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CHAPTER I
INTRODUCTION

The significant position of livestock production in the Agricul~
tural Industry and the functional limitations of existing housing
facilities have made the improvement of livestock housing a very im-
portant agricultural engineering problem. It is very well understood
among agricultural engineers and agricultural experts that better hous-
ing equipped with environmental controls directly influences the quality
as well as the quantity of agricultural products.

For complete environmental control, a shelter needs to be com-
pletely confined. For such a sﬁelter, the use of slatted or gridded
floors have produced quite favorable results.

Some of the advantages of slotted floors are: higher concentra-
tion of livestock, elimination of bending, reduction of labor required
for cleaning, improved animal health and comfort, improved sanitation,
improved control of disease and parasites, storage of manure for ferti-
lizer, and easy adaptability of labor-saving automation equipment.

This study is concerned with the structural analysis for design
of reinforced concrete floor grids under bending when loaded by beef

cattle, The experimental investigations were performed on models.



CHAPTER II
REVIEW OF LITERATURE
Introduction

Most of.the research with respect to slatted and gridded floors has
been done to test their functional values. Some investigations were con-
ducted primarily for the purpose of testing predetermined designs of
slats., There is no evidence, however, of experimental investigations
dealing with the structural analysis for design of reinforced concrete
floor grids. The European countries have been pioneers in the use of

slatted floors for livestock housing.
Cattle Housing

The big question at present is 'which way to go in cattle housing?'
Should livestock farmers stay with open sheds, go to partially confined
sheds, or should they go to fully confined housing.

Malena, Van Fossen, and Mayer (13 ) reported that basic designs of
beef cattle buildings fall into three different categories: Open-shed,
under~-rocf confinement, and completely controlled environment buildings.

Open-shed housing., Generally, this building is an open area with

feeding and watering areas out in the lot, Some partitioning is some-
times used to cut down drafte., Otherwise, no attempt is made to control

environmental conditions.



Under~roof confinement. The main reason for using this type of

housing is to eliminate weather problems. The roof keeps out most of
the direct sunlight during the hot season, but at the same time is built
so that the cattle receive a generous supply of warming sunlight in the
winter. 1In this setup the cattle are confined within the shed for 24
hours a day. No attempt is made to control environmental conditions.

_Environmental-controlled buildings. It seems that the trend in

cattle housing is moving toward complete confinement with appropriate
equipment to control the environmental conditions. Weather factors are
eliminated with this type of building. It is temperature and humidity
controlled. 1In areas where extreme weather conditions are prevalent,
the animals need to be put in .environmental-controlled housing so that
optimum production.efficiency could be achieved. 1In this type'of hous~
ing the problems of bedding requirement, manure disposal, and space re-
quirements become very éignificant.

Hence, to solve these problems the use of slatted floors was intro-
duced. Hammer (7) reports that the original work with slatted flcors
was done in Iceland about 200 years ago. Later the Norwegian farmers
adopted the idea for sheep -and goat barms. It was not until 1952 that
special attention was fécused toward the improvement of slatted floors
in the Institute of Farm Building Research of the Agricultural College
of Norway at Vollebekk. Since 1956, Sweden, Britain, Belgium, Czechoslo-
vakia, Austria, and Germany have undertaken similar trials. 1In the
last few years, several research investigations have been conducted in

the United. States.



Slats and the Slatted Floor

Slats could be considered as small floor beams. Slats could be
made out of hardwood, concrete or steel. Compared to reinforced con-
crete or steel slats, wooden slats wear out fast and warp. Even though
wooden slats . are easy to handle and to replace, they are not as de-
sirable as the other two.

There are several different cross-sections of slats that can be
used. The most common shape is a trapezoidal cross-section with the

bottom tapered so that the manure could easily slip down to the basin.

|
.

A

|
% 7

Figure 1. Some slat cross-sections
Slatted floors could be made either with individual slats spaced
about 1"-2'" apart, depending upon the size of the animals, or a grid
floor could be formed. . It is recommended that the top width of the

slats should be 3-4 times the size of the top width of the slot.



‘Slatted Floors Versus Straw Bedding

Sufficient evidence is available to indicate clearly that slatted

floors have proven advantageous to the conventional straw bedding of

cattle housing. Soutar (24), Nordbd (16), Hammer (7}, Green (6), Lees

(12), reported that among other important considerations, the most sig-

nificant advantages of slatted floors over conventional floors are:

1,

The saving of bedding., With slatted floors no straw

was required for bedding. Tan many European countries,
the availability of straw for bedding is quite critical.

The saving of labor., Since cleaning, bedding and

brushing are mot necessary, slatted floors require
much less labor than conventional stanchion-type
barns. Slatted floors clean themselves by the move-
ment of hoofs. 1In cattle pens with slatted floors,
the manure is collected in a basin directly beneath
the floor. The manure could be handled in several
ways. It could be removed by a tractor-operated
shoveling bucket or else mixed with water and then
pumped out. In Tables I and II from Hammer (7) we
can see the saving of labor when slatted floors are
used.

The saving in building cost. The use of slatted floors

permits higher density or concentration of cattle in a

given pen. Therefore, less space is required per head.
Space requirements vary with the size of the animal and
for cattle .the following table by the Portland Cement

Association (23) gives a fairly good estimate of density.



TABLE I

LABOR REQUIREMENT TO KEEP COWS IN SLATTED FLOOR OR
CONVENTIONAL BARNS, MAN-MINUTES/COW/DAY (17

Number of Cows

Type of Housing 5 55 —5
Stanchion | 13.76 12.85 11.73
g R e

TABLE 1T

LABOR REQUIREMENTS FOR MANURE HANDLING IN CONVENTIONAL-STALL
BARNS AND THOSE WITH SLATTED FLOOR,
MAN-MINUTES/COW/DAY ( 8)

Type of Stall Number Barn Manure Total Manure
Barn of Cows Cleaning Disposal Handling
Conventional 20 2.90 0.89 3.79
Stanchion
Barn 50 2.92 0.89 3.81
Slatted Floor 20 0.53 0.75 1.28
Stall Barns
with T- 50 0.47 0.53 1.006
shaped

metal slats .




TABLE 11X

RECOMMENDED SPACE REQUIREMENTS FOR CATTLE
OF VARIOUS SIZES

Size of Animal Square

Feet

Calves under six months 10-15
Cattle six months to one year 15-25
Cattle one to two years 25-35
Mature beef cattle 30-40
Cows 35-45

The initial cost of the slatted floor is greater
than the other types of floors. However, as
Lees (2) reported, the capital cost can be re-
covered in no more than two seasons by the sav-
ing of straw alone.

The animals are clean, quiet, and thrifty. Since

the manure is kicked under by tﬁe hoofs of the
animals, the floor remains fairly clean and the
animals stay clean. It seems that the slots

keep the animals on their feet most of the time

and there is not very much movement. In some
instances beef cattle gained more weight because
they were on their feet most of the time and thus
ate more feed. Ventilation and other environmental

controls could be installed to provide more comfort.



Other important aspects of slatted floors are: The improvement for
sanitation, controlling disease, freedom from parasites, permitting
manure tc be stored and used for fertilizer, and adapting well to

labor~saving automation equipment.
Design of Slats

Several experiments have been conducted on slatted and grid floors
to test their functional values. As indicated in the previous section,
most of these investigations have - -shown quite favorable results.

Structural investigations, however, have been primarily tests on
predetermined designs of slats. 1In Norway (3), the Voss School of
Agriculture conducted structural tests on.six different cross-sections

of concrete floor slats in .1953. Two qualities of concrete with com-

présézze specifications of 2840 psi and 4260 psi were used.

Using three slats of the same quality, cross-section, and length,
tests were conducted to determine the average moments and shears dt
failure. Test loads were applied hydraulically as shown by the
schematic diagram, Figure Z. This loading condition gave uniform
shear stresses throughout approximately half of the slat length and
uniform mément stresses throughout the other half. This way bending
and shear capacities of the beam could be obtained simultaneously. Only
one of the thirty-six slats failed in shear, and the rest failed in
flexure.

From the results of these structural tests, slat designs were selec-
ted to fit the animal loadings expected on various spans. The slat cross=-
sections were chosen so that the minimum safety factor for any set of

conditions was about 1.25. On this basis, the 3.94-inch deep slats were



N—11.8" to 20.8" —7

Figure 2. Schematic load diagram
considered usable on spans up to approximately five feet. The 4.72-inch
deep slats were usable on spans up to approximately six and one-half
feet and the 5.90-inch deep slats made with the high-quality concrete
were usable on spans up to ten feet. The slats made with lower-quality
concrete and with the narrow bottoms consistently gave lower load-carrying
capacities than their test counterparts.

Based on the Norwegian tests and on current American practices with
reinforced concrete, the following method of design was recommended for
floor slats to carry cattle.

Loads: Assume individual hoof loads of one-fourth the ani-

mal weight. Assume the distance between an animal's hoofs

as 1.0 feet and the distance between adjacent animals as 2

feet. Place on the chosen span the maximum number of hoof

loads possible according to the above spacing. Arrange the

loads to give maxigum moment or shear. For moment calcula-

tions, use two superimposed hoof loads at midspan. See

Figure 2. For shear computations, use two superimposed

hoof loads at the support. See Figure 3. The weight of

the slat may be considered as uniformly distributed load.
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Figure 4. Loading for shear
Stresses: Stresses as allowed in ACI 318-63, "Build-
ing Code Requirements for Reinforced Concrete,' are

recommended.

Calculations: Determine unit shear by the formula

Figure 5. Slat cross=~section

10
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v
V= '53'51' (2-1)
where,

v = Unit shear, LbF/Sq.In.
.V = Total shear, LbF.

o . b +b
b = Average width = —1—5——2’ n.
d = Depth, In.

j.= Ratio of distance between centroid of compression
and centroid of tension to the depth, d.

To determine the cross-sectional area bd, use the above
unit shear formula and the maximum allowable unit shear
and a calculated total shear at the support as in Figure

4, The value of j could be calculated using the follow-

ing formulas (25).

j=l--13gandk=;1£|_; (2-2)
where, |
n = Ratio of modulus éf elaSticit& of steel to concrete
r = Ratio of allqw;ble tensile stress for steel, fs, to
compressive stréss;iniextreme fiBéfévfc |
from
M= %—fei jkbd? (2-3)
where,
Moo= Maximﬁﬁ benaing moment, LbF.ft., as in the hiddle of
span in Figure 3.
fc ; compressive étress>in;extreme3fiber;;LbF/Sq,In.

bd2 could be calculated.



Then using a suitable value for b, d could be computed
for both bd and bd2.

Size of main reinforcement rod could be determined from

’Ms = Asfs jd ’ (2-4)
where,
MS = Bending moment for steel which is the same as-MO,
LbF-ft.
As = Cross~sectional area for tension reinforcement, Sq.In.
fS = Allowable tensile stress for steel, LbF/Sq.In.

Table 1V shows a standard design for factory-produced floor slats
which was prepared jointly by the University of Norway Institute of
Building Construction and the Norwegian Cement Association.in 1958 (3).

TABLE IV

- STANDARD DESIGN FOR. FACTORY-PRODUCED. FLOOR.SLATS

Maximum slat length, (ft.)

5.4 7.2 10.8

Main reinforcement
diameter, (In.) 0.51 0.51 0.63
Depth (In.) ‘ 3.54 4.72 5.90
Top Width (In,) 5.90 5.90 5.90
Bottom Width (In.) 4.14 3.54 2.95

Concrete Quality: 4,260 psi in 20 cm. Cube Test
A similar design specifications put out by the Portland Cement
Association (23) in the United States is shown on Table V on the following

page. Figure 6 shows a cross-section of the slats.
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Flat or
Slight Crown
not to Exceed %"

Bar

Bar A.

Figure 6. Slat cross-section
TABLE V

DESIGN SPECIFICATIONS OF SLATS FOR CATTLE

Dimensions Bar Size
Clear Span D W X A : B
6'-0" 6" 6" 1 1/2" No. 5 (5/8™) No. 3 (3/8")
8'-o" 6" 6" 1 1/2" No. 6 (3/4™) No. 3 (3/8")
10'-0" 7 1/2n 6" 1 1/2¢ No. 6 (3/4") No. 3 (3/8")
12'-Of 7 1/2m 6" 1 1/2" No. 7 (7/8") No. 3 (3/8")

Grids and Gridded.:Floors

So far the discussion in this chapter has dealt with slats. How~
ever, the use of concrete grids as floor components is becoming popular.
In a concrete grid floor the transverse bars provide complete continuity
of all the longitudinal bars that make up the grid. A picture of a 5;
bar gridwork is shown on Figure 9. For the same bar and slat cross-
section, width of slot, and area of floor, grid floors can carry more

load than . a series of individual slats.
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Professor G. L. Nelson of the Department of Agricultural Engineer-
ing at Oklahoma State University has conducted a preliminary test on
"caged cattle feedlot pen system' (unpublished progress report - OAES
Project 1208, July 31, 1965), using concrete grid floor system. The
primary objectives of the test were to identify guidelines and any
problems (cattle health, feeding, management) that might arise and
need to be taken into account in subsequent, more definitive experiments
with cattle confined closely on a gridded floor.

The specific objectives were:

I To evaluate growth rate and feed conversion,

2. To identify any adverse effect of the cage system on the cattle.

3. To evaluate frequency of principal activities of the cattle

(eating, drinking, standing, lying) and obtain data for sub-

sequent design of cattle cages,

4, To evaluate cattle preferences for floor grid configuration
(grid slat width, slot width),

5. To evaluate the effectiveness of waste transfer through the
floor grids, and rate of waste accumulation in underfloor
collection tanks,

In this preliminary test 10 steers were housed in a pen, Figure 7,
enclosing an area of 16,94 ft, by 16,77 ft., The cattle were confined
by a cable fence on steel angle posts, The cage was sheltered by a
plywood roof 24 ft, by 32 ft,; and by partial walls on the north and
west sides for a windbreak, Waste was collected by two concrete tanks,
Figure 8, each approximately 7 ft. 4 in. by 17 ft, 8 in. Feed was
offered free choice in 4 self-feeders, each with a 24 inch feeding space,
A feeder and a water cup, Figure 12, were located in each corner of the
cage.

Figures 9, 10, and 11 show the typical floor before occupation by

cattle and conditions of the floor and animals after occupation.
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Figure 7. General View at Shelter Roof and
Cage. Cage was ccompletely floored
with reinforced concrete precast
grids.
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Figure 8, TWaste collection Figure 9. Typical grid
'tankB. flOOI‘ .
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Figure 10, General floor and Figure 11, Typical hind-
animal appearance. quarter appearance

Figure 12, Corner self=-feeder
installation.



CHAPTER III
THE STUDY

A model study was proposed because the use of prototype grids with
the cattle moving around presents considerable difficulties in . observa-
tion. A model study also reduces the cost of construction and assembly,

and it provides a saving of time and money.
Objectives

The objectives of the study were as follows:

1. Determine the model requirements for investigating bending
stresses in a floor grid for beef cattle.

2. Develop an experimental bending stress equation that could
be used for the design of floor grids.

The factors that were thought to affect the bending stresses. were

those physical quantities that characterize:

1. The grid configuration and mechanical properties of mater-
ials, E and G.

2. The animal configuration and its weight.

3. The arrangement of the animals with respect to an individ-

ual grid.

17
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. Pertinent Quantities

In order to apply the concept of dimensional analysis, the first
step is to:list ;11 of the physical quantities that are thought to
~affect the problem under study.

.The quantities that affect the bending stresses on floor grids

-subjected to live loads of beef cattle are listed on Table VI.

— L Lol

C ] I ] — 1

C ] [ ] — ] D
C 1 r 1 rC ]

Figure 13, Grid Configuration with
-Constant Cross-section

The grids will be placed side by side separated by a distance equal
-to the width of the slots in.a grid and each grid will be supported at
both ends. . Figures 14 and 15show the arrangement of the grids to form

.a floor.
.Discussion.of Pertinent Quantities

b, the length of a bar, and L, the length-of the grid have a direct

relationship with the bending moment of the grid.



- No. - Symbol
1. b
2. L
3. D
4, n
5. CEI-
6. GJ
7. M
8. 4
9. Q
10, o

11. 8
12. ‘A

.13. 2%
14. wl
15. Wy
16.

TABLE VI

"PERTINENT QUANTITIES

Description

Bar Length

‘Effective Grid Length

Grid Width

‘Number of Bars

Stiffness Index for
Bending for One Bar

. Stiffness: Index for

Torsion for One Bar

Bending Moment at
Mid. Span of Middle Bar

‘Weight of Steer
‘Weight Ratio

-Length From.Noée to

Front Legs

Length Ffom,Front-Legs

-to Hind Legs

Over all length-of

Steer

.Distance Between Front

Hoofs, Center to Center

-Width at Hips

Width at the Middle

Width at Shoulders

"LbBF+Sq

Units

In»
Iin.

In,

LbF-Sq.

LBFFt.

‘LbF

In,

1In.

In.

In.

In.
In.

In.

In.

.In.

.19

Dimensional

Symbol

L

-FL

FL

FL
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D, the width of thé grid, has a direct relationship with the stiff-
ness of the grid for bending as well as torsion.

n, the number of bars,éffects the width, d, of the grid.

.EI, is the stiffness index for bending for one bar.

GJ, is the stiffness index for torsion for one bar.

.EI and GJ were considered pertinent because the bending and torsion~
al stresses are functions of EI and GJ respectively. The grids used in
this study are statically indeterminate with a large number of redun-
dants. This makes it very involved to determine the bending stresses
analytically.

M, the bending moment, is the dependent variable that is to be
evaluated.

. P, is the ﬁeight to be applied by a steer.

Q, is the ratio of the weight applied through the front legs to the
weight applied through the hind legs.

o, B"x’-wl’ Wy> Wy are the body-configuration quantities pertain-

ing to the animal. .See Figure 16,

e
Side View Top View

Figure 16}, Animal Configuration
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These values would influence the configuration and arrangement of the
animals in the pen.

Y, is the distance between the front hoofs of the animal. This
value will determine the number and positioning of the front hoofs along

_the length of the grid.
Formation of PI. Terms

There were 16 quantities which were described in two basic dimen-
sions. According to Buckingham PI Theorem (15), the number of dimen-
sionless and independent parameters required to express a relationship
among the variables in any phenomenon is equal to the number of quantities.
involved, minus the number of basic dimensions in which those quantities
may be measured. Hence, in this study there are several combinations of
14 dimensionless and independent parameters.

The 14 parameters that are most convenient to uée in the experiment

design and analysis of this study are:

m o= b/L me = al\ Ty < Q

m, = D/L m, = B/xn My = PLZ/EI
My = v/L Mg = wl/k : T3 =.EI/GJ
M, = W3/1, My = wy/w, m, = ML/ET
M5 = 0 Mo = w3/w,

Hence, the bending stress parameter expressed as a function of the

other - PI terms will give the general prediction equation

,TT14 = f (TTl, TTZ, ﬂ3’ ﬂ'4; ﬂs, TT6’ TT.], TT8’ ﬂgx TT].O’ nll’ TT]_Z’ ﬂ13) 3-1)
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Assumptions and Limitations

Because of the unavailability of information concerning the relation-
ship of weight of a beef animal to its body configuratioms, the following
assumptions listed on Table VII were made:

TABLE VII

RELATIONSHIP OF WIDTH AT SHOULDERS AND DISTANCE
BETWEEN HOOFS TO WEIGHT OF STEER

Weight Width Distance
of at Between
Steer Shoulders Hoofs
600 1b. 18 in. 10 in.
800 1b. 20 in. 10 in.
1000 1b. 22 in. 12 in.
1200 1b. 24 in. 12 in.

The only such information available is reported by Broedy (2) in
which the width at the hips of dairy cattle increases by approximately
2 inches for each 200 1lbs. of gain in weight.

Since there was not enough time to study all of the possibilities
of arrangements of cattle in a pen, only one arrangement was taken.
This arrangement, where the steers are lined up shoulder to shoulder
facing in alternating directions, was thcught to produce the highest
possible longitudinal loading. . In this case all of the bars along only
one free longitudinal side will be loaded. This system of lcading is
expected to exert the most severe possible condition of bending stresses

in the grid floors.



Experimental Design

To evaluate the function f, would require holding all the independ-

ent PI terms except one constant, and varying that onme to establish a
relationship between it and the dependent PI term in turn, and the re-
sulting relationships between the dependent PI terms and the other in-
dividual PI terms combined to give a general relationship. Since this
method of study could be rather involved, it was reduced to manageable
proﬁortions; To do this, experiments were conducted at selected values

of the independent PI terms to correspond to typical prototype conditions.

The dependent PI term is the bending moment parameter, Tr = ML/EIL.

14

This. parameter was evaluated in each experiment as.a function of one of
t he independent variables.

T, = b/L, the bar length parameter, was evaluated for each model

1

grid. However, since there was no bar length variation within a grid
and since it was secondary to the grid length parameter, D/L, it was
deleted from the design of experiments.

1, = D/L is the grid length parameter. T, was evaluated for a

2

.constant value of D = 6 1/8 in. and effective lengths of 16 in., 19%in.,
~and 22 in,

m, = v/L is the load spacing parameter. Because of lack of

3
pertinent information concerning the relationship of weight to body
configurations of an animal, values of y were assumed as 10.0 inches
for the 600 LB and 800 LB weight classes and 12.0 inches for the 1000 LB
and 1200 LB weight classes.

ﬂa = ub/L is the parameter determining the number of animals that

can be placed on a grid according to the specification mentioned on the



25

last paragraph of page 24, For the same reasons mentioned above, values

of w

, were assumed as 18,0 inches, 20,0 inches, 22,0 inches, and 24,0

inches corresponding to weight classes of 600 Lb, 800 Lb, 1000 Lb, and
1200 Lb, respectively,
o 2 T - ] 2

Ty = PL"/EI, the load parameter, was evaluated for each grid by
varying the load, P, The value of EI was constant for the model and the
prototype, For load, four prototype animal weights were selected, The
prototype values of P were: 600 Lb, 800 Lb, 1000 Ib, and 1200 Ib,
These loads were reduced to the corresponding model loads by the follow-

-ing dimensionless relationship.

2 2
PL PL
E‘f) y <E’f > (3-2)
m P

p1? PPL2P
®D_ (D (3-3)
p
LY [(ED)
_[oe m ;
P T (:(El)p ks (3-4)

In the calculation of EQ. (3-4), values of (EI)m = 1064 ,831.bF-Sq,1In,
and (EI)p =-46,908,000 IbF-Sq,.In. were used,
The animal configuration parameters T = al/X, m, = 8/hs Mg = wl/xg

i = w3/w2 were found to be constants at values of 1. =

)

= 0.8444, and Mo = 0.8134, The

9 = wy/wys My

0.3906, m, = 0,5680, 7, = 0.2863, 1

7 8 9

animal front weight to hind weight ratio-parameter m

i

was constant
11 Q

at 1,2502, These values were calculated from measurements of leungth,

width, and weight of 10 steers according to Figure 16, From the
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dimensions tabulated on Appendix A, each parameter was evaluated for each
"animal and then an average of 10 such values was computed for each inde-

pendent PI terﬁ.

ﬂs =1 is the bar-number parameter taken along the transverse line
of the grid. My = 4,
M3 = EI/GJ, the stiffness parameter was evaluated for the prototype

grid, The stiffness index for bending, EI, and the stiffness index for
torsion, GJ, were evaluated for a reinforced medium-strength concrete

of a typical trapezoidal cross-section, The prototype section dimensions
‘were: top width of 5 inches, bottom width of 3. inches, and depth of 3.5
inches, Reinforcement rods of 3/4 inches in the bottom and 3/8 inches

in the top were used. The sfiffness index for bending was 46,908,000
LbFeSq.In., The approximate stiffness index for torsion was 47,718,720

ILbFsSq.In, Therefore the value of m ., = 0,9830,

13
The constant parameters are listed on Table VIII. Table IX shows

the schedule of experiments that were conducted in this study.
Slnce.ﬂi.was deleted,-andmns,_n6, M5 Tgs Tgs Mgy Tyy» and T3

-were held constant throughout the experiments, the prediction equa-~

tion reduces 'to:

Mg = £y Ty, M, M) (3-3)



TABLE VIII

VALUES AT WHICH SOME INDEPENDENT PARAMETERS WERE HELD CONSTANT

M5 = Te — % 7 TN Mg =% Mg w, 10 ®, 11 T3 T G
0.3906 0.5680 0.2863 0.8444 0.8134 1.2502 0.9830

£z



: TABLE IX

SCHEDULE OF EXPERIMENTS

28

Exp. M _D v ) _p’
No. M4 = EI M =1 M3 71 " =1 M2 T EI
1 Measure 0.2812 0.0524

0.1562
2 Measure 0.3125 0.0699
0.3828
3 Measure 0.3438 0.0873
0.1875
4 Measure 0.3750 0.1048
5 Measure 0.2368 0.0739
0.1315
6 Measure 0.2632 0.0985
0.3224
7 Measure 0,2895 0.1232
0.1579
8 Measure 0.3158 0.1478
9 Measure 0.2045 0.0990
0.1136
10 Measure 0.2273 0.1321
0.2784
11 Measure 0.2500 0.1651
0.1364
12 Measure 0.2727 0.1981




- CHAPTER IV
. EXPERIMENTAL EQUIPMENT
Model Grids

-Three model grids were constructed out of 0,10 in. thick aluminum
sheet metal. Rectangular plates were cut first with the exact width and
length dimensions. In each grid, slots of 3/8" were cut out by a milling
machine, A steel file was used to finish rough edges. Every grid had a
constant bar cross~-section 1%" wide by 0.10" deep. Variation in grids
was obtained by using three different lengths of 18 in., 21in,, arnd 24 in,.
Allowing an inch on both enas for support, the effective length for each
grid was 16 in., 19 in., and 22 in., respectively. A dimension sketch of

each grid is. presented in Figures 17, 18, and 19.
Strain .Gage Assembly

SR-4 strain . gages were mounted on both faces of each middle bar. The
gages were of Baldwin-Lima-Hamilton, Type. FAP-25-12, gage factor of 2.04
+ 1%, and gage resistance of 120.0 + 0.5 ohms.

Strain was measured by a Baldwin strain gage indicator calibrated in
micro~-inches per inch of length. Since it was required to read the
strain. from more than one strain-gage at any one time, a switching and
balancing unit was connected to the strain .indicating device. A picture
of the strain indicator with the switching and balancing unit is shown on

Figure 22,

29
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Weights

A toledo laboratory computagram balancing scale calibrated to 0.01
of a pound wéight was used to measure the equivalent model weights. Fine
sand was used for weight components. An animal weight component exerted
through one front hoof was represented by the combined weight of a one-
pint can, a strong nylon string, and a fish hook. Each load was applied
by hanging the combined weight from the grid. The fish hooks were blunted
slightly so they would not make a dent in the aluminum grid thus caus-
ing variation in the cross-section of the bar. The fish hooks were used

to simulate point leading.
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Figure 20, View of milling machine cutting
out slots in a model grid.

Figure 21. Typical model grid wih strain
gages and lead wires.
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Figure 22, Bridge balancing unit and strain indicator
used for measuring strain in model grids,



CHAPTER'V
ANALYTICAL PROCEDURE

Determination of Stiffness Indéx For

Bending in. Prototype

'The moment of inertia for bending was determined on a trapezoidal
cross~section of medium strength reinforced concrete. For dimensions

of the cross-section and size of reinforcement bars see Figure 23 below.

Ay
‘ a |=5"
3
3/8" 1.0"
ASE 4 - - 1
" |1C.G.
h = 3.5" T u
3/4 v
Asb @ ) -80" *
/1-' 1.25"
_{_L_,, X

Figure 23. Prototype Cross-section

Moment of Inertia

Ac = Area of concrete cross-section ;

'Ast

Area of cross-section.of top rod

:Asb' Area of cross-section of bottom rod

n = Ratio of modulus of elasticity of steel (Es) to that of medium

strength concrete (EC)

36



Center of gravity,'§

—

C

E(Za + b) _ 3.5(10 +3

3\a +b) ~ 3 5+-3>=1'901n'

~h =33 -
AC = 2(a +b) = > (5 +3) = 14.0 Sq.1In.

Ast

=1
i

<
f

=
f

For medium

sb

1]

0.1105 Sq.In.

_1[3)°
“u\g) "

= 0.4420 Sq.In.

!
=
TN
W
\.‘/
N
3

(AC)@C) + (A ) (n-1) (h-1.0) + (A_ ) (n-1)(1.25)

A+ (A @D) + () @-1)

14.0 x 1.90 + 0.1105(9-1)(2.5) + 0.4420(9-1)(1.25)

14.0 + (0.1105)(9-1) + 0.4420(9-1)

1.80 In,
_B>(a’ +4ab +b2)
36 (a + )

_ G L)Y+ W G)G) + 3]
36 (5 +3)

13.993 In;.4

= =2 T 2 by 2
: T -Y - .5-1.0-¥ (n- Y-1.
I. +AC(YC Y) +,Ast(n 1)(3.5-1.0-¥) +Asb(n 1) (Y-1.25)

13.993 + 14.0(0.10)% + 0.1105(8)(0.70)% + 0.4420(8) (0.55)°

= 15.636 In.4

o

Lb/cu. ft. (11).

E =3.0x 106 psi

Therefore,

37

strength concrete — compressive strength of 3000 psi and 140
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EI = (3.0 x 10%)(15.636)

Il

L}

EI = 46,908,000 LbF-Sq.In.

Determination of Stiffness Index For

Torsion in Prototype

The analysis of shearing stress distribution in non-circular cross-
sections of bars under torsion is complex. Through analytical evidence
and many experiments, it has been found that in non-circular sections
the shearing unit stresses are not proportional to their distances from
the axis. Some knowledge of the location of maximum and minimum shearing
stresses in non-circular sections may be obtained from the application of
the membrane analogy (21). The membrane analogy is derived from the ob-
servation that the differential equation of the deflection of a membrane
has the same form as the theoretical equation (from the theory of elas-
ticity) for the shearing stresses in any uniform rod subjected to twist-
ing moments. Therefore, the use of the polar moment of inertia in a
trapezoidal cross-section provides only an approximation of the stiff-
ness index for torsion.

The polar moment of inertia was determined on the same trapezoidal
cross-section without reinforcement. Tensile reinforcement, used in the
construction of prototype grids, would only have a slight effect in re-
ducing torsional stresses. Hence, the effect of reinforcement in the
computation of polar moment of inertia will be neglected.

Divide the trapezoid into one rectangle and two congruent triangles.

Polar Moment of Inertia

R e
by "8y =TT

= 1.75 Sq.In.
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Figure 24. Prototype Cross-section

-A2<=’3,5 x 3 =10.5 Sq.1In.

Static moment of the three. areas

2(1.75)»x’§(3°5),=v8;17 In.>

10.5 % 3§§a= 18.4 1n.>

Center of gravity = §‘l%ziﬁl§4£.= 1.90 In.

Moment of inertia of rectangle about center“of gravity

3
=223 4 10.5(1.75-1.9)

Xcr

I 10.7 +0.236 = 100936‘In..4

. XCr

Moment of inertia of rectangle about axis of symmetry

<3
= 3.5 x (3)" _ 7.875 In;4

yr 12

Moment of inertia of both triangles: about center of gravity

3
Ter =2 [}‘§§é§‘§l~‘+ (1-75)(2,33-1290)3}

39
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I =2 (1.191 + 0.324) =3.030 In.”
Xxct

Moment of inertia of both triangles about axis:of symmetry

3
2 {%giggiil-q-(1.75)(1.s + 0.33)%}

-
[

2(0.972 4 5.86) = 13.664 In.”

R
]

J=TI_ _+I +I__+1I (5-1)

J =10.936 + 7.875 +.3.030 + 13.664

J = 35.505 Tn.”

" For the same strength and weight of concrete the modulus of rigidity is

E

I G2

For concrete, values of W could be assumed from 0.10 to 0.15

Taking i = 0,125

- ‘3.0_x 106
T 2(1 +0.125)

G

GI=‘1.344'x1106 Psi

i

Stiffness index for torsion, GJ

GJ

(1.344 x 10°)(35.505)

GJ = 47,718,720 1bF-Sq.In.



CHAPTER VI
. EXPERIMENTAIL PROCEDURE

It was explained in Chapter III that the weight of an animal was
2,2 ,
i = (L° /L
reduced to the model size by the formula P (Np/Mm) [(EI)m/(EI)p](Pp).
To use this relationship, it was necessary to compute the stiffness in-
dex for bending for the material from which the model grids were con-

structed.

Determination of Stiffness Index

For Bending in Model

Two groups of three strips 1.0 inches, 1.25 inches and 1.5 -inches
wide and 6.0 inches, 10.0 inches, and 18.0 inches long respectively were
cut from the actual experimental 0,10 inches thick aluminum plate. . The
samples were tested for E, modulus of elasticity, using two methods.

A. Simply Supported Beam

1. Two SR-4 strain gages were mounted at the center of both
sides of each strip and lead wires were soldered to each
terminal of a strain gage. Temperature compensation. and
double strain reading were achieved by the use of strain
gages on both sides.

2. Each strip was simply supported by mounting on rigidly

anchored steel supports.

41
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7 The lead wires were hooked to the active and compensating

terminals of a strain recorder.

Three loads of 1 ILbF, 2 LbF, and 3 LbF were applied at mid
span.

The strain was read and recorded in micro=inches per inch
of length.

The stiffness index was computed from the following equation

BI - o5 | (6-1)
where,
P = load applied at mid span, LBF
L = length of strip, In.
d = depth or thickness of strip, In.
¢ = strain, micro-inches per inch of length

The modulus of elasticity was calculated for each strip by
dividing the EI value by the corresponding moment of in~

ertia, I.

Cantilevered Beam

’1.

Each strip was fixed on one end to a rigidly anchored steel
beam .

Loads of 1 LbF, 2 LbF, and 3 LbF were applied at the free end
of a bar and the deflections were measured at the point where
the load was applied. An Ames dial indicator was used to
measure the deflections.

The stiffness index was computed from the following equation.

3
6

|

ET = (6-2)

W
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where,
P = load applied at free end, LbF
L= 1ength of strip from fixed end to point of load
application; In,
§ = deflection at' point of load application, In,

4, The modulus of elasticity was calculated for each strip by
dividing the EI value by the corresponding moment of inertia,
I.
Finally, taking the average E from the sum of the values of E from both
methods, the stiffness index was determined for a 1,25" x 0.10" cross-
section that was used in the main model grid experiment. The resulting

value of EI was 1064 .83 LbF+Sq.In.

Determination of Animal Body Configuration and
-Weight Ratio of Load Carried by

Front Legs to Hind Legs

A flat platform scale was used to measure the weight of the animal,
The scale was fenced-in -and had only one gate, The area around the scale
platform was of the same level as the scale platform so that the animal
would not sense any difference in elevation. The first weight was
taken with the animal's front legs only resting on the scale platform
and the second weight was taken with its hind legs only resting on the
'scale platform. Then the total weight was taken.

The linear dimensions were measured by a tape measure for lengths,
such as o, P, and A and a simple caliper was used for width, such as w, s

Wy > and Wy
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The values for the weights and linear dimensions are tabulated in

Appendix A,

Determination of Strain in

Model Grids

Load spacings were marked on both of the free longitudinal
edges, Spacing was governed by the distance between the
front hoofs, v, and the width at the shoulders of the animal,

Wy The distance, D', between the adjacent hoofs of two animals

W =Y Wa =Y
o (F)(F),

One strain gage was mounted on each of the four middle bars,

A and B was:

Each strain gage was placed on the bar centered transversely

and longitudinaly. For a symmetrically lcaded bar, it was ex-

-pected that the maximum bending moment will occur in the middle

of the bar,

Lead wires were soldered to each strain gage,

The grids were then mounted one at a time on rigidly anchored
beam supports, The grids were simply supported on both ends,

Since the original model weights were too small to obtain an

-appreciable readiing :on the strain recorder, a load to strain

relationship was establiéhed by loading .each grid by seven
loads of 1.0 LbF, 2.0 LbF, 3.0 LbF, 4.0 LbF, 5.0 LbF, 6.0 LbF,
and 7,0 LbF, Five replications were taken for every load
applied on a grid.

The equivalent model weight for one hoof was determined by

using a ratio of 1% to 1 of load carried by the frount legs to
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that carried by the hind legs. Table XIII shows the  equivalent

"~ loads,
TABLE X
EQUIVALENT LOADS IN LbF
Prototype Weight Model Weight Load Exerted
of Animal of Animal By One Front Hoof
600 0.2182 0.0606
800 0.2909 0.0808
1000 0.3636 0.1010
1200 0.4364 0.1212

“An equivalent hoof weight was represented by the combined weight
of a one-pint can, fine sand used as weight components, a strong
nylon string used for hanging the load from the grid-bar and
lightweight fish-hook for applying the weight as point load

on the middle of a bar. A toledo laboratory computagram
balancing scale was used to measure the weight, The scale was
calibrated to 0.01 of a pound weight.

According to the load spacing specificatioms, each class of

load was applied on every grid., First, one free longitudinal
edge was loaded, This was designated as Zone AA. Five repli-
cations were taken on-Zone AA, The same load was then applied
on .the other free longitudinal edge of the same face, This edge
‘was labeled Zone BB and five replications were taken on it.
Starting from Zome AA, each strain gage was labeled Station No.
1, Station No, 2, Station No. 3, and Station No. 4.  The

designation of the stations remained the same when the load
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was applied on Zone BB. Figure 25 shows the position of the
strain gages labeled as stations and Zones AA and BB,

A replication consisted of (1) balancing the strain indicator
on-1000, (2) applying the load on the grid, (3) recording the

strain under load, and (4) removing the load.
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Figure 25. Designation of lLoading Zones and Strain Gage Stations
For A Typical Model Grid
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CHAPTER VII
ANALYSIS OF DATA
Calculation of the Bending Moment

Using the.observed strain readings obtained from the experiments,
the corresponding bending moments were calculated for the model grids,
The calculations were performed by an IBM 7040 computer using Fortran
IV Language.

The flexural equation

. M
o= . (7-1)
where,
(0 = normal stress in LbF/Sq.In. at a distance y from the
neutral surface and on a transverse plane
M = resisting moment of the section in LbF .In,
I = centroidal moment of inertia in In,

and the equation of Young's Modulus of Elasticity

g=0 (7-2)
€
‘where,
E = Young's Modulus of Elasticity in LbF/Sq.In.

€ strain in micro-inches per inch of- length

combine to give the equation

_e(ET) _
M= =5 (7-3)

Equation (7-3) was used in the calculation of the bending moments

for the model grids. The EI value for the model was 1064.83 LBF +Sq.1In.
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To calculate the corresponding bending moments in the prototype

L4l

grids, the following model-to-prototype relationship was used:
ML) _ (ML -
<E1>m ' <EI> p (7-4)

Mp = 5 emh M (7-5)

The values for the strain.and bending moments are tabulated in

Appendix B,

Calculation ofvn14

The values of 1 = ML/EI were calculated for the bending moment

14

. of each replication. These values along with'corresponding values of

nz, ﬂ3, n4, and n12 are indicated on Tables XI, XII, and XIII. A value

in a replication is an.average of Zone AA and Zone BB.
Development of the Prediction Equation

Using the average of five replications. for each station, values

.of m,, were plotted against the corresponding values of T the- load

14 12°

parameter. Thernatural logaritbhm of the reciprocal values of these
PI terms plotted as straight lines for each grid as shown on Figures
.26, 27, 28, and 29, The straight lines.in these graphs are Tinear

reéression lines of the form Ln(l/ﬁ14)7= In(1/A) +-b~Ln(1/n12) with

Ln(1/A) as the intercept and b as the slope. A is the value of"rr14 at

the intercept for-'rr12 = 1,0. The linear regression analysis was based

on the method of least squares,
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PARAMETER COMBINATIONS FOR GRID NO, 1

TABLE XI

ML* -

Exp. Load _D =Y - fg L M, = =
Yo. inlbF 2T ™TL WL T TE ReP 1 E
Sta. No. 1 Sta. No. 2 Sta. No. 3 Sta. No. &

1 0.0047 0.0035 0.0032 0.0030

2 0.0047 0.0035 0.0032 0.0031

1 0.0606 0.3828 0.1562 0.2812 0.0524 3 0.0047. 0.0035 0.0032 0.0031

4 0.0047 0.0035 0.0031 0.0031

5 0.0047 0.0035 0.0031 " 0.0030

1 0.0055 0.0041 0.0037 0.0036

2 0.0054 0.0040. 0.0036 0.0035

2 0.0808 0.3828 0.1562 0.3125 0.0699 3 0.0054 0.0041 0.0037 0.0035

4 0.0054 0.0041 0.0036- 0.0035

5 0.0054 0.0041 0.0037 0.0035

1 0.0063 0.0047 0.0042 0.0040

: 2 0.0063 0.0047 0.0042 0.0040

-3 0.1010 0.3828 '0.1875 0.3438 0,0873 3 0,0063 0.0047 0.0042 0,0040

4 0.0063 0.0047 0.0042 0.0041

5 0.0062 0.0047 0.0042 0.0040

1 0.0068 0.0051 0.0046 0.0045

2 0.0068 0.0051 0.0046 0.0045

4 0.1212 0.3828 0.1875 0.3750 0.1048 3 0.0068 0.0051 0.0046 - 0.0044

' 4 0.0069 0.0051 0.0046 0.0044

5 0.0069 '0.0051 0.0046 0.0044

*This value of 7

14

is an average of Zome AA and Zone BB.
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PARAMETER COMBINATIONS FOR GRID NO. 2

TABLE XII

14

Exp Load D XY Y3 PLz T, = ML
‘No. dmibF T2 T T3 7L T4 ST T2 TEr  Rep 1% B v
Sta., No. 1 Sta. No. 2 Sta., No. 3 -Sta., No. &
1 0.0072 0.0056 0.0052 0.0050
' , T2 0.0072 0.0056 0.0051 0.,0050
1 0.0606 0.3224 0.1315 0.2368 0.0739 3 0.0072 0.0056 0.0051 0.0050
4 0.0072 0.0056 0.0052 0.0050
5 0.0072 0.0056 0.0052 0,0050
1 0.0084 0.0066 0.0061 0.0059
2 0.0085 0.0068 0.0061 0.0059
2 0.0808 0.3224 .0.1315 0.2632 0.0985 3 0.0085 0.0066 0.0061 0.0059
4 0.0085 0.0066 0.0061 0.0058
5 0,0085 0.0066 0.0061 0,0059
1 0.0101 0.0078 0.0072 0.0070
: 2 0.0100 0.0078 0.0072 0.0070
3 0.1010 0.3224 0.1579  0.2895 0.1231 3 0.0100 0.0078 0.0072 0.0070
4 0,0100 0.0078 0.0072 0.0070
5 0.0100 0.0078 0.0071 0.0069
1 0.0107 0.0082 0.0076 0.0073
: : _ -2 0.0106 0.0083 0.0076 0.0073
4. 0.1212 0.3224 0.1579 0.3158 0.1478 3 0,0107 0,0082 0.0076 0.0074
' : 4 0.0106 0.0082 0.0076 0.0073
5 0.0107 0.0082 0.0076 0.0074
*This value of 1,, is an average of Zone AA and Zone BB.
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TABLE XIII

PARAMETER COMBINATIONS FOR GRID NO, 3

Exp. Load D _ o w3 PL m,, = ML*
No. mir ML M WD " T Rep. 14 B

Sta. No. 1 Sta. No. 2 Sta. No. 3 Sta. No. 4

1 0.0112 0.0086 0.0080 0.0080

2 0.0112 0.0085 0.0080 . 0.0080

1 0.0606 0.2784 0.1136 0.2045 0.0990 3 0.0112 0.0085 0.0080 0.0081

4 0.0111 0.0086 0.0081 " 0.0081

5 0.0111 0.0085 0.0080 0.0081

1 0.0129 0.0102 0.0096 0.0095

: 2 © 0.0130 0.0102 0.0096 0.0096

2 0.0808 '0.2784 0.1136 0.2273 0.1321 3 0.0129 . 0.0101 0.0095 0.0095

4 0.0129 0.0101 0.0096 0.0095

5 0.0130" 0.0102 0.0096 0.0095

1 0.0150 0.0118 0.0110 0.0108"

: : 2 0.0150 -0.0118 0.0111 0.0108

3 0.1010 0.2784 0.1364 0.2500 0.1651 3 0.0151 0.0118 0.0111 ~.0.0108 -
4 0.0151 0.0118 0.0110 0.0108..-

5 0.0151 0.0117 0.0111 0.0108 .

1 0.0163 0.0130 0.0122 0.0118

2 0.0164 0.0130 0.0122 0.0120

4 0.1212 0.2784 0.1364 0.2727 0.1981 3 0.0164 0.0130 0.0123 0.0120

4 0.0164 0.0130 - 0.0122 0.0119

5 0.0163 0.0129 0.0121

0.0119

*This value of 1

14

is an average of Zone AA and Zone BB.
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L@(I/HIA) = Ln(EL/ML)

5.5

5.0

4.5

4.0

3.5

3.0

|
Legend Linear Regression Equation
Grid No. 1 Lm(ilnM) = 3,7479 + 0.5482 Ln(l/ﬂlz)
— Grid No. 2 Ln(l/ﬂlﬁ) = 3.,3829 + 0.5900 Ln(l/ﬂlz)
Grid No, 3 Ln(l/ﬂ14> = 3.2003 + 0.5610 Ln(l/ﬂlz)
l I I I l I
1.4 1.6 2,0 2.2 2.4 2.6 3.0
. 2
Ln(l/ﬂlz) = Ln(EL/PL")
Figure 26, Plot of Bending Moment Parameter Versus

Load Parameter for Station No. 1
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L.n(l/ﬂm) = Ln(EI/ML)

6-0 I
5.5 |~
5.0 [
4,5 —
Legend ‘Linear Regression Equation
4,0 |- Grid No. 1 Ln(l/ﬂ14)-= 4,0270 + 0.5515 Ln(l/ﬂlz)
Grid No., 2 Ln(l/ﬂ14) = 3,6842 + 0.5741 Ln(l/ﬂlz)
Grid No., 3 Ln(l/ﬂ14) = 3,3626 + 0,6020 Ln(l/ﬂlz)
3.5 1 1 [ l I | I 1
1.4 1.6 1.8 2,0 2.2 2.4 2.6 2.8 3.0

Ln(l/ﬂlz) = Ln(EI/PLz)

Figure 27, Plot of Bending Moment Parameter Versus

Load Parameter for Station No. 2.
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Ln(l/ﬂ14).= Ln(ET/ML)

6.0

5.5

5.0

4,5

4,0

3.5

B .
"Legend Linear Regression Equation
- Grid No, 1 Ln(l/”14) = 4,1803 + 0.5316 Ln(l/ﬂlz)
® Grid No, 2 Ln(l/ﬂlé) = 3,7696 + 0.5703 Ln(l/ﬂlz)
B Grid No. 3 Ln(l/ﬂlé) = 3.4033 + 0.6147 Ln(l/ﬂlz)
| l | I l l ! |
1.4 1.6 1.8 2.0 2,2 2.4 2,6 2.8 3.0
2
Ln(1/my,) = Ln(EI/PL")
Figure 28, Plot of Bending Moment Parameter Versus

Load Parameter for Station No. 3
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Ln(l/TrM) = Ln(EI/ML)

6.0 —

Ln(1/m),) = Ln(s1/PL%)

Figure 29, Plot of Bending Moment Parameter Versus

Load Parameter for Station No. 4.

5.5
5.0— ®
4,5
Legend Linear Regression Equation
4.0 Grid No. 1 Ln(l/ﬂ14) =4,2778 + 0.5113 Ln(l/ﬂlz)
Grid No, 2 ”Ln(l/ﬂ14) = 3.7990 + 0.5730 Ln(l/nlz)
Grid No., 3 Ln(l/n14) = 3,5282 + 0.5568 Ln(l/ﬂlz)
3.5 | 1 | | | | 1 |
1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

oG
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The slopes pertaining to each grid were pooled by taking the average
of the three slopes, The result wds one regression equation for-each

-station as follows:

Station No. 1 Ln(l/ﬂ14):= Ln(l/Bl) + 0.5664 Ln(l/ﬂlz) (7-6a)
-Station No. 2 -Ln(l/n14)-= Ln(l/Bz) + 0,5759 Ln(l/ﬂlz) (7-6b)
‘Station No. 3 Ln(l/n14)‘= Ln(l/B3) + 0,5722 Ln(l/ﬁlz) (7-6¢c)
Station No, 4 Ln(l/n14) = Ln(l/B4) + 0.547Oan(1/ﬁ12) (7-6d)

The Ln(l/Bi) was evaluated for each station by plotting the
Ln(1/ﬂ2), the logarithm of the reciprocdl of the grid length parameter,
against the Ln(l/A) for each grid. From the linear regression analysis,

Figure 30, the values of Ln(l/Bi)~were:

Station No. 1 Ln(l/Bl) = 5,3884 --1.,7308 Ln(l/ﬁz)  (7~7a)
Station No. 2 'Ln(l/BZ) =6,0323 - 2.0835an(1/n2) (7-7b)
Station No. 3 Ln(l/B3) = 6,5240 - 2,4382 Ln(l/ﬁz) (7-7¢)
-Station No. 4 Lh(l/B4) = 6,5265 - 2.3658 Ln(l/ﬁz) (7-74)

Combining equations (7-6) and (7-7) and expressing the equations in

terms -of the pertinent quantities,we get the following prediction equa-

tions:
Station No. 1 32 = 0.00457 (%) He 7308 %2>0°5664 (7-8a)
Station No. 2 3= = 0.00240 (%) 208 %2>005759 (7-8b)
‘Station No. 3 E% = 0.00147 (%) 2:4382, %2>o,5722 (7-8¢)
‘Station No. 4 3= = 0,00146 <%>—2°3658(§—I£2>005470 (7-84)

-To determine the degree of association of 1., as a function of 7

14 12°

a correlation.analysis was performed on the linear regression values of



La(1/A)

5.0

4,0

3.0

2,0

Legend Linear Regression Equation
® Station No, 1 In(1/A) =5,3884 - 1.7308 Ln(l/ﬂz)
| ®m  Station No. 2 Ln(l/A) = 6.0323 - 2.0835 Ln(l/nz)
O . Station No. 3 In(l/A) = 6.5240 - 2,4382 Ln(l/ﬂz)
O Station No. & In(1/A) = 6.5265 - 2,3658 Ln(l/ﬂz)
l l l | | L |
o7 0.8 0.9 1.0 1.1 1,2 1.3 1.4
Ln(1/m,)

Figure 30, Plot of Ln(l/ﬂz) Versus Ln(1/A)
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M9 and Mg The resulting correlation coefficients for Station No, 1

were: 0.9964 for Grid No., 1, 0.9830 for Grid No., 2, and 0,9977 for
Grid No. 3.

Since there was a high degree of association between m,, and 7

12 14°

it could be assumed that the effects of Tys Tas and m, could be neglected.

and ﬂh would

improve the degree of association and thus provide a more inclusive pre-

However, it was hypothesized that the introduction of m,
diction equation. ™ was introduced into the prediction equation be-
cause it is the parameter that determines the number of animals that

can be placed on a grid. 1, is an index of spacing between the front

3
hoofs of an animal. Therefore, it was hypothesized to be of secondary
effect and not included in the analysis. The final prediction equation

was hypothesized to be of the form:
ML) _4(D\'1 (33)%2 L2\ (7-9)
El i L L EI

where,
3 = dimensionless coefficient

station designation number

|
]

nl, nz, n3 = dimensionless exponents

The values of n, and n, are already known for each station from

Eq. (7-8). This leaves only & and n, to be evaluated.

For each value of m, we get one equation involving & and n, as

variables in the form of:

TN I T e 0 3
(®).+€)°0) (&)
0BS.
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© ey

(7-11)

i3 ET

The value on the right side of equation (7-11) is known. Let this
value be K.

Therefofe,

“3\"2 |
@(L—) = K (7-12)

w
Log o ® +m, Log g <—L—3> = Logyg K (7-13)

For each value of (;§> there is a corresponding value of K. This
gives twelve equations of the form of equation (7-13) for each station.

With the simultaneous solution of these equations a final predic-
tion equation-was computed for every station. The four final prediction

equations are:

-1.7308 /w_\ 0.1264 2\ 0.5664
ML\ _ D 3 PL_ .
<E—I>l = 0.0054 L) <L > < : > (7-14a)
-2.0835 /w.\ 0.3424 2 \0.5759
ML D 3 PL _
<ﬁ>2 = 0,0037 L> | <f-> < = > (7-14b)
) o o0ss (D -2.4382 uy 0.5931 /', 2\0.5772 .
ET ), ° L T T ¢
2.3658 /w_\0.3793 0.5470 ,
ML D PL
E—1>4 = 0.0024 <L) < > T > (7-144)



-CHAPTER VIII
- DISCUSSION : OF RESULTS

~Comparison ofv.Predicted.n14 to'Qbserved'n14

It was. not possible to.compare the results:.of this study.with'othér
prgviquS'work because similar information was not available at the time
;this-study«was conducted. However, a comparison was. made betweén.the
-predicted values.and observed values :of the bending moment parameter
“for each station. Mean error sum.of squares were calculated for each
~ station to.give 0;0000000015vfor Station.No..1l, 0.0000000019 for Station
‘No. 2,.0.000000012 for Station:.No..3, and 0.0000000053 for Station:Neo. &.
From this and a-visual inspection of Figures 31, 32,.33, and. 34, it1can
be ‘seen that there is good agreement between the predicted and observed

values .of Ty
- Application of Experimental Results

‘From . the predictien .equations: developed in.this study, four bend-
ing moments  -could be determined for each: grid. at the-pointspdesignated
.as-Station -No. 1, Station .No. 2,.Station:No..3, and-Station:No. &4. .0Of
. the four prediction equations,.Eq. (7-14a)-gives<t£e-éaximumEbending
‘moment that can be used for an-.entire grid.

.For reinforced concrete grid, the main problem is the design of a

‘bar "that could support a.given-normal.- load. This codld_be<done-according‘
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(ML/EI) Predicted

0.018

0.016

0.014

0.012

0.010

0.008

0,006

0.004

0.002

Figure 31,

(ML./EI) Observed

Predicted Compared with Observed

Values of 1

14

Using Eq.

(7-14a)

Legend
- O Grid No. 1
Grid No, 2
—— Grid No. 3
| l I | I | | | |
0] 0.002 0.004 0.006 0,008 0.010 0.012 0.014 0,016 0,018
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(ML/ET) Predicted

0.018

0.016

0.014

0,012

0.010

0.008

0.006

0.004

0.002

(¢
L

| I l I I I

Legend

Grid No., 1
Grid No. 2
Grid No. 3

0.002 0.004 0,006 0,008 0.010 0,012 0.014 0,016 0,018

(ML/EI) Observed

Figure 32. Predicted Compared with Observed

Values of 1m,, Using Eq.

14

(7-14Db)
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(ML/EI)'Pfédicted

0.018

0.016

0,014

0.012

0.010
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I I

| l

Legend

O @rid No. 1
® (rid No., 2
B ¢rid No. 3

| | |
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 Figure 33.

(ML/Ei) Observed

Predicted Compared with Observed

Values of 7

14

Using Eq. (7-14c)
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(ML/EI) Predicted
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Legend
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| I I
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Figure 34,
Values of 71
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Predicted Compared with Observed
Using Eq. (7-14d)
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to the following‘procedure:

.10

10,

11.

Select a range of animal weights, Pi’ that may. be placed on a

floor grid,

. Select the suitable grid length, L, grid width, D, and bar

width, b,

Select the quality of the concrete to be used; i.e., select the
fc’ compressive stress in extreme fiber, and fé, ultimate com~
pressive strength of concrete.

Select the fg, stress in tensile reinforcement,

From a table of coefficients (K, k, j, p) for rectangular sec-
tions - based on cracked concrete — find K, k, and p.

Select a suitable range of depth, d, of a bar cross-section,
Using the Equation (ME = Kbdz) for the resisting moment, cal-
culate the value of M% for each value of d.

Plot the values of Mr'against the values of d.

Using the prediction equation for Station No, 1 —

-1.7308 /w 0.1264 / __2\0.5664
ML 0.0054<D) (~?-’=> <PL > -- calculate the

ET \L L EL

predicted moment for the values of P, w3, L, D, b, k, p, and d.
There is a value of wB‘associated with each value of P.
Plot the values of the predicted moment for each value of P
against the values of d.
From the plot of M , M , and d, the value of d at the

T’ “pred.
point of intersection of the M_ and M curves for a

T pred.

particular value of P, would be the correct and most economical

to use for the design of the cross~-section. .Any value of d .to
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the right-of the point of intersection would be valid but less
economical,
Example:

‘Design:.a reinforced concrete floor grid that will support beef
cattle with the following weight classes: 600 Lb, 800 Lb, 1000 Lb, and
1200 Lb.

The Problem: Determine a rectangular section with tensile rein~

forcement that will support the given weight.

Solution:

Selection of grid dimensions

D = 24 in.
L = 88 in. (Total length of grid = 96 in.)
b =4 in.

Selection of concrete and steel qualities>

fc = J1050. psi

f' = 3000 psi (Determine by 6 x 12 inch cylinders)
c .

,fs-=;20,000 psi
n.=9,2"

For a balanced design, where the compressive stresses at the extreme
top fiber of the concrete and the tensile stresses of the reinforcing

steel reach their allowable values at the same time, we find values of

K = 152 | | 2 ]—£9—|

v }
k = 0,326 //_/% kd T
, 4 _¥
| N.A, d Mu
p = 0.0085 _
A @ .
where, ] f /n
fc. L‘S/—P‘
R =3 kj (8-1) Figure .35, .Stresé Distribution

Diagram
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j=1-1/3 k ' (8-2)
K L 8-3
1.+ f. /nf (8-3)
S (]
" A
s
P =13 (8~4)

: The effective moment of inertia will be

=
]

/3 ®) E(k)(d>]3+ (p) (bd) (n) [(1~k>(d)]2 (8-5)

.For values of d equal to:

1.50:in.,.1.75 in., 2.00:in., 2.25 dn., 2.50 in., 2.75.in., 3.00 in.,
3.25 in., 3.50 in., 3.75 in., and 4.00 in.

The effective moment of inertia in.In;4 will be, 0.6355, 1.0091, 1.5063,
L 2.1447, 2.9420, 3.9158, 5.0838, 6.4636, 8.0728, 9.9292 and 12.0504,

.For a unit weight of 150:Lb/cu.ft. of concrete

~EC‘= 3.0 x‘lO6 psi

This will give bending stiffness index,EI x-106, values of:

.1.9065, 3.0273, 4.5189, 6.4341, 8.8260,. 11.7374, 15,2514, 19,3908,
24,2184, 29,7876 :and:36.1512.,

- Determine the predicted bending moment, .M ing EQ. (7-1l4a)

..pred.’ us
with the above wvalues .of: EL.

-Determine the resisting,moment,;Mrs using the equation

M= Kbd? (8-6)

~Values of MPr s and.Mr are listed on:Table XIV.

ed,
From Figure 36, the value of d.at the point of intersection.for each

‘weight class is 1.65.in. for 600:Lb, 2.15 im. for 800 'Lb, 2.65 in. for

1000:Lb, . and: 3.15 in. for 1200 Lb.
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TABLE XIV
COMPUTED: VALUES OF RESISTING:MOMENT- AND PREDICTED

MOMENT AS FUNCTIONS OF THE EFFECTIVE DEPTH
-OF: A GRID BAR

d 'r M in:LbF«In.

in in pred.
inches LbF-In. 600 Lb 800 Lo 1000 b 1200 b
1.50 1368 1497 1785 12050 12298
1.75 1862 1829 2182 2505 2809
2.00 2432 2176 2595 12981 3341
©2.25 3078 2536 3025 3474 3895
2.50 3800 12909 3469 3984 4467
2.75 4598 3293 3927 4510 5056
3.00 5472 13687 4398 5051 5662
3.25 6422 4092 4881 15605 6284
3.50 7448 4506 5374 6172 6920
3.75 8550 4929 5879 6752 7569

4.00 9728 5361 6394 7343 8232
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1050 psi ‘K = 152

Figure 36,

C
£! = 3000 psi  k = 0.326
£, =20,000 psi p = 0.0085
no=19.2 1200 Lb
M = xba? 1000 Lb
- r
800 Lb
- %
600 Lb
7
B Mpred,
| ! | | | L l l |
1.50 2.00 2.50 3.00 3.50 4.00

-Depth, d, In.

Plot of Resistinmg Moment and Predicted Moment
for Station No. 1 Versus:Depth of a 4-Inches

“Wide Reimforced Concrete Rectangular Section



71

For farm structures purposes a 3/4 inch covering of concrete be-
low the tensile reinforcement rod would be sufficient.

A ccmprehensive reiﬁforcement rod smaller than the tensile rein-
forcement rod could be used for grid handling purposes,

Since -a trapezoidal cross-section . is better than.a rectangular
cross~section for ease of waste disposal from the surface of the grid
into the collection basin, the top width of the rectangular section
could be increased by one inch and the bottom width decreased also by
one inch. This rearrangement of the section width will not reduce its
ability to resist the bending stresses. In fact it could make it
stronger because the concrete below the neutral axis does not have any
effect on the value of the effective moment of inertia of the section
for a condition of cracked concrete and tengile reinforcing. The

cracks could be'microscopic in size.



CHAPTER IX
SUMMARY AND CONCLUSIONS

An experimental model analysis was conducted with the objective of
developing -a prediction equation to determine the maximum possible bend-
ing stresses that could be induced in a floor grid under the loads of
beef cattle, The principles of dimensional analysis and similitude were
-employed in the investigation of this study,

The quantities pertinent to this study were those characterizing
the dimensions of the grid and the mechanical properties of materials,

E and G, the animal configuration and its weight, and the arrangement
of animéls»with respect to one grid,

The loading pattern was designed to provide maximum loading by
taking maximum concentration, This was done by aligning the animals
shoulder to shoulder and facing in alternating directions, For load
positioning, the front hoof spacing and the shoulder width were taken,
The load was applied on the free longitudinal edge of a grid,

Animal configuration measurements and weights were taken from 10
heads of steers, |

‘The following conclusions were drawn from this experimental study:

.1l. Bending moment induced at midspan of each bar in a 4~bar grid-

work can be predicted by an equation of the form:

n. /w,\n 2\n
_M]_-' = 1_). 1 _3 "2 E 3 : (9_1
BT~ L) \L ET )
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where,

=
]

Bending moment at midspan of the middle bar, LbFeIn,

EI = Bending stiffness index for a bar, LbF+Sq.In,

Dimensionless coefficient (EQ, 7-14)

L=
]

o
]

Width of grid, In.

o
]

Effective length of grid, In,

wq Width at shoulders of steer, In.
P = Steer weight, LbF

nl, n,s and n, = Dimensionless exponents (Eq., 7-14)
From prediction Equation (7-l4a), the maximum bending moment
can be computed. This prediction equation is usable for the
design of reinforced concrete floor grids,
With mean error sum of squares range of.0,0000000015-0.,000000012,
the four prediction equations describe the system sufficiently.
Since Figures 31, 32, 33, and 34 show very good fit, the effect
of the hoof spacing index could be neglected,
From the animal configuration and weight measurements, it was
found that the ratio of the animal weight exerted through the

front legs to that exerted through the hind legs is approximately

1¥ to 1,
Suggestions for Further Study

It should be interesting to investigate the possibility of
conducting a similar study using prototype conditions., This
would provide the situation of live loads from the cattle and

dead loads from the weight of the floor grids,
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In line with the present study, a more rigorous investigation
could be conducted by applying several possible animal arrange-
ments and introducing more variables in the model-grid dimen=
sions; such as, variable slot and variable width of grids.
An-auxiliary investigation that could expedite research in

grid floors for cattle would be the establishment of a relation-
ship of animal configurations to total body weight.

Another experimental project could be the building and load
testing of some prototype grids designed according to the

procedure explained in Chapter VIII,
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APPENDIX A

BEEF CATTLE MEASUREMENTS

ngﬂlinindms

Width in Inches

Weight in Ibs,.

Front

No. Egzstto L?gs to Egse Hips Middle Shoulder izng* zz;:* Total
Legs Hind Tail
Legs
1 26 39 3/4 67 3/4 18 3/4 22 1/2 18 397 315 690
2 25 1/2 36 67 20 1/4 23 1/2 19 1/2 408 352 726
3 28 1/8 41 69 1/2 19 1/8 23 1/4 18 3/4 434 340 740
4 28 1/2 39 1/2 72 21 5/8 24 20 1/4 468 380 741
5 27 39 68 3/4 19 3/4 22 1/2 20 1/2 429 334 751
6 25 1/2 39 1/2 68 1/2 18 3/4 22 3/4 18 1/4 421 345 767
7 28 42 1/2 72 1/2 19 3/4 24 1/4 18 1/4 460 362 809
8 27 1/2 40 72 1/4 19 1/2 24 1/4 19 470 380 838
9 .28 1/2 41 1/2 71 21 1/2 24 20 1/4 462 385 855
10 29 39 71 21 1/2 26 1/4 20 1/4 500 387 861

*The animal was able to recognize the difference in the hardness of the surface of the scale platform and

This could be seen by the difference in the total weight and the sum of
the weight exerted by the front and hind legs.

the surface outside the scale,
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?) Load Applied on Zone AA

(O 1oad Applied on Zone BB
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REP,

14.3750
14,3750
14,5000
14,3750

14.3750

TABLE B-I

STRAIN IN MICRD-INCHES ﬁER INCH OF LENGTH

 LOAD APPLIED ON ZONE AA

STATION

2 3
10.5000 10.1250
10.7500 16.3125
10.7500 10.0000
110.8125 10,0006
10.6250 10.0000

LOAD NO. 1 APPLIED ON GRID NG. %

9.1875

10,0000

9.8125

9.8750

9,6875

9.3125

9.4375

9.5000
9.3125

9.3125

LOAD APPLIED ON ZONE BB

STATION
2 3
9.8125 11.2500
9.7500 11.3125
9.8750 11.3750
9«5625 ilalZSO
9.5000 11018f5

15.0000
15.0d00
15.1250
14,9375

15.1250

18



REP.

0.3061

0.3061

0.3088

0.3061

0.3061

LOAD APPLIED ON ZIONE AA

0.2236
1 0.2289

0.2289

0.2303

TABLE B-II1

BENDING MOMENT IN MODEL IN LBF-IN.

LOAD NO. 1. APPLIED ON GRID NO. 1

LOAD APPLIED ON ZONE 8B

'STATION A | . STATION-
3 “ 1 2 3
0.2156 0.1957 " 0.1983  0.2090 0.2396
- 0.2196 0.2130  0.2000  0.2076 0.2409
0.2130 0.2090 B o,éoza_ 0.2103  0.2422
0.2130  0.2103 . | 0.1983 0.2036 0.2369
0.2130 0.2063 0.1983 ' 0.2023 0.2383

0.2263

0.3194

0.3221

0.3181

0.3221

e8



REP.

3371.5124
3371.5124
3400.8299
3371.5124

3371.5124

LOAD APPLIED ON ZONE AA

TABLE B-TII

'BENDING MOMENT IN PROTOTYPE IN LBF-IN.

STATION
2 3
2462.6699  2374.7174
2521.3049  2418.6937
2521.3049  2345.3999
2535.9637 2345.3999
2491.9874  2345.3999

LOAD NO. 1

2154.8362

2345.3999
2301.4236
2316.0824

2272.1062

APPLIED ON.GRID NGo 1

2184.1537
2213.4711
2228.1299

2184.1537

2184.1537

LOAD APPLIED ON ZONE BB -

STATION

2 3
2301.4236 2638.5749
2286.7649 = 2653.2337
2316.0824 2667.8924
2242.7887 2609.2574
2228.1299  2623.9161

3518.0999

'3518.0999

3547.4174
3503.4412

3547.4174

£8



%) Load Applied on Zone AA

O Load Applied on Zone BB

P = 00,0808 LBF
m2

y = 10 In. wg = 20 In.

Figure B-02. Model Grid Loading Diagram
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TABLE B-IV

STRAIN-IN MICRO-INCHES PER INCH OF LENGTH
LOAD NO. 2 APPLIED ON GRID NO. 1

" LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE 8B

_ STATION ' STATION

REP. 1 2 3 e 1 2 3 4
1 16.7500  12.5000 11.7500 11.2500 ; 11.0000 11.2500 13.0000 - 17.4375
2 16.3125 12.1875 11.3750 11.3125 10.8125 11.1875 13.0000 17.1875
3 16.7500 12.5000 - 11.7500 11.3125 ‘ 10.6875 11.1875" 13.0000  17.1875
4 16,7500 12.5000  11.6250  11.4375 . 10.6875 °~  11.1250 = 12.9375 17.1875
5 16.8750 12.5000 11.7500 11.2500 10.6875 11.2500 13.0000 17.1875

68



TABLE B~V

BENDING MOMENT IN MODEL IN LBF-IN.

LOAD NO. 2 APPLIED ON GRID NO. 1

LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE BB
STATION o STATION
REP. 1 2 3 4 1 2 3 4
1 0.3567 0.2662 0.2502 0.2396 : 0.2343. 0.2396 0.2769 0.3714
2 0.3474 0.2596 0.2422 0.2409 0.2303 0.2383 0.2769 0.3660
3 0.3567 0.2662 0.2502 0.2409 0.2276 0.2383 0.2769 0.3660
4 0.3567 = 0.2662 0.24T6 D.2436 0.2276 0.2369  0.2755 © 0.3660

5 0.3594 0.2662 0.2502 " 0.2396 0.2276 0.2396 02769 0.3660

98



TABLE B-VI
BENDING MOMENT IN PROTOTYPE IN LBF-I]N.

LOAD NO. 2 APPLIED ON GRID NO. 1

LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE BB

v STATION STBTIDN
REP. 1 2 3 4 1 2 3 4
1 3928.5449 2931.7499 2755.8449 2638,5749 2579.9399 2638.5749 304?.0199 4089.7911
2 3825.9336 2858.4562 2667.8924 265}.?337 2535.9637 2623.9161 3049.0199 "4031.1561
3 3928.5449 2931.7499 2755.8449 2653.2337 2506.6462 2623,.9161 3049.0199 4031.1561
>4 3928.5449 2931.7499 2726.5274 2682.5511 2506.6462 2609.2574 3034.3611 4031.1561
5 3957.8623 2931.7499 2755.8449 2638.5749 '_304500199 4031o1561

2638.5749

2506.6462

L8



@ Load Applied

(O Load Applied

on Zone AA

on Zone BB

6

18" . _
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v =12 In.

Wy = 22 In.

Figure B-03. Model Grid Loading Diagram
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REP.

19,2500

19.2500

19.3125

19.4375

19.3750

TABLE B-VII

STRAIN IN MICRO-INCHES PER INCH OF LENGTH

LOAD NO. 3

LOAD APPLIED ON ZONE AA

siArloN
2 3
20.6250 13.3125
14.2500 13,2500
14. 2500 13.2500
143125  13.3750
14.3125 13.5000

12.8125

12.8125

12.9375

13.0000

12.9375

APPLIED ON GRID NO. 1

12.4375
12.5000
12.3750
12.4375

12.3125

LOAD APPLIED ON ZONE BB

STATION
2 3
12.7500 15.0000
12.9375 15.0000
13.0000 14.9375
12.9375 15.0000
12,6250 14.8125

20.0625

20.0625

20,0625

-

20.0625

19,6875

68



REP.

0.4100

0.4100

0.4113:

0.4140

0.4126

LOAD APPLIED ON
STATION
2

0.4392 0.
0.3035 0.
0.3035 0.
0.3048 0.
0.3048 0.

TABLE B~VIIE

BENDING MOMENT IN MODEL IN LBF-IN.

LOAD NO. 3 APPLIED ON GRID NO. 1

ZONE AA tOAD APPLIED ON ;oNe BB
STATION

3 4 ] 2 3

2835 0.2729 0.2649 0.2715 0.3194

2822 0.2729 0.2662 0.2755 0.3194

2822 . 0.2755 0.2635 . 0.2769 0.3181

2848 0.2769 0.2649 0.2755 0.3194

2875 0.2755 G.2622 0.,2689 0.3155

0.4273
0.4273
0.4273

0.4273

0.4193

06



TABLE B-IX

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NO. 3 APPLIED ON GRID NO. 1

LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE BB

- STATION STATION
REP. 1 2 3 4 1 2 3 4
1 4514 .8948 4837.3873 3122.3137  3005.0637 2917.0912  2990.3849 3518.0999 4705.4586
2 4514.8948 3342.1949 3107.6549 3005.0437 2931.7499 3034.3611 3518.0999 4705,4586
3 4529.5536 3342.1949 3107.6549 3034.3611 2902.4324 3049.0199 . 3503.4412 4705.4586
4 4558.8711 3356.8537 3136.9724 3049.0199 2917.0912  3034.3611 3518.0999 4705.4586
s 4544.2123 3356.8537 3166.2899  3034.3611 '5887.7737 2961.0674 3474.1237 4617,5061

16



%) Lload Applied on Zone AA

(O Load Applied on Zone BB
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Figure B-04. Model Grid Loading Diagram
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REP.

20.9375

21.0000

20.9375

'21.1250

21.1250°

LOAD APPLIED ON ZONE AA

TABLE B-X

STRAIN IN MICRO-INCHES PER INCH OF LENGTH

STATION
2 3
15.6250 v14,6875
15.6250 14.6875
15.6250 14.6875
15,5000 14.5625
15,5625

14.6875

LOAD NO. 4 APPLIED ON GRID NO. 1

14.3750

 14.3125
14.2500
14.2500

14,2500

13.7500

13.5625

13.3750
13.2500

13.5000

LOAD APPLIED ON ZONE BB

STATION
2 3
14.1875 16. 2500
13.8750 16.1250
13.9375 16.3125
14.1250 16.1875
13.9375  16.1250

21.8750

21.6250

21.8750

21.7500

21,9375

€6



REP.,

0.4459

0.4472

04459

0.4499

0.4499

LOAD APPLIED ON ZONE AA

STATION

2 3
0.3328 ' 0.3128
0.3328 0.3128
0.3328 . 0.3128
9.3301 ) 0.3101
0.3314 0.3128

TABLE B-XI

BENDING MOMENT IN MODEL IN LBF~IN.

LDAD NO.

0.3061

0.3048

'0.3035

0.3035

0.3035

4 APPLIED ON GRID NO.

0.2928
0.2888
0.2848
0.2822

0.2875

1

LOAD APPLIED ON ZONE BB

0.3021

0.2955

0.2968

0.3008

0.2968

STATION

0.3461
0.3434
0.3474

03447

0.3434

0.4659.
0;4605

0.4659
0.4632

0.4672
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TABLE B-XII

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NO. 4 APPLIED ON GRID NO. 1

~ LDAD APPLIED ON ZONE AA . LOAO APPLIED ON ZONE BB

STATION STATION
REP. 1 2 3 4 1 2 3 4
1 4910.6810  3664.6874  3444.8062 3371.5124 3224.9249  3327.5362  3811.2749  5130.5624
2 4925.3398  3664.6874  3444.8062 3356.8537 3180.9486  3254.2424 378#.9574 ‘5071.9’274
3 4910.6810  3664.6874 3444.8062  3342.1949 3136.9724  3268.9012 3825.9336  5130.5624
4 495446573 - 3655.3699- 3415.4886  3342.1949 3107.6549  3312.8774  3796.6161  5101.2448.
5 4954.6573 = 3650.0286  3444.8062  3342.1949 >3166o.2899 3268.9012 37819574  5145.2211

S6



#) Load Applied on Zone AA

(O Load Applied on Zone BB
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Figure B-05. Model Grid Loading Diagram
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TABLE B-XIIIL

STRAIN IN MICRO-INCHES PER INCH OF LENGTH
LOAD NO. 1 APPLIED ON GRID NO. 2

LOAD APPLIED ON ZONE AA o LOAD APPLIED ON ZONE BB
STATION o ' STATION
REP. 1 2 3 4 1 v 2 3 4
1 18.8750 14.2500 13.5000 12.8750 13.6250 13.6875 15.1250 19.1875
2 18.9375 14.3125 13.4375 12.8750 13.5625 13.5625 15.1250 19. 0000
3 18.8750 14.2500 13.3750 12.7500 13.5000 13.6250 15.1250 19.1875
4 18.8750 1442500 ° 13.5625 13.0000 . 13.4375 13.6250  15.1250 19.3125
5 18.9375 14.3125 13.6250 13.1250 13.5000 13.6250 15.1875  18.9375

L6



TABLE B-XIV

BENDING MOMENT IN MODEL IN LBF-IN.

LOAD NO. 1 APPLIED DN GRID ND. 2

LOAD APPLIED ON ZDNE AA 7 o . LOAD APPLIED ON ZONE BB

STATION STATION )

REP. 1 2 3 4 ' 1 2 3 4
1 0.4020 0.3035 0.2875 0.2742 . 02902 0.2915 0.3221 0.4086
2 0.4033 0.3048 0.2862 0.27§2 ' 0.2888 0.2888 0.3221 0.4046
3 0.4020 0.3035 0.2848 0.2715 - 0.2875 0.2902 _0.322; 0.4086
4 0.4020 0.3035 0.2888 0.2769 : 0.2862 . 0.2902 0.3221 0.4113

5 0.4033 © 0.3048 0,2902 0.2795 0.2875 0.2902 "0.3234 0.4033

86



REP.

4313.4310

4327.7139

4313.4310

4313.4310

4327.7139

LOAD APPLIED ON ZONE AA

STATION
2 3
3256.4976 3085.1030
3270.7805 3070.8201
3256.4976 3056.5373
3256.4976 3099.3859
3270.7805 3113.6688

TABLE B-XV

LOAD NO. 1

2942.2741

2942.2741

2913.7084

2970.8399

2999.4057 -

APPLIED ON GRID NO.

3113.6688

3099.3859

3085.1030

3070.8201

3085.1030

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD APPLIED ON ZONE BB

STATION

2 3
3127.9517 345644579
3099.3859  3456.4579
3113.6688 3456.4579
3113.6688 3456.4579
3113,6688 3470.7409

4384,8455 -

4341.9968

4384.8455
4413.4113

4327.7139

66



%) Load Applied on Zone AA

(O Load Applied on Zone BB
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REP.

22.1250

22.3750

22.4375

22.3750

22.3750

TABLE B-XVI

'STRAIN IN MICRO-INCHES PER INCH OF LENGTH

LOAD APPLIED ON ZONE AA

STATION
2 3
16;8750 16,0625
-17.625Q 16.0625
16.8750 16.0625
16;9375 16.0625.
16.9375 "16.1250

LOAD NO. 2

15.3750

15.4375
15.3750
15.3125

15.3750

APPLIED ON GRID NO. 2

15.8125
15.9375
15.8125
15.6875

15.8750

LOAD APPLIED ON ZONE BB

STATION
2 3
16.0000 17.8125
16.2500 18.0625
16.1875 17.8125
16,0625 17.8750
16,0625 17;8125

22.4375

22.5000

22.4375
2245000

22,5000

101



REP.

0.4712

0.4765

0.4778

0.4765

0.4T65

LOAD APPLIED ON

STATION

2
6;3594 0.
0.3754 0.
0.3594 0.
0.3607 0.
0-3607 - ‘0.

TABLE B~XVII

BENDING MOMENT IN MODEL IN LBF-IN.

LOAD NO. 2 APPLIED ON GRID NO. 2

ZONE AA ' LOAD APPLIED ON ZONE 8B

STATION
3 4 1 2 3
3421 0.3274 0.3368 0.3407 0.3793
3421 i 0,;288 0.3394 6.3461 0.3847
3421 0.3274 ) 0.3368 0.3447 0.3793
342; 0.3261 0.3341 6.3421 0.3807
3434 0.3274 ' . 0.3381 0.,3421 0.3793

0.4778

0.4792

0.4778

0.4792

0.4792

<01



~

TABLE B-XVITI A

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NO. 2 APPLIED ON-GRID NO. 2

LOAD APPLIED ON ZONE AA LOAD APPLIED ON Z0ONE B8

-

' STATION STATION
REP. 1 2 3 4 . ‘ 1 2 3 4
1 505641411 3856.3787 3670.7012 3513«5895. 3613,5697 3656}4184v 4070.6220 5127.5554
2 5113.2725 4027.7734 .3670.7012 3527.8724 3642.,1355 3713.5499  4127.7535 5141.8384
\3 5127.5554 3856.3787 3670.7012 3513.5895 3613.5697 3699.2670 4070.6220 ~ 5127.5554
4 5113.2725 3870.6617 3670.7012 3499.5066 3585.0039 3676.7012 4084;§049 5141.8384%
5 5113.2725 3870.6617 3684.9841 3627.8525 567007012 4070.6220 5141°§384

3513.5895

€01



?) Load Applied on Zone AA

(O Load Applied on Zone BB
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Model Grid Loading Diagram
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REP.

26,4375
2643125
26,3125
26,2500

26,2500

TABLE B-XIX

STRAIN IN MICRO-INCHES PER INCH OF LENGTH

LOAD APPLIED ON ZONE AA

STATION
2 3
20.0000 18.9375
19.8750 '18.8125
19.9375 18,8125
19,8750 18.8750
19.8750 18.8125

LOAD ND. 3

18.0000
18.0000
18.1875
1809000

18..0000

APPLIED ON GRID NO.

18.6875
}8.6875
18.6875
18.7500

18.6250

2

LOAD APPLIED ON ZONE BB

STATION

2 3
18,9375 21.1250
18.9375 21.0625
18.9375 21.1250
18.8750 20.9375
ia@etzs» 21.1875

26,5625

2603750

- 2646250

26+.6250

26,5625

<01



TABLE B-XX

BENDING MDMENT.IN MODEL - IN LBF-IN.

LDAD NO. 3 APPLIED ON GRID NO. 2

LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE BB

STATION ' ‘ STATION
REP. 1 2 3 4 ‘ o 2 3 4
1 0.5630 0:4259 | 0.4033 0.3'8.33 _ _ 0.3980 0.4033 044499 -~ 0.5657.
2 0.5604 0.4233 0.4006 0.3833 f 0.3980 - 0.4033 0.4486 0..5617
'3 0.5604 0.4246 0.4006 0.3873 . 0.3980 | 0.4033 0;44?9 05670
4 0.5590 0.4233 0.4020 © 0.3833 ' 0.%99'3 0.4020 0.4459  0.5670
5 0.5590 0.4233 0.4006 0.3833 | ' 0.5966 0.4006 0.4512  0.5657
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TABLE B-XXI

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NO. 3 APPLIED ON GRID NO. 2

¢ LOAD APPLIED ON ZONE AA - LDAD APPLIED ON ZONE BB

'STATION STATION
REP. 1 2 3 4 1 2 3 4 .
1 6041.6601  4570.5230 4327.7139  4113.4707 4270.5823  4327.7139  4827.6149  6070.2258
2 6013.0942  4541.9572  4299.1481  4113.4707 4270.5823  4327.7139  4813.3320  6027.3771
3 6013.0942 = 4556.2401 4299@1481> 4156.3193 4270.5823 . 4327.7139  4827.6149 6084.5087
4. 599s.é1i5 4541.9572  4313.4310  4113.4707 | 4284.8653  4313.4310  4784.7662  6084,5087
5 5998.8115  4541.9572  4299.1481  4113.4707 4256.2995  4299.1481 6070.2258

4841.8978

L0T



@) Load Applied on Zone AA

(O Load Applied on Zone BB
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Figure B-08. Model Grid Loading Diagram
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TABLE B-XXII

STRAIN - IN MICRD-INCHES PER INCH OF LENGTH
LOAD ND. 4 APPLIED ON GRID NO. 2

LOAD APPLIED ON ZONE AA - LOAD APPLIED ON ZONE BB
STATION ' : STATION

REP. 1 2 3 : Lo 1 2 3 4

1 27.9375  20.9375 19.9375 718.8750 ;  19.6875 20.0000 22.3750 - 28.1250
2 27.9375 21.1250 20.0000 18.8750 19.6875 20,0000 22.4375 28.0000
3 27.9375 21.0625 20.0000 19.1875 A 19.8125 20.0000 22.3125 '28.3750
4 27.8125 20.8125  19.8750 ' 18.8125 19.6875 20,0000 22.3125 28.1250
5 28.1875 21,1250 20.1250 19.1875 19.5625 20,0000 22.2500 28.2500
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REP.

0.5950

0.5950

0.5950

0.5923

0.6003

LOAD APPLIED DN
STATION

2
0.4459 0.
0.4499 0.
0.4486 0.
0.4432 0.

0.4499 0.

TABLE B-XXIII

BENDING MOMENT IN MODEL IN LBF-IN.

LOAD NO. 4 APPLIED ON GRID NO. 2

ZONE AA LOAD APPLIED ON ZONE BB
STATION

3 4 1 2 3

4246 0.4020 044193 0.4259 0.4765
4259 0.4020 ' 0.4193 0.4259 0.4778
4259 0.4086 ‘ 0.4219  0.4259  0.4752
4233 0.4006 - 0.4193 0.4259 0.4752
4286 0.4086 ' 0.4166 0.4259 "0.4738

0.5990

0.5963

0.6043

0.5990

0.6016
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TABLE B-XX1IV

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NO. 4 APPLIED ON GRID NO. 2

LOAD APPLIED ON ZONE AA LDAD APPLIED ON ZONE B8

STATION STATION
REP. 1 2 3 .4 1 2 3 4
1 6384.4493 4T784.7662 455642401 4313.4310 4499.1085 4570.5230 5113.2725 6427.2980 -
2 6384.4493 482T.6149 4570.5230 4313.4310 4499.1085  4570-5230 ' 5127.5554 | '6398.7322
3 6384 .4493 4813.3320 4570.5230 " 4384.8455 4527.6743 | 45?0.5230 50§8-9896 ’6484¢4294
% 6355.8835 4756.2004 4541.9572 4299.1481 4499,1085 4570.5230 5098.9896 6427yé9§0
5 6441.5808 4827.6149 4599.0886 4384.8455 - 4470.5427 4570.5230 5084.7068. 6455.8636"
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@) Load Applied on Zome AA
O Load Applied onm Zone BB
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Figure B-09. Model Grid Loading Diagram
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REP,

25.5625

25,1875

25.1250

25,1250

24.9375

TABLE B-XXV

STRAIN IN MICRO-INCHES PER INCH OF LENGTH

LDAD NO. 1

LOAD APPLIED ON ZONE AA

STATION
2 3
19.6875 18.3750
19.5625 18.3125
19.6250 18.3125
' 19.8750 | 1B.4375
19.6250  18.3125

18.6250

18.6250

18.7500

18.8125

18.6875

APPLIED ON GRID NO. 3

18.0625
18.0625
18,0625
18.0000

18.0625

LOAD APPLIED ON ZONE BB

STATION

2 3
18.2500 19.2500
18.2500 - 19.2500
18.2500 19.1875
18.2500 19.1875
18.1875 19,1875

25.3125

25, 6250

25.5000

25.4375

25.5000

€11



TABLE B-XXVI

BENDING MOMENT IN MODEL IN LBF-IN.

LOAD NO. 1 APPLIED ON GRID NO. 3

LOAD APPLIED ON ZONE AA ' LOAD APPLIED ON ZONE BB
STATION STATION v
REP. 1 2 3 4 1 -2 3 4
1 0.5444 0.4193 0.3913 0.3966 0.3847 0.3887 0.4100 0.5391
2 0.5364 0.4166 0.3900 0.3966 0.3847 0.3887 0.4100 0. 5457
3 0.5351 0.4179 0.3900 0.3993 ’ 0.3847 0.3887 0.4086 0. 5431
4 0.5351 0.4233 0.3927 0.4006 i 0.3833 ~ 0.3887 0.4086 05417

5 0.5311 0.4179 0.3900 0.3980 - 0.3847 G.3873 - 0.4086 0.5431
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" TABLE B~XXVII

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NO. 1 APPLIED ON GRID NO. 3

LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE BB

STATION STATION
REP. 1 2 3 4 1 2 3 4
1 5995.4285 4617.5061 4309.6723 4368.3073 4236.3785 4280.3549 4514.8948 5936.7935
2 5907.4760 4588.1885 4295.0135 4368.30?3 4236.3785 4280.3549 . 4514.8948 6010.0873
3 5892.8173 4602.8474 4295.0135 4397.6249 4236.3?85 4280.3549 4500.2361 5980.7698
4 5892.8173 4661.4823 4324.3311 .'4412.2836 4221.7198 4280.3549 4500.2361 5966.i111
5 5848.8409 4602f8474 4382.9660 4236.3785 4265.6960 4500.2361 5980.7698

4295.0135

CI1



©) Load Applied on Zone AA

(O Load Applied on Zone BB
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Figure B-10.

P _ = 0.0808 LBF
m2

Wy = 20.In.
Model Grid Loading Diagram
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TABLE B-XXVIII

STRAIN IN MICRO-INCHESFPER INCH OF LENGTH

LOAD NO. 2 APPLIED ON GRID NO. 3

LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE BB

ﬂ STATION ' STATION
REP. 1 2 3 4 : 1 2 3 g

1 © 29.0000 23.2500 21.7500 21.9375 ~ 21.2500 21.7500 23.0000 29.5000

2 29.0625 23.3125 217500 21,93?5 ’ 21.5525 21.8750 23.1250 30.1875

3 29.0625 23.1875 21.5060 21.7500 - 21.5000 .  21.6875 2243125 Vv 29.5000

4 Vz9.odoo 23.2500 21.7500 21.8750 ‘ 21.3125 21.8750 22.8750 . 29.6875

5 29.1250 23.2500 . 21.7500 21.9375 21.3125 21.9375 = 23.0625  30.0000

LTE



TABLE B-XXIX

BENDING MOMENT IN MODEL IN LBF-IN.
LOAD NO. 2 APPLIED ON GRID NO. 3

LOAD APPLIED ON ZONE AA _ LOAD APPLIED ON ZONE 88

STATION ' STATION

REP. 1 2 3 4 1 2 3 4
1 0.6176 0.4951  0.4632 0.4672 0.4526 . 0.4632 0.4898 0.6282
2 0.6189 0.4965  0.4632 | 0.4672 : 0.4592 0.4659 0.4925 0. 6429 .
3 0.6189 0.4938 0.4579 0.4632 . 0.4579 0.4619 0.4858 0. 6282
4 0.6176 o.495i 0.4632 0.4659 : 0.4539 0.4659 0.4872 €.6322
5 q.bzos 0.4951 0.4632 0.4672 : 0.4539 0.4672 0.4912 0.6389
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TABLE B-XXX

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NG. 2 APPLIED ON GRID ND. 3

LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE BB

STATION STATION
REP. 1 2 3 74 1 2 3 4
¢
1 6801.6597 5453.0548 5101.2448 5145.2;11 4983.9748 5101.2448 5394.4198 6918.9298
2 6816.3186 5467.7136 5101.2448 5145.2211 5057.2686 5130.5624% 5423.7374 7080.1761
3 6816.3186 5438.3961 5042.6097 5101.2448 5042.6097 5086.5861 5350.4435 6918.9298
4 6801.6597 5453.0548 5101.2448 5130.5624 4998.6356 5130.5624 ‘ v5365.1023- 6962.9061
5 6830.9772 5453.0548 5101.2448 5145.2211 4998.6336 5145.2211 5409.0786 7036.1998
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¢) l.oad Applied
(O Load Applied

24"
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on Zone BB
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Figure B-11. Model Grid Loading Diagram
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REP.

33.8125

33.6875

33.7500

33.7500

33.6875

LOAD APPLIED ON ZONE AA

STATION
2 3
27.0000 25.1250
27.0000 25.1250
26.9375 25.1250
27.0625 25.0625
26.8125 25.0000

TABLE B-XXXI

STRAIN IN MICRO-INCHES PER INCH OF LENGTH -

LOAD NO. 3 APPLIED ON GRID NO. 3

25.0000 .

24.9375
25,0000
24.9375

24.9375

24.3125
24.3750

24.3125

' 24.3750

24.3750

LOAD APPLIED ON IONE BB

STATION
2 3
25.1875 26.4375
25.2500 26.5625
- 25.1875 26.5000
25.1250 . 26.5625
25.3125 26.5625

34.3750

34.6875 .

34.6875

34,6875

34.6875

TC1



TABLE B-XXXII

BENDING MOMENT IN MODEL IN LBF~IN. .
LOAD NO. 3 APPLIED ON GRID NO. 3

LOAD APPLIED ON ZONE AA LOAD APPLIED ON IONE BB
STATION ' " STATION
REP. 1 2 _ 3 4 _ 1 2 , 3 4
1’ 0.7201 0.5750 0.5351 0.5324 _ 0.5178 0.5364 0.5630 0.7321
2 0.7174 0.5750 0.5351 0.5311 0.5191 0.5377 " 0.5657 0.7387
3 0.7188 0.5737 0.5351. 0.5324 0.5178 0.5364 - 0.5644 0.7387
4 0.7188 0.5763 0.5337 0.5311  8.5191 0.5351 0.5657 0.7387

5 0.7174 0.5710 0.5324 0.5311 0.5191 0.5391 0.5657 0.7387
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" TABLE B-XXXIII

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NO. 3 APPLIED ON GRID NO. 3

LOAD APPLIED ON ZONE AA LOAD APPLIED DN ZDNE BS

STATION STATION
REP. 1 2 3 4 1 2 3 4
] 7930.3835 .  6332.5798 5892.8173 5863.4998 5702.2535 5907.4760 6200.6511 8062.3123
2 7901.0659 6332.5798 5892.8173 5848.8409 5716.9123 5922.1347 6229.9686 8135.6061
3 7915.7246 6317.9211 5892.8173 5863.4998 5702.2535 5907.4760 6215.3098 8135.6061
4 7915.7246 6347.2386 5878.1586 5848.8409 5716.9123 5892.8173 6229.9686 8135.6061
5 7901.0659 6288.6036 5848.8409 5716.9123 5936.7935 6229.9686 8135.6061

5863.4998
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7 Load Applied on Zone AA

() Load Applied on Zone BB
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Figure B-12,

Model Grid Loading Diagram
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TABLE B-XXXTV

STRAIN IN MICRO-INCHES PER INCH OF LENGTH

LOAD NO. 4 APPLIED ON GRID NO. 3

LDAD APPLIED ON ZONE AA ' LOAD APPLIED ON ZONE 88

STATION ' o ' : _ STATIDN
REP. 1 2 3 4 L 1 2 3 4
1 36.5625 30.2500 27.8750 27;3i25 : 26.5006 27.8125 29.0000 37.4375
2 37.1250 30.0625 28.1875 | 27.§125 | . 2645000 27.6250 28.8750 37.2500
3 36.3756 29.4375 27.5625 27.3125 . 27.1250 28.3125 29.7590 38,1250
“ 36.4375- 29.4375 27.5000 27,3750 26,9375 28.1250 29.5000 38.0625
5 36.5000 29.5625 -zi;sooo 27.3125 26.6875 27.6250 29.3125  37.6250

YA



0.7787

0.7306

0.7747

0.7760

0.7773

LOAD APPLIED ON ZONE AA

STATION
2 3
0:6442 ' 0.5936
0.6402 ~  0.6003
0.6269 © 0.5870
0.6269 = 0.5857
0.6296 0.5857

TABLE B=XXXV

BENDING MOMENT IN MODEL IN LBF-IN.

LOAD NO.

0,5517
0,5925
0.5817
0.5830

0.5817

4

APPLIED ON GRID NO.

0.5644
0.5644
0.5777
0.5737

0.5684

3

LOAD APPLIED ON ZONE 8B

0.5923

- 0.5883

0.6030

0.5990

0.5883

STATION

0.6176
0.6149
0.63?6
0.6282

0.6243

0.7973 .

G.7933

0.8119

0.8106

0.8013

9¢1



TABIE B-XXXVI

BENDING MOMENT IN PROTOTYPE IN LBF-IN.

LOAD NO. 4 APPLIED ON GRID NO. 3

LOAD APPLIED ON ZONE AA LOAD APPLIED ON ZONE BB

STATION STATION
REP. 1 2 3 4 1 é 3 4
1 8575.3683 7094.3347 6537.8023 6405.8735 6215.3098 6523.1435 6801.6597 8780.5909
2 8707.2970 7050.8585 6611.0959 6523.1435 6215.3098 6479.1673 6772.3422 8736.6146
3 8531.3921 6904.2710 6464.5085 6405.8735 - 6361.8?73 6640.4135 6977.5648 8941.8372
4 8546.0509 '6904.2710 6449.8499 g 6420.5323 6317.9211 6596.4373 6918.9298 8927.1783
5 8560.7097 6933.5885 6259.2861 6479.1673 6874.9536 8824.5671

6449.8499

6405.8735
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