the deviations of the
intercepts from zero are small. The slopes of both lines are approxi-
mately one indicating that values computed from the prediction equa-
tions closely approximated the observed values. - Since both confidence
intervals are in the neighborhood of one, it further indicates that
the prediction equations give good estimates of the deflection of grids.

 Test Strain Data and Test Deflection Data
Compared with Results of Guyon-Massonnet
Design Procedures

The Guyon-Massonnet procedure (4, 9, 11, 15) for analyzing grids
 is a system of distributing moments and defiections. ‘Moments and |
deflections are computed for the loaded slat in a grid as ifvthebslat
were a simple beam. These values are divided by the number of slats.
Distribution factors are computéd for each beam by the Guyon-Massonnet
method aﬁd are multiplied by the méan deflection and moments.

Using the Guyon-Massonnet procedure, distribution factors for
bending moment were computed for the prototype grid having a length of
47 inches. The loading arrangement selected for the calculations was

for two loads of 24.66 pounds each placed 21.5 inches from the ends of

slat one on the grid.
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For this analysis, strain values were converted to bending momentsv
using the assumption that plaster has a linear stress-strain relation-
ship, and that shear strain may be neglected. For beams having
rectangular cross sections, the flexure formula is written:

Moment _ I _ 1 bh2

= oam = o

Stress C
b represents the width of the beam and h the depth.

Stress is computed by multiplying the strain by the modulus of
elasticity which for the prototype plaster was 669,760 pounds per
square inch. I/C was computed using b = h = 2.2 inches

Lon? = l.@2)? =177

Table XXXVII lists bending moments computed from the strain pre-

diction equation for the prototype having a load on slat one.

TABLE XXXVII

BENDING MOMENT ON PROTOTYPE SLATS WITH LOAD ON SLAT ONE
P = 49.32 pounds

v . , . Bending
Strained Strain ~ Moment
Slat (Inches/Inch) Stress ; (Inch-Pounds)
1 124x10°° 83 147
2 94x1076 63 111
3 88x10”° 59 105
6 56 99

4 84X10°

Table XXXVIII lists the Grid Distribution Factors for bending
‘moment as ‘calculated by the Guyon-Massonnet‘method and as calculated

from the values from Table XXXVII for the prototype grid. The sum of
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the bending moments for the four slats when slat one is loaded is

147 inch-pounds + 111 inch-pounds + 105 inch-pounds + 99 inch-

pounds = 462 inch-pounds. The average of the four slats is 116 inch-
pounds. The distribution factors are computed by dividing. They are

1.27, .96, .91, and .85.

TABLE XXXVIIL

GRID DISTRIBUTION FACTORS FOR BENDING MOMENT
FOR LOAD ON SLAT ONE OF PROTOTYPE

Slat Slat Slat Slat
1 2 : 3 4
Stressed Stressed Stressed  Stressed

Distribution Factors for Mean
Value of Bending Moment from 1.17 1.03 0.94 - 0.85
Guyon-Massonnet Analysis

Distribution Factors for Mean
Value of Bending Moment
Computed from Prototype 1.27 0.96 0.91 0.85
Test Data

In this example, the heavily stressed slats would tend to be
under-designed if the Guyon-Massonnet procedure were used. If the
moment to be distributed were calculated on the basis of a simple
beam, its value would be 21.54 inches X 24.66 pounds or 531 inch-
pounds. Compared to the sum of 462 inch-pounds taken from the test
data, the simple beam assumption is conservative. This conservative
assumed moment for the Guyon-Massonnet analysis compensates for the
ﬁnconservative distribution factors to some degree. A less conserva-

 tive moment assumption could be made by using a fixity factor for ::
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the cross ties at the ends‘of the grid. A fully fixed end beam assump?
tion would be inappropriate, but_thé améﬁnt of fixity required cannot
be asseséed readily. |

The distribution factors used for deflectiom detgrminations by
the Guyon-Massonnet procedure have the same magnitude as the factors

for moments. Table XXXIX lists the-grid distributidn factors for

TABLE XXXIX

GRID DISTRIBUTION FACTORS FOR DEFLECTION
~FOR LOAD ON SIAT ONE OF PROTOTYPE

Slat Slat Slat ~ Slat
1 2 3 4

e —

Deflected Deflected Deflected Deflected

Distribution Factors for
Mean Value of Deflection

from Guyon-Massonnet. - 1.17 1.03 0,94 0.85
»Analysis :
Distribution Factors for
Mean Value of Deflection ‘
Computed from . Prototype - 1.26 - 1.05 0.89 0.74

Test Data

'deflécﬁion as c§1cu1ated by the Guyon-Maésonnef method aﬁd as computed
from the test data. Deflection values on slats 1, 2, 3, and 4 of the
prototype with a load on slat dne were.used to compute distribution ’
factors for Table XXXIX. ﬁafa are ffom Appendix E. The sum of the
deflegtions for the four-slats when slat 6ne is loaded is 0.024 inchés
+ o,ozd inches + 0.017 inches +0.014 inches = 0.075 inches. The
average of the four slats is 0.019 ‘inches. The distribution factors

“are computed by dividing. They are 1.26, 1.05, 0.89, and 0.74.
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As with the distribution factors for bending moment, the heavily
loaded slat would be under?designed by the Guyon#Massonnét procedure
as compared to the’test'data. If the deflection to be distributed were

calculated on the basis of a simple beam, its value would be

312 - 4a?)

o
1

- 24EI

50.70 x 21.54
= %8 x 669,760 x 1.81 aen?

- 4(21.54)2)

.0894 inches

The test data value was .071. The simple beam assumption is conserva-
tive for the Guyon-Massonnet design which compensates to some éxtent
for the unconservative distribution factor. Full fixed end beams used

in the assumption would result in an under-design.
Application of Test Results to Grid Design

Ihe ﬁreﬂiction equations for strain may‘be used to design four
slét gridwork systems that will be safe in flexufe. A.grid configura4
tion may be a$sumea and the prediction eqﬁation_can be used to determine
the bending moment that the.grid-can resist, This-determination can be
based on the pred;cfion,equatiohsvfor»strain:induced.at ﬁhe-surface of
_ sla;s in the grid at the center of'the spén.

- The strain at this point cén be converted to streés at the point
"by using the modulus of elasticity. . Since plaéter of Paris has approxir
mately a linear stress-strain relationship, a»linear decrease in stress
in plaster models will exist from thé extreme fiber of the beam to the
neutral axis. |

For reinforced'concrete,_ﬁhe stress variation from the extreme

fiber of the concrete to the neutral axis is normally not linear.
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In Figure 36, A illustrates thg general shape of the stress dis-
tribution curvebthat normaliy exists in concrete of a reinforced
caoncrete beém. It is maximum at ;he extreme fiber but decreaées in a
non-1inegr'manner-to the neutral axis. In réinforced concrete design,
the tensile stress that concrete carries iS‘disfegarded. -Tensile

stress is concentrated in the reinforcing steel..

- NEUTRAL _
AXITS

\

Figure 36. Compressive Stress Distribution in Reinforced
o Concrete Beams :

Invthe elastic deéign procedure used for reinfofced concrete,ba

1iﬁear stress distribution is assumed as i11u$trated by B in Figure 36.
This design proéedure'has been used for concrete_Buﬁ tends to yield
béonservative'designs.

.In the ultimate strength procedure'of design of reinforced con-
crete beams, anvequivaient stfess block is assumed to‘deS§ribe stress
disﬁribution in thé concrete acting in compression. 'This'is illus-
btrated by C in Figuré 36. Thi# design procedure describes the actu#l
stress distribution in concrete befter than the method used ih elastic
design.‘ |

Values for variables must be assumed to adapt prediction equa-

.tions to the design of grids for‘safety>in bending. These variables
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include: khe number of ties, grid 1éngth, slat and tie dimensions,
slat spacihg, loéd placement, load magnitude, and concrete and steel
strength characteristics.

Morice and Little (12) indicate that sufficient accuracy can be
obtained for reinforced concrete beams by computing their torsional
and flexufal stiffnesses on the basis of the cross sectional shape of
the concréte alone. E and G for concrete can be used to complete the
stiffness calculations.

Loading placements that will give maximum strain can be used for
determining design moments. For example, if all loads aré placed on
slat one as shown in Figure 1, maximum strain will occur on slat one.
The prediction equation for the load on.slat one -~ strain on slat one
can be useﬂ to calculate maximum strain. Slat one can be designed
from these results. Load placemént on slat one may be taken from
Burgener (2) and Hoibo (6). Two of the equal loads placed a distance
X from each end of the grid can be substituted into the prediction
equation. Strain at the center will be computed. A second pair of
equal loads placed at another distance X from each end of the grid can
be substitﬁted into tﬁe prediction equation. - Strain at the center
“will be computed. A third pair of equal loads placed at another dis-
tance X from each end of the grid can then be used to compute strain
at the ceﬁter of the slat. Other pairs of loads can be substituted to
determine their contribution to the strain.at the center of the slat.

- Total strain atlylcan be determined by summing component strains. This
strain information can be used wifh'an/appropriate reinforced concrete

design procedure to:design prototype grids.
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Other loading assumptions may be made that could producevmaximum
strain values that exceed those that develop when all loads afe placed
on slét one, Another loading arrangément‘that may be examined is the
situatién where loads are placed on slat one and slat four. Underbthis
assumption, it may be reasonable to assume less load on each of the
two slats than was_éssumed when all loads were élaced on - slat one.

Another loading assumption that could be made would be load place-
ment on all slaﬁs in the grid. If slat loadiﬁgs wére the same, fhe
design could be done assuming'each slat to be a simple beam. Under
this loading afrangement, the load per slat may be taken as being less
than ﬁhe load per slat if only two slats are loaded, since cattle

population could not be maximum on all slats at one time.
Example Problem

To illustrate the ﬁse of the strain prediction equation for the
design of a four-slat grid, consider a grid having slat cross section
configurations as shown in Figure 37. Assume that the grid has two.
cross ties and is loaded on slat one with loads as shown in Figuré-z..
Let P equal 500 pounds, grid length equal 96 inches, and Slat.SpaCing,

‘equal 1,5 inches, | | | | |

The problem is to find the streés in thg cpncrete'at the top of
the slat énd the stress.in’thé steel reinforcing rod for the slat in
Figurev37 in the given gridwbrk_system. Include both live load and
dead load in the deSign. | |

- The design of thé grid will be done using procedurés based on

elastic theory.
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’ Figure,37;_ Crosé-Sectioﬁ of Slat Used in the
B Example Problem -
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6

E for concrete 4 x 10

G for concrete = 0.4E

n for concrete = 10 for concrete having fé_= 3,000 psi
Use the prediction equation for strain at the center of slat one

when slat one is loaded

R EL -,
Strain = (3.89) (qp7 el teryag) *+ 250.14) (PLA/ED)(1/B)" 941
x/uyt43%(128.84 - 4.21T)

“3 = EI/GJ Assume that this ratio will be equal to the ratio for
a solid concrete cross section. I and J may change
as the tension concrete fails under loading, but the
assumption here is that the ratio will not change.
Calculations were based on an h that included the
cover concrete over the bottom of the rod and d.

I=:2 bh3 = 62.5 inches®
12
1 3,16 . . h 1 ,h\4 :
J=-=bh"(F - 3.36 - (1 ~—= (&) ))= 124.0
Sy 3 B ¢ 12(b)))
EI _ 62.5 _
61 Gx 1240 1'%
4 PL2 For this ratio, the moment of inertia computed by .

the transformed section for reinforced concrete
was used. :

Transform the area of steel

A =mnA = 10 x 0.31 = 3.10 square inches

t
. | _
e .8 0.3 _
P=%d6x3,5 003

K= ((np)2 +20p) /% - np = 0.43

Transformed I = % bd3 + At’(d - (K'd)‘)2 = 17,1

6 |
_EL _4x (0% x17.1 _
PL? 500 x (96)2 14.8
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L 96
s =B =75 = 12.80
Te =X This is computed in three pairs of points: 6 inches,
L 18 inches, and 42 inches from the ends of the grid.
6
= = 0,06
96
18
96 = 0.19
42
96 = 0.44
)il = =
7 T=2

Strain (1) is the strain at the center of slat one caused by loads
placed on slat one at points X = 6 inches from the ends of the grid.

941

Strain (1) = (3.89) (- 1.26 _ + 250.14)¢14.8) 1 0(12.80)"
Serain () = G- (G 014(126) 14)2 . ) 2.80)
1.43

(.06) (128.84 - 4.21(2))
Strain (1) = 6.6 microinches/inch

Strain (2) is the strain at the center of slat one caused by loads
placed on slat one at points X = 18 inches from the ends of the grid.

Strain (2) = 32.1 micreinches/inch

Strain (3) is the strain at the center of slat one caused by loads
placed on slat one at points X = 42 inches from the ends of the grid.

Strain (3) = 108.1 microinches/inch

Total strain = strain (1) + strain (2) + strain (3) + strain (3)

Total strain = 255.0 microinches/inch

“(Modulus of Elasticity)(Strain)(10)76

"

Concrete stress due to live load

(4 x 10°)(255)(10)™® = 1020 psi

A . . ' ; . S I
The resisting moment in the beam due to live load = LEE;EEEISEI

Resisting moment dﬁe to live load = 12,050 inch-pounds

The moment due to dead load = 1/8 wL2. This moment was computed by
considering the beam as a solid concrete beam.

Moment due to dead load = 3,000 inéb-pounds
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The total moment in the beam equals the moment due to live load plus
the moment due to dead load

Total moment = 12,050 + 3,000 = 15,050 inch-pounds
The stress in concrete due to total moment = Mc/I1

Stress in concrete = 1,274 psi
The stress in the steel due to total moment = n(%)(d - Kd).

-Stress .in steel = 18,041 psi

The beam used in this example will safely resist a total moment of
15,050 inch-pounds.

The grid used in the example was analyzed using the Guyon-Massonnet
procedure. The analysis indicated that the effect of the torsion was
significaﬁt‘ The total live load moment in beam one when that beam
was loaded as illustrated in Figure 2 was 2,250 foot-pounds. The mean
moment pef slat for a four slat system was 562 foot-pounds. Factors
for distributing the mean moments were computed as 1.2, 1.05, 0.95,
and 0.80.  The large factor was for the loaded slat and the values
decreased for slats farther from the loaded slat. The live load moment
for the loaded slat was adjﬁsted by the distribution factér to a value
of 674 foot-pounds. .Live load plus dead load makes a total desigﬁ
moment of5924 foot-pounds or about 11,100 inch-pounds.

The moment computed from the prediction equatién was 15,050 inch-
pounds

. Burgener (2) records the design for bending of slats designed as
simple beams. If the loading shown in Figure 2 is applied to a simple
beam eight feet long, the dead load moment and 1live load-moment gen-
erated to€a1:~29,880 inch-pounds. This moment is about two times as
large as the moment of 15,050 inch-pounds that was cqmputed from the

predictioﬂ equation for strain recorded in Table XXIX.
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Molding Plaster as a Structural Modeling Material

-Stress-strain relationships for molding plaster were approxif
mately linear for the Barga Lucca from the National Gypsum Company
that was‘csed in the testing‘program; Other forms of molding plaster
have higher values ofvstrength characteristics, but the Barga Lccca had
. good chareeteristics of workability and the strength was'adequater

The grid models were fabricated by casting molding plaster blocks
with overall dimensions equal to those of the grid modeis. Slots were
cut in the blocks with a sabreisaw to create the desired grid configura-
tion. The molding plaster prototype was made twice as large as the
average model. .Slots were formed in the grid by using styrofoam
plastic as form‘ﬁaterial. The plastic was removed from the cast
plaster prototype leaving‘the proper. slot configuration. This work
indicated that models four feet long and two inches thick could be
formed of molding plaster with no complications. Larger models probably
reduce the effects of imperfections in the molding plaster on the over-
all performance of the system. A minimum of mechanicel‘shaping was
needed on the prototype in contrast to the models that were shaped with
‘a sabre saw. Shaéing plaster models by sawing introduced a potential
for generating imperfections in the modeis..

‘Tﬁe linear Strese-strain relationship of the molding plaster pro-
vides results that should be valid for other materials in ranges of
their stress-strain curve thet are approximately linear. Validation
of the tests results indicated that the_holding piester gave reliable

results.



CHAPTER X
SUMMARY AND CONCLUSIONS

The problem considered in the investigation was the evaluation of
design procedures to be used for gridwork systems suitable for per-
forated floors for livestock. The objectives of the work were to
determine if a prediction equation could be developed from data col-
lected in a series of tests using grid models; and to validate existing
design procedures by using the prediction equations that might be
developed.

Quantitieé describing gridvconfigurations, the strength character-
isticé of thé materialé used for grids, the positions in which loads
are placed, and the magnitude of the loads were considered as»being
pertinent to the deéign of the grids. These quantities were. combined
into dimensionless pi terms. Models were constructed in such a way
that each pifterm‘cQuld 5e varied while‘other térms were held constant.

Mblding plaster was used to fabricate ﬁhexgrid models. The
relationships betwéeﬁ tﬁe deformations and the pi terms in which loads -
bwéré included plotted on log-log paper as straight lines with slopes
"very near #o unity. This indicates that the plastef deﬁonstrates a
linear stress-<strain felationship. This was further indicated by the
tests for the simple beams uéed to determiné modulus of elasticity and
Shear modulus values. ‘Plaster that is used for mddeling structural

systems‘should have good strength characteristics. It should also cure

141
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at a rate.that makes it poss1b1e to cast the models with ease. The
molding plaster used in the tests had good curing characteristics that
made it possible to cast models of good quality. Trials with plaster
"of Paris indicated that its curing characteristics were erratic. It
vtended to flash set before molding was completed. The strength char-
acteristics for the ﬁlaster of Paris were better than for the molding
plﬁster. Proper design of the tests for the models compensated for
this characteristic of the molding plaster.

Two 1oads of equal magnitude were placed each an equal distance
from each end of a slat being loaded. This created maximum deforma-
fions at the center of the slats so measurements of strain and deflec-
tion were taken at these points. This loading arrangement could be
adapted to a suitable loading assumption for cattle. The strain values
that were measured in the tests were used to calculate the stresses
that were being dévéloped.

The prediction equation developed for determining strain at the

center of the slats in a grid'took the following form:

EI/GJ
Kl(K + KB(EI/GJ)

+ %) (BL2/ED) (1/B) S (x/1) %6 (k- Kg()

- Eight eqﬁationS<were written for predicting strain. Four equations
were written for strain at the center éf slats 1, 2, 3, and 4 wheﬁ
. slat one ﬁas loaded. Four other equations were written for strain
on slat 1, 2, 3, and 4 when slat two was loaded. éoefficients for
the eight equations are given in‘Taﬁle.XXIX. These equations één be
used to prediét strain at the center of the slats.

The prediction equation developed for determining deflection at

the center of the slats in a grid took the following form:

L/d = K (E1/G3) 2(EL/PL?) (Ky + K, (L/B)) (/L) K5 (R, - Ky (1))
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Eight equatioﬁs were written for predicting deflection for the same
loading deformation relationships used for the strain equations. . Equa-
tions were written for deflection on each of the four slats when loads
were placed on slats one and two. Coefficients for the eight equations
are given in Table XXXVI. These equations can be used to predict
deflection at the center of the slats,

Figures 41-44 indicate that the prediction equations for strain
and deflection yield calculated values that closely approximate
observed values for the models and the plaster prototype. Results
from tests on plaster models are apparently valid for designing proto-
types if the prototypes are stressed in the elastic range of the
materials used for their fabrication. For this to be true, it is also
necessary that the prototype material demonstrate a nearly linear
stress-strain relationship in its elastic range.

Distribution factors for moment and deflection were calculated by
the théory presented by Guyon and Massonnet (3, 9) for the prototype
grid having a length of 47 inches. For purposes of comparison, dis-
tribution factors were computed from data.from tests on the prototype.
They wefe developed using bofh the strain and deflection data and were
designed to be used in the same way as the faétors developed by Guyon
and Massonnet. When slat one was loaded, the Guyon-Massonnet procedure
produced estimated deformations on the loaded slat that were smaller
than those calculated from experimental data. This indicates that the
theoretical results lead to slat designs that are over-stressed.
Designs based on the prediction equations would therefore be conserva-

tive.
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Designs were developed for a four slat reinforced concrete grid-
work having a length of 96 inches. The design was based on flexure.
A slat having a depth of five inches, a width of si# inches, and a five-
eights inch diameter reinforcing rod placed one and one-half inches
" from the slat bottom was designed to resist moment of 15,05Q inch-
pounds. This moment was calculated from the prediction equation
developed for strain on slat one when the load was on slat one. The
loading arrangement uséd was similar to that suggested by Burgener (2)
for a single beam type slat. All load was concentrated on slat one
with no loading considered on the other slats in the grid. Under
similar loading conditions, a moment of 11,100 inch-pounds was calcu-
" lated using the Guyon-Massonnet procedure. Here again, the design
that would result from the theoretical procedure would be less con-
servative than that from the design based on the prediction équation
developed to estimate the strain at the center of the slat.

The comparison of the observed values of the deformations with
the values calculated by the prediction equations indicates that the
prediction equations give good estimates of the deformations that can.
be expecﬁed in loaded gridwork systems. This was shown to be true for
both the models used to develop the equations and the plaster proto-
type having a length of 47 inches. . Determining design moments by the
Guyon-Massonnet method results in values that are not conservative.
These results indicate that grids designed with bending ﬁoments cal-
culated from the prediction equation for strain will be suitable for

livestock floors.
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Suggestions for Further Study

1. Reinforced concrete grids should be load tested to determine
how precise the prediction equations describe their performance. Test
resulfs from the prototype that was fabricated from molding plaster
indicated that the prediction equation was reliable in that applica-
tion. Reinforced concrete is not homogeneous. The.decrease in stress
from the top of the beam to the neutral axis is not linear. These
variables along wiﬁh others found in reinforced concrete suggest the
need for validating the prediction equation for concrete.

2. Prediction equations should be developed for grids having
three, five, and six main slats. The four slat grid systems evaluated
here have characteristics that adapt well to céttle floors, however,

alternate deéigps should be evaluated. . If the number of main slats is
included as a variable in a prediction equation,\it is difficult to
identify the loaded slat in a way that adapts to all grid designs.
Holding the number of main slats constant in each test series 1is one
way to overcomevthis difficulty.

3. -Some reinforced concrete slat systems are being cast in place
forming gridwbrk systems that are interconnected over the entire floOr.
Design procedures for this type of system should be evaluated. Avail-
ability of reuseable forms could make this system economically feasible.

4. Grids cast in sections having four main slats might be made
more economical by interconnecting the sections. Mechanical devices
should be developed‘to connect adjoining grid sections when they are
put in place in the floor system. The economy of using such deviées

should be analyzed.
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5. - The amount of torsion that is generated in the slats and ties
of grids should be.analyzed. Plaster models with strain gauges could
be used to measure the torsion induced by loads. Under normal design
conditions, tdrsion in reinforced concrete sections is kept to a mini-
mum if possible. 1If the torque that is developed in the slats or cross
ties is large, the design of the reinforced concrete grids should be
adjusted.

6. Grid designs are based on assumed load locations and load
magnitudes. These assumptions are intended to provide the most severe
conditions that might be encountered. The reliability of the design
1oadings.could be evaluated by installing a set of strain gauges on a
grid system being used under field conditions. Automatic recording
equipment in connection with the strain gauges could be used to record

the maximum strains actually induced in grids.
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APPENDIX A, TABLE I

STRAIN VALUES FROM TESTS WHERE EI/GJ WAS VARIED,
*  OTHER PI TERMS WERE HELD CONSTANT

EI/PL2 =12 X/L=e458 L/B=16 T=2
SLAT STRAIN STRAIN  STRAIN  STRAIN
TEST  UNDER ON SLAT ON SLAT ON SLAT ON SLAT
SERIES LOAD EI1/6J ONE TWO THREE FOUR

(MICRO- (MICRO- (MICRO- (MICRO-
IN/IN) INZIN) IN/IN) IN/ZIN)

Al 1 o 744 384,99 27456 24,498 25,00
Al 1 o T44 37425 2944 29420 25424
Al 1 o 144 32,19 29,421 29,84 . 25459
Al 1 o744 29414 32460 29485 3064
A2 1 16220 119458 93 .84 86439 82468
A2 1 1,220 125,81 89495 82,57 -TT7400
A2 1 1220 125466 91.69 8le14 7996
A2 1 16220 123,95 88498 80489 T1le77
A3 1 24065 160403 109.65 97.54 95484
A3 1 24065 171.56 112614 93472 89456
A3 1 2065 161472 113.26 100.38 8777
A3 1 24065 172473 122450 10670 94433
A4 1 3¢870 165466 105467 85449 T4483
A4 1 34870 176,18 115,83 92.08 7797
A& 1 34870 163495 103430 77448 74449
A4 1 36870 171420 114,15 95.63 80465
Al 2 o 744 28416 34 442 29454 2914
Al 2 o744 30,10 34477 26439 29469
Al 2 744 24459 33.94 27.48 26458
S Al 2 o 744 2Te23 34,99 28419 2732
A2 2 1.220 86465 110443 87437 87e41
A2 2 164220 94,70 114 646 84 446 78438
r2 2 1220 85,13 109,91 8le76 8le41
A2 2 14220 89419 109.79 8841 82443
A3 2 2.065 112,82 149,99 107.26 104.20
A3 2 24065 115443 ° 149489 101,04 95406
A3 2 2065 110,18 . 141.97 1044490 100485
A4 2 34870 111435 146498 100.68 91459
Ak 2 3870 110430 : 144.83 97477 84433
A4 2 3e870 109476 @ 145,02 99,05 93,421
A4 2 34870 116410 ' 142,15 93.87 87.13



STRAIN VALUES FROM TESTS WHERE EI/PL2 WAS VARIED,

APPENDIX A, TABLE II

OTHER PI TERMS WERE HELD CONSTANT

E1/GJ=1.,220

TEST
SERTES

Bl
B1
81
B1
B2
B2
32
82
B3
83
B3
B3
B4
B4
B4
B4
Bl
B1
Bl
B1
B2
B2
B2
B2
83
33
B3
B3
R4
fa
B4
34

SLAT
UNDER

LOAD EI/PL

NN RN N NN RN R RN s s o et 2 s

100
100
100
100

2

X/L=e458

STRAIN
ON SLAT
ONE
(MICRO-
IN/IN)

367483
385420
373631
368.14
125466
123,95
125,81
119,58
29,31
31448
35460
35615
1035
11.67
16669
16650
269617
284,426
255453
267454
86465
94,70
85413
89,19
20028
2577
23416
24434
6¢34
1130
1015
10,72

L/B=16
STRAIN STRAIN
ON SLAT ON SLAT
TWO THREE
(MICRO~ (MICRO-~
IN/IN) IN/IN)
278621 256468
273636 249679
274450 243402
266452 246464
91,469 8l,14
88,98 80489
89495 B2457
93484 86439
26679 24 446
23625 21677
25422 22,28
24 042 20661
12,71 11446
9425 9400
11426 991
10.87 795
338425 268466
345473 258446
336403 247677
347407 260615
110643 87437
114446 84446
109,91 B8Ble76
109479 88,41
27459 21444
30637 21.18
27 468 2140
23,451 25496
10419 Te60
12671 7690
10441 Be72
539 12.84

153

T=2

STRAIN
ON SLAT
FOUR
(MICRO~-
IN/IN)

251458
232,17
234,417
223409
79496
71677
7700
82468
21426
20+58
23,88
1675
836
Be73
12.11
5619
266643
243436
247 ¢45
239460
8741
78,38
8l.41
82443
22432
18639
21404
25428
8665
579
8e36
13,27



APPENDIX A, TABLE III

STRAIN VALUES FROM TESTS WHERE L/B WAS VARIED,
OTHER PI TERMS WERE HELD CONSTANT

E1/GJ=1,276

TEST
SERIES

Cl
C1l
cl
c1
g2
c2
ce
ce
c3
23
C3
c3
C4
C4
C4
C4
Cl
Cl
C1
Cl1
c2
C2
c2
c2
c3
C3
Cc3
c3
Ca
C4
C4
C4

SLAT
UNDER
LOAD

NNNRNNNRNRNNRNRNNN RN e b e s e e b e b

L/B

9
9
9
9
12
12
12
12
16
16
16
16
24
24
24
24
9
9
9
9

12
12
12
12
16
16
16
16
24
24
24
24

Er/spL2=12

STRAIN
ON SLAT
ONE
(MICRO~
INZIN)

194.62
209494
204647
218458
186492
200,89
195441
206440
119,58
125,87
125466
123,95
85453
93482
82.96
90410
130671
138,22
130616
147,28
143468
138495
153467
144,98
8665
94,70
85,13
89619
63432
63409
51435
61448

X7L=e458
STRAIN STRAIN
ON SLAT ON SLAT
TWO THREE
(MICRO- (MICRO-
IN/ZIN) IN/IN)Y
134437 106452
139441 108.88
141443 108480
14196 114430
141,420 110,09
140425 127,38
148402 120433
146676 126412
93484 86639
89495 8257
91469 8le.14
88.98 80489
56486 57497
64461 5621
58443 57639
61602 53472
171646 119495
168439 128,03
173459 127,99
178412 128460
171.88 121469
161493 133,76
185440 140412
167403 131.39
110443 87437
114446 84446
109.91 Ble76
109479 88e41
83482 63401
88430 5748
7587 56.86
86420 55458

154

T=2

STRAIN
ON SLAT
FOUR
(MICRO~-
IN/IN)

824,70
84623
93676
88419
106461
114441
121,95
115,87
82468
7700
79696
T1.77
59406
54463
5515
51458
108460
1066465
112466
103,07
116093
12077
130642
115457
87e41
7838
8le4l
82443
62435
5639
53e¢43
51419
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APPENDIX A, TABLE IV

STRAIN VALUES FROM TESTS WHERE X/L WAS VARIED,
' OTHER PI TERMS WERE HELD CONSTANT

E1/GJ=1.220 E1spL2=12 L/B=16 Ta2
 SLAT STRAIN  STRAIN  STRAIN  STRAIN
TEST  UNDER ON SLAT ON SLAT ON SLAT ON SLAT
SERIES LOAD  X/L ONE TWO THREE  FOUR

{MICRO- (MICRO~ (MICRO- (MICRO-
IN/IN) IN/ZIN) IN/ZIN) IN/IN)

D1 1 «458 128,79 91439 84415 80e42
D1 1 o458 136.24 83448 78465 72618
D1 1 o458 136449 88463 78409 T6e52
Dl 1 ¢458 13562 8600 79490 69¢41
D2 1 ©e375 85,91 81.75 Thet7 73438
D2 1 375 86483 83677 T4e34 T2e48
D2 1 375 83465 78429 69469 7082
D2 1l «375 83e42 T4e07 69e14 6262
D3 1 292 52465 58413 57453 58408
D3 1 0292 64471 5955 5716 52467
D3 1 0292 56468 57e72 56621 55483
D3 1 «292 58409 65672 55.83 54491
D4 1 167 30694 34498 33.79 38644
Da 1 e 167 35615 34,11 34454 34,422
D& 1 +167 24422 29463 29,93 32467
D4 1 «167 30647 32450 35649 33e44
01 2 «458 8le72 11656 83622 83.70
D1 2 458 91.82 124472 81.63 76652
D1 2 «458 81,79 119475 7979 8007
Dl 2 e458 88427 118475 85654 79+89
D2 2 375 77415 8l.01 77665 76469
D2 2 «375 83.13 76450 72463 6521
D2 2 «375 72632 75455 69485 69483
D2 2 «375 75635 75018 T4486 69450
D3 2 «292 58437 54,08 56649 55428
03 2 292 60e42 5757 5642 5695
D3 2 292 5745 56 ¢45 55460 56436
D3 2 0292 5706 56641 57439 55453
D4 2 «167 30077 = 28459 3153 29496
D4 2 e167 36655 | 29424 3083 30623
Da 2 e167 28425 32431 32.09 35420
Da 2

«167 34443 28499 28497 28041



APPENDIX A, TABLE V

STRAIN VALUES FROM TESTS WHERE T WAS VARIED,
OTHER PI TERMS WERE HELD CONSTANT

E1/GJ=14276

TEST
SERIES

El
El
El
El
E2
E2
E2
E2
E3
E3
E3
E3
E4
E4
E4
E4
El

-
[

El
El
E2
E2
E2
E2
=3
E3
E3
E3
E4
E4
E4
E4

SLAT
UNDER
LOAD

NNNNNRNRNNRNRNDRNDRN N NN DN N b b b b et ot s et oot b et et b o
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E1/PL2=12

STRAIN
ON SLAT
ONE
(MICRO~-
IN/IN)

124,56
118437
126421
113,40
119.58
125.81
125.66
123495
124,48
121.61
120429
119,86
110640
108417
104400
106.78
104023

98475
106450

99436

86465

94,70

85413

89.19

9771

106.46
100.65
96493
95413
90e74
93,23

93424

X/L=4458
STRAIN STRAIN
ON SLAT ON SLAT
TWO THREE
(MICRO=  (MICRO~
IN/ZINY IN/ZIN)
97.00 91,13
104402 91,69
99417 91.46
102.07 89482
8898 86439
91.69 82457
89,95 8l.14
93484 80489
99.59 84422
112,58 85.90
98475 86469
96458 82413
96423 83.11
91445 84435
91.36 81400
93498 84472
99.38 90485
98437 87.40
106402 92,40
103457 100.96
11043 87.37
114446 B4446
109.91 81,76
109,79 88441
108.20 87490
101.19 87494
115,29 954,16
109.88 94452
10176 87,78
96485 90422
9904 87410
101673 90425

156

L/B=16

STRAIN
ON SLAT
FOUR
(MICRO-
IN/IN)

78.89
75483
78430
7746
82.68
7700
7996
Tle77
69479
7156
T6e54
TT7e79
8006
83.33
72470
78012
8le49
85.01
86482
94661
87441
78438
8le4l
82.43
7973
84,08
91.80
91.81
84438
85416
82464
84402



APPENDIX B

GRID DEFLECTION TEST DATA

157



APPENDIX B, TABLE I
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DEFLECTION VALUES FROM TESTS WHERE EI/GJ WAS VARIED,
OTHER PI TERMS WERE HELD CONSTANT

E1/PL 2212

TEST
SERIES

Al
Al
Al
Al
A2
A2
A2
A2
A3
A3
A3
A3
A4
YA
A4
AL
Al
Al
Al
Al
A2
A2
A2
A2
A3
A3
A3
A3
A4
A4
YA
A4

SLAT
UNDER

LOAD -

NRRNRNRN NN RNRN R RN RN RN H 2 e b b 0 s et s

EI/GJ

e 744

o744

e T44

o T44
1e344
le344
le344
le344
2065
20065
24065
24065
3870
3.870
3870
34870

o 744

o 744

o 744

o 144
le344
le344
la344
le344
2065
24065
2065
2065
34870
34870
34870
34870

X/L=4458

DEFLEC-
TION
ON SLAT
ONE
(INe)

«0104
«0105
+0092
s0103
« 0134
«0128
«0121
«0115
«0137
«0117
«0110
«0135
«0111
«0107
e0126
20104
«0107
e 0099
«0096A
«0089
«0105
«0108
«0093
«0101
«0110
00103
«0093
« 0097
« 0093
« 0086
« 0095
«0083

L/B=16
DEFLEC- DEFLEC=-
TION TION
ON SLAT ON SLAT
TWO THREE
( INa) (INe)
¢ 0098 « 0089
e 0097 «0089
+ 0095 e 0084
0097 00094
«0098 e 0079
0104 «0079
«0105 «0085
«0099 « 0090
«0108 «0080
«0092 «0076
«0097 «0082
« 0098 «0068
« 0094 «0073
+0093 00067
00101 «0073
e 0094 L0069
e0110 0094
«0097 « 0095
«0096 .0088
0088 « 0090
«0100 0094
0106 « 0094
« 0091 «0089
¢ 0099 e 0094
e0111 e 0093
00102 « 0099
00095 e« 0096
00099 « 0090
00094 «0080
«0086 « 0080
«0092 «0080
«0091 «0082

T=2

DEFLEC~-
TION
ON SLAT
FOUR
(INe)

«0088
« 0084
«0083
« 0092
« 0057
« 0054
e 0077
e 0076
¢ 0061
« 0056
« 0068
e 0057
«0061
e 0056
¢ 0041
« 0057
¢ 0092
«0091
«0090
« 0084
«0090
«0086
«0084
« 0090
«0088
«0096
«0080
«0083
« 0072
e 0076
« 0066
« 0079
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APPENDIX B, TABLE II

'DEFLECTION VALUES FROM TESTS WHERE EI/PL® WAS VARIED,
OTHER PI TERMS WERE HELD CONSTANT

EI/GJ=1,344 X/L=e458 L/B=16 T=2

DEFLEC~ DEFLEC~ DEFLEC- DEFLEC-

SLAT TION TION TION TION
TEST  UNDER , ON SLAT ON SLAT ON SLAT ON SLAT
SERIES  LOAD EI/PL° = ONE TWO THREE FOUR
(INe) (INe) (INe) {ING)
81 1 4 e 0416 «0305 00249 00179
B1 1 4 00392 0318 «0238 «0165
B1 1 4 00368 00323 e0263 00242
Bl 1 4 0354 «0306 «0280 00232
B2 1 12 «0134 «0098 « 0079 «0057
B2 1 12 00128 «0104 . 0079 « 0054
B2 1 12 $0121 «0105 « 0085 00077
B2 1 . 12 00115 « 0099 « 0090 « 0076
B3 1 28 +0054 00039 «0030 00022
83 1 28 000573 00042 « 0034 00022
83 1 28 «0051 « 0043 e 0034 «0030
B3 1 28 $ 0047 « 0040 00035 «0031
B4 1 &4 +0032 $0023 .0018 e 0013
B4 1 44 #0032 00026 > 40023 «0014
B4 1 44 «0031 00026 «0020 00017
B4 1 44 .0028 $ 0024~ 40021 «0019
B1 2 4 «0325 «0310 «0291 00273
B1 2 4 «0331 00327 00286 00267
B1 2 4 00294 00297 00283 00267
81 2 4 0313 «0306 0291 00276
B2 2 12 «0105 00100 00094 « 0090
82 2 12 .0108 20106 « 0094 +0086
g2 2 12 00093 « 00961 «0089 « 0084
82 2 12 00101 ¢ 0099 00094 40090
B3 2 28 « 0042 « 00641 «0038 «0038
B3 2 28 00044 . 0043 «0039 $ 0034
B3 2 28 0036 . 0037 00034 « 0032
83 2 28 00041 e 0040 «0038 «0036
B4 2 44 . 0025 $0024 «0023 «0024
B4 2 44 $ 0026 «0025 .0024 .0020
B4 -2 44 .0021 20021 <0019 .0018
B4 2 44 40025 00024 <0023 «0022



160

APPENDIX B, TABLE III1

DEFLECTION VALUES FROM TESTS WHERE L/B WAS VARIED,
OTHER PI TERMS WERE HELD CONSTANT

ET/GJ=14276 E1/PL2=1? X/L=e458 T=2

DEFLEC- DEFLEC~ DEFLEC- DEFLEC-

SLAT TION TION TION TION
TEST UNDER ON SLAT ON SLAT ON SLAT ON SLAT
SERITS LOAD L/B ONE TWO THREE FOUR
(INa) {INa) {INe) (INa)
Cl 1 9 «0108 +0088 e 0065 s0050
Cl 1 9 «0114 +0088 20071 « 0056
Cl 1 9 00121 « 0085 0065 «0039
cl 1 9 20100 «0087 e 0069 «0055
c2 1 12 00128 +0100 «0087 « 0065
c? 1 12 «0116 « 0099 <0078 20068
€2 1 12 «009A8 « 0086 « 0070 +0058
c2 1 12 #0091 + 0086 e 0067 « 0057
c3 1 16 «0134 « 0098 + 0079 s 0057
c3 1 16 00128 « 0104 «0079 «0054
C3 1 16 00121 «0105 «0085 « 0077
c3 1 16 #0115 + 0099 « 0090 «0076
C4 1 24 «0135 00128 +0120 «0113
C4 1 24 «0139 +0133 «0124 #0115
C4 1 24 »0135 «0129 «0121 +0118
Cca 1 24 20143 ¢0132 20125 #0117
cl 2 9 «0104 «0105 +0083 e 0071
Cl 2 9 + 0087 <0083 « 0078 «0070
C1 2 9 «0101 « 0090 «0088 20073
Cl 2 9 « 0092 «0092 #0075 «0077
c2 2 12 «(C105 «0090 +0088 « 0085
c2 2 12 «0103 «0102 +0101 +0103
c2 2 12 » 0079 « 0077 00073 « 0067
ce 2 12 «0072 60081 «0071 « 0069
C3 2 16 «0105 +0100 « 0094 « 0090
Cc3 2 16 «0108 «0106 « 0094 « 0086
cz 2 16 « 0093 «0091 « 0089 «0084
Cc3 2 16 +0101 « 0099 « 0094 « 0090
C4 2 24 e0132 «0135 « 0130 « 0124
Ca 2 24 «0125 «0129 «0126 «0122
C4 2 24 «0119 «0124 « 0117 «0118
Ca4 2 24 «0129 «0126 20123 0118
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APPENDIX B, TABLE IV

DEFLECTION VALUES FROM TESTS WHERE X/L WAS VARIED,
OTHER PI TERMS WERE HELD CONSTANT

E1/GJ=1¢344 Er/PL2=12 L/B=16 T=2

DEFLEC~ DEFLEC= DEFLEC~ DEFLEC-

SLAT TION TION TION TION
TEST UNDER ON SLAT ON SLAT ON SLAT ON SLAT
SZRIES LOAD X/L ONE TWO THREE FOUR
(INe) (INs) (INe) {IN,)
D1 1 «458 «0133 «0095 0077 «0053
D1 1 e458 «0126 0102 e 0074 e 0046
Dl 1 «458 «0121 2« 0104 «00890 «0075
D1 1 «458 «01l4 0097 00089 e 0075
D2 1 «375 «0118 + 0086 20066 +0046
D2 1 +375 «0113 «0090 «0073 0047
D2 1 375 «0103 «0087 «0075 ¢0065
D2 1 «375 «0098 «0087 e 0077 e 0066
D3 1 0292 « 0104 «0073 ¢ 0049 «0031
D3 1 292 « 0096 « 0077 ¢ 0059 +0036
D3 1 0292 e 0091 20076 0069 « 0059
D3 1 292 « 0081 0072 e 0063 00055
D4 1 208 +0083 « 0054 «0032 «0012
D4 1 208 «0075 «0059 «0045 0018
D4 1 208 «0070 «0055 ¢ 0049 00042
D4 1 0208 « 0061 e0054 «0048 00042
D1 2 e458 «0103 «0097 « 0091 « 0087
D1 2 0458 « 0105 ¢ 0104 « 0090 «0082
- D1 2 e458 «0088 « 0087 «0081 +0081
D1 2 458 «0101 «0099 «0092 « 0087
D2 2 «375 +0093 « 0090 00084 ¢ 0080
D2 2 ¢375 e 0094 «0092 0085 20078
D2 2 «375 « 0087 20085 « 0084 «0078
b2 2 375 20087 « 0084 «0082 «0080
D3 2 0292 e 0079 e 0077 «0073 « 0071
D3 2 0292 « 0079 «0076 ¢ 0071 e 0066
D3 2 292 « 0076 «0073 ¢ 0070 « 0066
D3 2 292 « 0076 «0073 s0073 «0070
D4 2 208 «C062 «0058 «C055 «0054
D4 2 208 ¢ 0060 «0058 «0056 «0051
D4 2 «208 « 0060 « 0061 « 0056 « 0055
D4 2 0208 «0059 0« 0056 « 0054 +0055
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APPENDIX B, TABLE V

DEFLECTION VALUES FOR TESTS WHERE T WAS VARIED,
OTHER PI TERMS WERE HELD CONSTANT

EI1/GJ=14276 E1/PL2=12 X/L=,458 L/B=16

DEFLEC~ DEFLEC-~ DEFLEC-. DEFLEC-

SLAT TION TION TION TION
TEST  UNDER ON SLAT ON SLAT ON SLAT ON SLAT
SERIES  LOAD T ONE TWO THREE FOUR
(INe) (INo) (INe) (INe)
£l 1 1 « 0099 <0088 «0072 <0066
El 1 1 40093 «0083 +0072 «0069
El 1 1 $0116 «0109 <0086 «0079
El 1 1 «0101 « 0089 «0075 «0065
E2 1 2 s0134 «0098 +0079 s 0057
E2 1 2 60128 +0104 40079 +0054
E2 1 2 «0121 +0105 +0085 «0077
E2 1 2 «0115 +0099 ¢ 0090 <0076
E3 1 3 <0106 «0096 20084 <0075
E3 1 3 .0105 «0095 <0080 «0077
€3 1 3 «0101 «0091 «0075 +0073
E3 1 3 «0090 <0080 «0074 «0066
E4 1 4 £0112 «0107 .0087 «0082
E4 1 4 L0114 «0098 «0085 +0079
E4 1 4 .0100 20091 .0082 +0070
E& 1 4 c0117 «0101 <0079 <0070
El 2 1 «0087 «0081 «0072 «0074
El 2 1 $0087 20078 «0078 «0077
£1 2 1 +0089 «0085 .0081 «0085
El 2 1 «0090 <0088 +0080 «0076
£2 2 2 +0105 «0100 «0094 <0090
E2 2 2 «010R «0106 s 0094 <0086
E2 2 2 «0093 «0091 <0089 «0084
E2 2 2 »0101 «0099 . 0094 40090
E3 2 3 «0096 «0092 «0088 «0086
E3 2 3 «0097 «0093 0088 <0087
E3 2 3 +0085 <0087 «0082 +0083
£3 2 3 c0086  +0082 +0080 «0076
E4 2 4 <0088 = L0089 c0087 +0089
E4 2 4 .0098 . +0087 «0084 + 0080
E4 2 4 <0094 +0089 +0088 .0083
E4 2 4 «0099 - <0096 <0087 <0086
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LOAD
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APPENDIX C, TABLE I

STRAIN VALUES FOR PLASTER PROTOTYPE GRID

HAVING A LENGTH OF 47 INCHES

E1/GJ=1.,208
EI/PL2  x/L
4 458
12 o458
44 458
4 o375
12 +375
44 e375
4 0292
12 4292
44 ¢292
4 0167
12 0167
44 167
4 4458
12 o458
44 +458
4 ¢375
12 0375
44 375
4 0292
12 0292
44 292
4 0167
12 0167
44 167

L/B=1547
STRAIN STRAIN
ON SLAT ON SLAT
ONE TWO
(MICRO~- (MICRO=-
IN/ZIN) IN/ZIN)
345,02 23884
114,11 78477
30409 20454
256448 198488
84,68 65462
22.06 17.06
176492 158013
58429 52419
14,95 13,52
7738 94,91
2537 31435
629 Be06
234461 297627
77496 98486
2104 26480
196479 226 646
65430 7555
17643 20458
157492 161407
52430 53694
13,77 14,78
96673 75642
31490 25448
8415 7408

164

T=2

STRAIN

ON SLAT

THREE
(MICRO=-
IN/IN)

214482
70660
18,14

181.84
59499
15456

147459
48493
12,84
92673
31,08

8e37

220416
72665
19,04

185613
6ls4al
16,35

149,02
49,75
13,51
91.91
31.13

8e83

STRAIN
ON SLAT
FOUR
{MICRO~
IN/IN)

20637
67,91
1757

177642
58450
15617

146482
4854
12462
9633
32.03

838

216456
7155
18480

184,475
61le26
1629

151442
5043
13.61
97423
32470

9412
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APPENDIX D, TABLE I

DEFLECTION VALUES FOR PLASTER PROTOTYPE GRID
" HAVING A LENGTH OF 47 INCHES

E1/GJ=1,4208 L/B=15,7 T=2

DEFLEC- DEFLEC- DEFLEC~- DEFLEC~.

4 0292 = 40413 ¢0396 «0378 ¢0370
12 292 0137 0131 <0124 0120

SLATY . TION TION TION TION
UNDER . - ON SLAT ON SLAT ON SLAT ON SLAT
LOAD E1/PL  X/L ONE T™WO . THREE FOUR

' (INe) (INe) (INe) (INs)
1 4 e458 . 0638 e0543 e0463 e 0404
1 12 0458 e0211 «0178 «0152 e0132
1 44 «458 «0055 ¢ 0046 « 0038 ¢ 0033
1 4 ¢375 «0559 00477 e 0406 «0351
S | 12 e375% ¢0185 e0157 ¢0133 e0114
1 44 «375 «0049 00040 e 0034 « 0028
1 4 0292 e 04T4 e 0405 e 0344 e 0294
-1 12 0292 «0158 00134 0113 ¢ 0095
1 L4 0292 e 0043 ¢0035 «0029 0022
1 4 | 4167 00328 = 40282 "~ ¢0238 40199
1 12 <167 e0110 ¢ 0093 " e0079 - 40063
-1 44 0167 e0031 ¢ 0025 « 0021 e 0014
2 4 «458 40547 e0530 = <0497 ¢ 0485
2 12 «458 ) 00180 Q0175 o 00162 00158
2 a4 +458 « 0047 90045 ¢ 0040 «0039
2 4 375 00483 0465 40440 0430
2 12 «375 e 0160 e0153 e 0144 e0140
2 44 ¢375 e 0042 = 60040 e0036 = #0034
2
2 ‘
2 44 4292 e 0037 00034: ¢ 0031 « 0029
2 4 0167 e0291 e0275 = 40269 00265
2 12 0167 «0098 ¢ 0091 - 40089 + 0086
2

44 e167  ,0028 00024 e 0023 0020
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