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(ABSTRACT)

Four rectangular, isotropically reinforced concrete slabs were constructed and loaded until
collapse. All slabs were fixed on three edges with the fourth edge free. Three slabs contained
openings at various locations while the fourth remained solid. The magnitudes of deflections
were measured during loading and the final yield pattern and uitimate load were compared

to those predicted by simple and advanced yield-line theory.

An analytical computer program was developed and is presented for quick evaluation of
the ultimate load and collapse mode of many types of uniformly loaded slabs by simple
yield-line theory. Short specialized programs were also formulated to analyze the exper-
imental slabs, considering the presence of simple corner levers and edge loads around the
openings. This resulted in more accurate theoretical predictions and produced estimates of
the percent difference between simple and advanced theory predictions. Analysis of the re-
sults showed excellent agreement between the advanced theory predictions and the exper-

imental results.
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Chapter |

INTRODUCTION

Reinforced concrete slabs are one of the worlds” most widely used structural systems. In
the past, elastic methods have generally been used for their design. These methods, though
giving safe designs, have their drawbacks. It is of growing concern in today’s balance of
strength and economy that elastic methods cannot give an accurate estimate of the factor of
safety of a particular structure. Limitations on when elastic methods may be used can also
become troublesome. It is because of concerns like these that yield-line theory is gaining

respect from designers as an alternative method.

Yield-line theory is a helpful tocol for analyzing the ultimate strength of existing slabs, and
may be used for design as well. It provides a reasonable estimate of the ultimate load so one
can determine a slab’s factor of safety against collapse. This is opposed to designing by
methods which provide a safe design, yet no indication of how safe. Among the great ad-
vantages of the yield-line theory is the wide variety of problems to which the theory may be
applied. Elastic methods are not only complicated and often require the use of a computer,
but are also restricted in the type of slabs for which they can be used. The yield-line method

has the versatility to analyze slabs of any shape, regardless of edge and loading conditions,



usually with little difficulty. Moreover, it is accepted that the theory can be applied just as

easily to slabs which contain openings.

Denmark and Sweden are among the leading countries in this field and have allowed de-
sign by the yield-line method for many years. British codes later adopted it in 1957 with re-
strictions. It is required that the support to span moment ratio be similiar to that needed by
elastic distribution, suggesting that a value between 1.0 and 1.5 is used. (Park & Gamble 1980)
Presently, the ACI code states that “ A slab system may be designed by any procedure satis-
fying conditions of equilibrium and geometric compatibility if shown that the design strength
at every section is at least equal to the required strength considering Sections 9.2 and 9.3, and
that all serviceability conditions, including specified limits on deflections, are met.” (ACI 1983)
The only statement mentioning the redistribution of moments aillows an increase of a maxi-
mum of ten percent as per Section 13.6.7 . It will be shown that the yield-line theory does

provide adequate strength although the crack widths and deflections must be checked.

In this work, the history and basis of yield-line theory will be presented with special at-
tention directed to the implications of openings within the slab. An algorithm is developed to
evaluate ultimate loads and failure modes of rectangular, orthotropically reinforced concrete
slabs containing openings. To test the theory, four slabs were constructed and tested to fail-
ure. The results of these tests were analyzed and compared to predictions by simple and

advanced yield-line theory.



Chapter I

YIELD-LINE THEORY

2.1 Basic Theory

Yield-line theory originated in the 1920°s by Ingerslev in his works on limit analysis of
slabs. This theory was significantly advanced by Knud W. Johansen in his thesis which was
presented in Danish in 1943. Johansen, who subsquently became recognized as the pioneer
of yield-line theory, pointed out errors in the original theory and sought to correct them by the
invention of nodal forces, which will be mentioned later. He not only significantly advanced
the theory and layed out its rules but also helped it gain acceptance by working and publishing
numerous examples with governing equations. He also presented in-depth analysis of earlier
extensive tests. (Jones & Wood 1967) His theory was first presented in English in 1953 in a
summary by Hognestad. Since then it been followed and advanced upon by Jones, Wood,
Morely and others. Though many points of confusion have been cleared up and many aspects

advanced, the major concepts have stayed intact. (Hughes 1980)



The premise of the theory is that failure of a slab occurs when a mechanism consisting
of a series of idealized yield-lines is reached. Due to the great redundancy of a slab, moments
can be redistributed after first yielding, allowing yield-lines to grow. At each point along the
yield-line, the reinforcement is assumed to be fully yielded and a discontinuity in rotation de-
veloped. Collapse occurs once the yield-lines form a valid mechanism and instablity occurs.
The slab is assumed to undergo rigid-plastic behavior where the elastic deformations are
much less than the plastic deformations and are therefore ignored. An idealized moment-
curvature relation is assumed as shown in Figure 1. (Jones & Wood 1967) The rotations are
assumed to be concentrated along the yield-lines, and regions bounded by these axes of ro-
tation are considered to remain planar. To better visualize this, it can be seen that the anal-

ysis of a one-way slab by yield-line theory is much like the plastic analysis of a beam.

Yield-line theory provides an upper-bound solution; that is, the solution will be either cor-
rect or unsafe. The critical solution will be one which maximizes the ratio of the ultimate
moment capacity to ultimate load. For use in analysis of existing slabs, the ultimate moment
is assumed to be known, leaving the ultimate load to be determined. The critical pattern will
now be the one for which the load capacity is minimized. The correctness of the computed
ultimate load will depend greatly upon the yield pattern chosen. An illogical choice will result
in @ much higher predicted load capacity, and consequently less safe, than that of an educated
choice. It will be shown later that regardless of the pattern chosen, the exact solution can

rarely be predicted.

The most fundamental assumption of yield-line theory is that the strength of the slab is
determined strictly by its flexural strength. This is an important assumption as it would be
impossible to analyze critical combinations of bending, shear, torsion, and axial load together
at each point on the slab. The combinations of these effects have been more readily observed
during the testing of beams. Interaction diagrams have been plotted showing the effect of

ultimate flexural resistance when the beams are also subjected to various magnitudes of
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shear, torsion, etc. (Jones & Wood 1967). From these tests and diagrams, the assumption has

generally been considered conservative, and other factors can usually be neglected.

The yield condition for which to compute the normal moments is usually considered to be
as presented in Johansen’s “stepped yield criterion” (Jones & Wood 1967). This criterion is

repeated below and is aided by Figure 2.

1. The normal and twisting moments along a yield-line can be found by summing the effects

of each individual band of reinforcement.

2. Each band of reinforcement at a yield-line may be considered to be broken into smali

steps, parallel and perpendicular to the reinforcement.
3. All reinforcement crossing a yield-line is assumed to yield.

4.  All reinforcement stays straight as it yields, no "kinking” or change in horizontal direction

occurs at the yield-line.

5. For each band of reinforcement, on steps perpendicular to the reinforcement there is only
a normal moment per unit length, and on steps parallel to the reinforcement there is

neither normal nor twisting moment.

6. The values of the normal and twisting moments on the yield-line are such that they are

equal to that of the components of the normal moment along the steps.

To assess the vaiue of this normal moment, the idea of a moment key line is introduced.
A moment key line for a set of reinforcement is a line normal to the actual reinforcing bars.
The ultimate bending strength about sections parallel to this line is taken as "m”; that is, the

normal moment if the yield-line had been perpendicular to the reinforcement. When the



moment key line

Figure 2. Stepped yield criterion



yield-line occurs at some angle, phi, measured clockwise from the moment key line, the

normal moment can be written as :
_ 2

m, = m cos‘g

and the twisting moment as :

Mmps = M sin @ COS @

Likewise, if there is reinforcement in two perpendicular directions with strengths m, and m,,

the following would result,

m, = m c052<p + m, cos? {—’21- + ¢}

my c052<p + my sin2<p

m,s = my sin @ cos @ + m, {Z + ¢} cos {& + ¢}
ns 1 2%2 2

1l

(my — my,) sin ¢ cos ¢

It follows that for a slab which is isotropically reinforced, the moment resistances,

m, = m, = m, and m, = 0 regardless of the orientation of the yield-line.

Obviously, the determination of these moments is more difficult if the slab is orthotropically
reinforced. To simplify these cases, Johansen developed affinity theorems which allowed
these orthotropic siabs to be treated with greater ease. These theorems allowed
orthotropically reinforced slabs to be analyzed as isotropic by transforming the shape and
loading of the original slab by special rules. The original theorems were simplified as well
as expanded upon by Jones and Wood (1967) to be applicable to more types of slabs. The
rules and limitations will not be discussed here, for further reference see Jones and Wood

(1967).



Once the tools for calculating the moment resistances are understood, the yield-line
method may be applied. In any approach, a yield pattern must first be postulated for which

certain simplified rules must be followed. (Jones & Wood 1367)

1.  Yield-lines are generally straight and end at the slab boundaries, though they may be

curved for concentrated loads.

2. Yield-lines between two rigid regions must pass through the intersection of their axes

of rotation, assuring the compatibility of deformations.

3.  The axes of rotation of the rigid regions usually lie along the lines of support and pass

over columns.

From these simplified rules, it is fairly simple to postulate a reasonable failure pattern for a
given slab and so the collapse load for that pattern can be calculated. Methods of calculating
the collapse load and adjusting its pattern to its critical position will be presented shortly.

Examples of valid mechanisms along with slab notation are shown in Figure 3.

It must be pointed out that this is only simple theory. After the critical pattern is found
according to these rules, a more complex pattern will still exist, yielding a smaller value for
the ultimate load. This complex pattern occurs with the phenomenon of corner levers. As the
slab is loaded, the edges in the corners will have the tendency to lift up off of the support.
Strong torsional moments occur in the corners and t\he yield-line will tend to fork away from
the corner in either direction instead of extending into the corner. If these edges are heid
down, A negative yield-line will form at a diagonal to the two edges between the ends of the
two positive yield-lines, leaving the region in the corner undeformed. This results in a pattern
similiar to that shown in Figure 4. If the negative yield-lines at the corner levers are assumed
to take on a circular shape, the pattern becomes more critical; and when the negative yield-

lines form in a parabolic or elliptical shape the ultimate load may become lower yet (Jones
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& Wood 1967). The worst actual layout is virtually impossible to find, and the analysis of any
shape other than a simple corner lever can be extremely difficult. When considering the as-
sumptions made and the small possibility of determining the critical pattern, it is shown that

the exact solution may only be obtained for a few cases such as one-way slabs.

Fortunately, it is not necessary to rigorously calculate the worst pattern, as the use of
simple corner levers generally predicts loads only up to two percent higher than that of the
critical case. Simple yield-line theory generally predicts up to ten percent higher for rectan-
gular slabs. These percentages may vary greatly depending on the shape and loading of the
slab (Demsky & Hatcher 1363). Mills (1970) has found that for shapes such as triangular slabs,
simple theory can predict up to 20 percent higher than that of the compiex fan shapes of the
critical pattern. These studies will be discussed later. It is suggested that for most cases it
is most practical to use either simple theory or include simple corner levers and make ap-

proximate adjustments.

To avoid violating fundamental assumptions, several points must be considered during
analysis and design. In order to achieve the large rotations necessary to arrive at the collapse
mechanism, the slab must have adequate ductility. This is not usually a problem because
slabs inherently have a generous thickness to limit deflections. It is considered that a steel
percentage of one percent or lower must be maintained for concrete slabs. In addition, be-
cause the slab is assumed to fail by flexure, shear must be carefully checked when large
concentrated loads are present. Small areas which are heavily loaded may fail by punching
shear. If this is not considered, the theory’s prediction may be naturally incorrect. Studies
on slabs carrying large concentrated load have been conducted by Nylander. (Jones & Wood

1867)

There are a few points that may have an effect on strength which the yield-line theory ig-
nores. The assumed yield criterion states that kinking of the reinforcement steel does not

occur. However, when a yield-line forms at an angle to the direction of the reinforcement, the

11
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reinforcement will have the tendency to kink towards a position normal to the yield-line giving
the section additional moment resistance. Theoretically up to 40% increases may occur,
however the bearing of the concrete will not allow this. A study by Kwieincki (1965) has shown
that increases up to 16 % may occur, yet analysis of more in-depth testing by others have
come to conclude that the effect is insignificant. Mills (1975) later reviewed these studies and
determined that the differences may have been caused by an uncertainity of the number of
bars crossing the yield-line. He directed special tests in which there would be no ambiguity.
His results concluded that in the worst instance, a maximum increase in strength of nine
percent may occur due to kinking. In most instances, however, the effect was considered

small enough to be neglected.

Yield-line theory also neglects the additional strength which may be developed by mem-
brane action as the deflections grow large. This is one area which tends to make the theory
swing from unsafe to conservative. Researchers have been trying to incorporate this effect
into yield-line theory, with work being done by Wood, Jones, Morely, Park & Gamble, Eyre &
Kemp, and Breastrup. Unfortunately, this work is dependent on knowing the degree of hori-
zontal restraint present, making it difficult to apply to actual structures. The extent of the
possible effects of membrane action may be best demonstrated in tests made by Ockleston
in 1955 where the collapse load double of that predicted was attributed to membrane action
(Cope & Clark 1984). Park and Gamble (1980) cite numerous studies of slabs with stiff hori-
zontal restraints showing that significant increases of strength may occur due to membrane
action. Although the magnitude of the effects of membrane action is not presently easily es-

timated, the additional conservatism it lends has helped build confidence in the theory.

Among other alternative theories being used, the Hillerborg strip method of design is quite
popular. This is a lower-bound theory which can aiso be applied to slabs of strange shapes
or slabs containing openings. In this method, the load is separated into portions which is to
be carried by each direction of reinforcement. Each load is evaluated as being carried by a

series of strips for which the amount of reinforcement is chosen. This procedure has been

13



used to attempt to determine the most economical reinforcement pattern. Although the
method is useful for design, it cannot be used to analyze existing slabs. In comparison, the
yield-line theory does not determine how to best arrange the reinforcement; however, it can
be used for both design and analysis. The yield-line theory treats the reinforcement pattern
as of little importance, as the moments are assumed to be redistributed until the slab has
failed. Muspratt (1970) has suggested that even when using Monte Carlo techniques of gen-
erating the distribution of a given quantity of reinforcement, there is little change of the ulti-
mate strength of the slab. It should be repeated that great ductility would be needed in order

to fully redistribute moments in a slab with a radical reinforcement distribution.

2.2 Methods

Johansen presented two methods of evaluating slabs, the equilibrium method and the
work method. The equilibrium method, which is only mentioned here briefly, makes use of
general equilibrium equations with the addition of his so-called nodal force theory. In this
theory, unknown forces along the yield-lines can be represented as forces at points on each
panel where the yield lines meet. These forces are usually zero and general equilibrium
methods can be used. However, there are situations where these forces are not zero and
complicated rules must be followed to determine the magnitude of these. This had been a
source of confusion for a long while and was not worked out until Jones, Wood and others
helped clarify it. For additional information refer to Jones & Wood (1967). The work method
uses the principle of virtual work, and excepting cases which involve a great deal of compli-
cated algebra, is usually much simpler to apply. The work method is discussed below and is

used hereafter.

In the work method, a failure mechanism is first postulated. By introducing a virtual dis-

placement to the system, the ultimate load can be solved by equating the internal and external

14



work. Since the regions are considered planar, the assumption of the magnitude of deflection
at one point will enable one to easily find the relative deflection at any point on the slab. The
work done by the external forces acting on the slab due to the virtual displacement can be

shown as :
w, = H w3 dxdy

w = external loads
where
d = virtual displacement

The internal work results from the normal moments along each of the yield-lines. This can

be shown as :
W, = Im,lo

m, = normal moment capacity of the yield — line per unit length
where | = length of yield — line

0 = rotation of yield — line

It is now necessary to find the pattern which minimizes the collapse load. This can be
done in several ways. One may use the arithmetic method, solving several postulated pat-
terns chosen by trial and error and picking the critical one. An algebraic method may also
be used by writing the work equation in terms of one variable defining the position of the
pattern. For this case, plugging in several values for the variable can result in a plot of ulti-
mate load versus the variable value. The minimum ultimate load can be easily picked off the
graph with little error. The third method, which is not always valid, is the algebraic method
used with the addition of differential caiculus. When the work equation is in terms of the load
and one variable, the ratio of moment capacity to load (M/W), can be differentiated with re-
spect to this variable. When this is equal to zero, the stationary maximum solution is obtained

and the pattern is critical.

15



It is important to note that this method is not always valid and should be used with caution.
If there is a discontinuity in the slab or in the loading, the stationary maximum may not be
within the valid limits for which the work equation was set up. For example, in Figure 5, the

pattern for a slab with a central opening is defined by the value of "a”. The minimum ultimate
1~y
2

; y would be incorrect because it assumes a pattern which is not consistent with the

pattern defined in the work equation.

load is to be found when "a” is between 0 and . A stationary maximum solution of “a”

>

Eyre and Kemp (1983) found mathematical solutions by differentiation without ignoring in-
valid patterns. Though their solution may often be correct, they were forced to state that when
the resulting pattern was found to be invalid, the probiem must be resolved by another

method. This limited the usefulness of their method.

If there are more than one variable defining the pattern, the algebraic method becomes
more difficult. A family of curves must be plotted to find the critical pattern. When using the
third method, the equation must be differentiated with respect to each of the variables. This

will result in enough simultaneous equations to solve.

There are advantages to each method and each is more effectively used in different situ-
ations. The choice will depend on how often this type of problem arises and on how difficuit
the algebra is. Generally, if the algebra is fairly easy or if it is a problem which arises often,
it is worth going through the algebraic technique. However, algebraic solutions are already
well known for many of the common cases, leaving only those for which the shape or loading
are unique. These problems are unlikely to reappear, and along with those containing com-
plex algebra, may be solved easiest with arithmetic techniques. Although the arithmetic
method may seem weak in comparision to algebraic with calculus, it should be noted for its
attributes. Instead of returning one value as the solution, its process shows how sensitive the
solution is to variation of the pattern, giving the designer a better understanding of the sol-

ution. (Jones & Wood 1967)
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When dealing with slabs containing openings, not only is there a problem with the solution
falling within valid limits after differentiation, the differentiation may become extremely com-
plex. Use of the algebraic method aided by a microcomputer to compute systematic trial and
error computations may be the simplest method to solve any problem. Time must be taken
to write the work equation regardless of tﬁe method being used. Creating a code which solves
the general work equation for all valid patterns may often be less work than differentiating or
trial and error plotting. Special steps must always be taken to ensure that all modes are ac-
counted for and that invalid patterns are ignored. This can be accomplished by only solving
the algebraic equation for values of the variable within its valid range. This method is greatly
utilized in the program presented later, letting the computer do the work and avoiding difficult

differentiation.

2.3 Previous Studies

Many experimental and theoretical studies have been performed to find the results of
simple theory, the effect of corner levers, and the effects of openings. In the theoretical
studies on the effects of corner levers mentioned earlier, Mills (1970) used an iterative com-
puter analysis, varying the size and orientation of the corner levers of triangular slabs to show
that its effect can be much greater than for that of rectangular slabs. Demsky and Hatcher’s
(1969) study which was limited to slabs with three sides fixed, also varied the size and orien-

tation of the simple corner levers.

Experimental studies of solid slabs have shown that actual collapse loads are consistently
higher than those predicted by yield-line theory. Tests on an actual structure by Ockleston
(1956), showed theoretical predictions underestimating the collapse load by an average of
20% for one-way slabs and by much greater for two-way slabs. Tests by Soare and Petcu

(1968) found yield-line theory predictions 5.4 to 21.5% less than experimental. Metz’s (1965)
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testing of 16 slabs, resulted in collapse loads from 5 to 40% higher than predicted. Gupta and
Kanungoe (1976) concluded that yield-line predictions may be from 2 to 4 times lower than
actual collapse loads. In this study, they also added predictions of membrane enhancement
by Ockleston and Christensen to arrive at predictions within 10 percent of the actual collapse

load.

In most studies concerned with slabs containing openings, corner lever effects are not in-
cluded. Islam & Park (1971) presented a theoretical study disregarding corner levers in which
they sought to develop design charts. They set up numerical equations for slabs with four
edges supported under a uniform load and with many locations for openings. By limiting the
configuration of the opening and the ratio of the reinforcement, they were able to gather their
results to create design charts. Families of curves were plotted showing how the ultimate load
varied with respect to one variable as another variable was set to different values. For a
particular slab, the appropriate curve could be selected and the minimum load easily picked
off. From these charts, it was shown that the openings had more effect on the strength of
simply supported slabs than of fixed slabs, as was expected. His results showed that up to
22% decrease of strength may occur when openings are at a corner or along the long side.
Only up to 11 and 13% decrease of strength may occur for slabs with openings along the short
side and central openings respectively. Zavlasky, (1967) in a limited theoretical study of slabs

with rectangular central openings, confirmed that up to 12% reduction occurs.

A few experimental studies on slabs containing openings in India have been published.
Moondra and Sharma (1980) conducted testing on seven circular slabs with varying shapes
and sizes of openings. The tests showed that the slab could carry 37 to 70 percent higher
loads than predicted by theory, and that there was a reduction of strength with increased
opening size. Narasimhan and Verreyya (1978) tested square slabs with rectangular
openings. All slabs collapsed at loads greater than predicted. They suggest that a "moment
multipling factor” (MMF) could be used to aid analysis of this type. This factor could be ap-

plied to the theoretical ultimate strength of a solid slab to predict the increase or decrease

19



occuring when the slab has an opening. By presenting graphs showing the MMF with varying
ratios of opening to slab dimensions, the MMF can be picked off of the graph and applied to

the ultimate strength of a solid slab.

Through extensive studies and experimentation, yield-line theory has shown itself to be a
reasonable alternative method for the analysis of reinforced concrete slabs. Ability to perform
analysis by quick hand calculations as well as having the versitility of analyzing unique slabs
are among yield-line theory’s many appealing features. The effects of membrane action have
been shown to make the theory’s predictions conservative. Careful application of this theory,
including the maintainance of adequate ductility, checking servicability, and the awareness
of elastic moment distribution, will result in good designs and a better understanding of the

behavior of slabs.
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Chapter Il

COMPUTER PROGRAM

3.1 Purpose

A computer program has been written to analyze uniformly loaded, orthotropically rein-
forced rectangular slabs with rectangufar openings. This was included to ensure the ability
to obtain quick, easy, and accurate analysis of the ultimate strength of many common siabs.
The program makes use of simple yield-line theory, neglecting the effects of corner levers and

membrane action.

The program, "SLAB.BAS”, was written in BASIC for use on a personal computer so that
it could be interactive, alerting the user to errors made during the input process. A program
could be written to analyze any particular shaped slab; however, to include several odd
shapes with their possible edge conditions would be impractical unless those particular
shapes were dealt with often. Therefore, this program is limited to the most commonly
occuring slab, the rectangular slab. The three sets of edge conditions which are most likely

to occur with a rectangular slab were chosen to be developed. These were four sides fixed,
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three sides fixed with the remaining side free, and two opposing sides fixed with the other
sides free. It will be shown later that the program will also be able to analyze simply sup-

ported slabs and some slabs which have a mixture of both simply supported and fixed edges.

It is recognized that openings in a slab may be necessary for the passage of ducts and
pipes. For this reason, several rectangular opening locations were considered for each set
of edge conditions. Central openings, openings at the center of each fixed side, and openings
at the center of the free side were included. To limit the scope of the program, the type of
loading and type of reinforcement had to be restricted. Since yield-line theory assumes that
the slab fails in bending, point loadings were not considered because they tend to induce
failure by punching shear. Since most slabs are designed for a specific uniform load, only
uniformly loaded slabs are considered. Although slabs with varied reinforcement could have
possibly been included, it was beyond the scope of this paper; this program is only capable

of analyzing slabs which are orthotropically reinforced.

3.2 Input

The input is short and simple. It is also aided by a sketch of the desired siab if a
color/graphics monitor is available. This sketch shows the slab with dimension lines and
variable names for the dimensions which are to be input. If a color/graphics monitor is not
available, the user must refer to Figure 6 for aid in inputting data. The user must input the type
of monitor, the edge conditions of the slab, the slab dimensions, the opening location and di-
mensions, and the positive and negative moment capacities in each direction. The desig-
nation for the slab dimensions are X (vertical ) and Y (horizontal) and must be entered in feet.
The opening dimensions are A and B and are in feet also. The moment capacities are des-
ignated by MXT, MXB, MYT, and MYB, and are entered in kip-feet per unit foot. The M means

moment capacity, the second letter describes the direction in which the reinforcement runs,
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and the last letter designates whether the reinforcement is on the top or bottom. For example,
the negative moment capacity along a line parallel to the x-axis would be determined by the

top reinforcement running along the y-direction and would be input as MYT.

To avoid confusion and to clarify further points, it is necessary to inform the user that some
of the variables used during input have a different meaning within the program. For example,
the dimensions X and Y are only used as slab dimensions during the input of data; however,
within the program, the dimensions become LX and LY. A and B are internally transformed
into a ratio of the opening dimensions to their corresponding sides’ lengths. For example, the
vertical opening dimension input as B will now be equal to the product of X and LX. The
variables X and Y will now have values between 0 and 1 which are multiplied with either LX
or LY. The same applies to A and B, they were input as opening dimensions but within the
program they will designate ratios. This should be carefully noted as several items further
along will be in reference to the length of their corresponding sides as well. Although the
program will show all variables in capitals, the governing equations at the end of the chapter

will label all transformed ratios (a, b, x, & y) in lowercase.

To avoid incorrect output due to physically impossible input, the input is checked before
the analysis is run. All dimensions must be positive, the opening dimensions must be smaller
than their corresponding slab dimensions, and the moment capacities must be non-negative.
The user is alerted to any errors, as well as given the opportunity to check input values for
other errors. The user can then change the input if necessary. It is noted that the value of
zero for an opening dimension will not be accepted; however, if the analysis of a slab with no
openings is desired, very small numbers may be entered with the same resuit. Once the in-
put is entered, the slab is analyzed. The output returned to the user will consist of an echo
of the input information as well as the ultimate uniform load and failure pattern number. The
configuration of each collapse pattern is shown at the end of the chapter with their corre-

sponding mode numbers.
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3.3 Method

The analysis portion of this program uses the principle of virtual work to solve for the ul-
timate load. For each set of end conditions and opening locations, a set of all possible general
failure patterns or modes was postulated. Figure 7 shows the set of failure modes for a slab
with three sides fixed and an opening at the center of the free edge. These general patterns
are defined by the configuration of the yield-lines and pattern dimension variables. The pat-
tern dimension shows the position of key points on the yield pattern such as where two or
more yield-lines meet or where a yield-line meets the edge of the slab. These dimensions
are variable and have a specific range for each mode of failure. The correct position within
this range will be the one for which the ultimate load is minimized. One will notice that each
mode represents a range of yield patterns for which the pattern variable can vary while the
shape of the pattern remains similiar. The set of all modes make up all of the possible failure
patterns. Only rarely will two modes represent similar failure patterns. As shown in Figure
7, if "a” is equal to "x” in mode 2 and "a” is equal to "y” in mode 4, the patterns are generally
the same. All sets of failure patterns follow simple yield-line theory as described earlier and
do not take into account the presence of corner levers and more complex fan shapes. In
practice, openings are usually small relative to total slab area. Therefore, the patterns were
also based on the assumption that the entire slab would collapse. Caution must be taken if
the openings are extremely large, as local failure may occur and the critical mode will not be

analyzed.

The ultimate load can be determined when the external work done by the loading moving
through an arbitrary displacement is equated with the work dissipated by the slab as it fails
by that particular pattern. Being an upper bound solution, the critical pattern will be the one
that fails under the smallest load. This work equation is originally set up in its most general

terms. The ultimate uniform load ( W) is isolated and equated with a formula that is in terms
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of the slab and opening dimensions ( LX, LY, xLX, & yLY), the moment capacities ( MXT, MXB,

MYT, & MYB ), and the pattern dimension variables ( a, b, & d ) as shown in Figure 8.

After the input process, the slab and opening dimensions as well as the moment capacities
are known, leaving the ultimate load and the pattern dimension variables to be determined.
For each mode, the values of the pattern dimension variables have certain constraints. The
range of possible pattern dimensions will be dictated by the yield pattern and size of the
opening. In Figure 9, the pattern dimension ratio "a” defines the perpendicular distance be-

tween the fixed edge and the intersection of yield-lines. It can be shown that for a central hole

"a” must be between 2_(11_i_x)_ and 1. In some cases a particular pattern may not be possible.
-y

For example, if a slab has three sides fixed and a large central opening as in the bottom of
Figure 9, this mode cannot exist. If it is found that due to large opening dimensions that the
lower bound of "a” is greater than the length of its corresponding side as in Figure 9, the
pattern is geometrically impossible; the arbitary value of 1,000,000 k-ft/ft is given for the failure
load of that mode. This value will take on no meaning, as another mode which is possible

will yield a lower value.

An iterative process was developed for finding the values of the pattern dimension vari-
ables for which the ultimate load is minimized. When possible values for "a” exist, the value
of "W” is calculated for each value of "a” as it is varied from its lower to the upper limits. It
is varied in increments of one one-hundredth of the length of that corresponding side. As "a”
is varied through its range, the smallest value of the load is saved as the critical value for that
mode. Each mode is analyzed in the same manner. After each possible mode has been an-
alyzed, the critical values for each mode are compared. The smallest value of the load and
its corresponding mode number are given in the output. The choice of increment step was
found to be satisfactory. As the increment of the interval is decreased by the factor of ten, the
computing time is increase by a factor of ten while the increase of accuracy is insignificant.
Increasing the interval by a factor of ten, cuts the computing time by 30% while losing only

0.4% in accuracy.
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In some cases, there may be two or three pattern dimensions, each with their own con-
straints. Moreover, the constraints will often be dependent on values of other pattern dimen-
sions. For example in the mode described in Figure 10, the pattern dimensions are “a” and
"b” and their ranges are 0 < a < (1—b) and (1—x) < b < (1 —a). Although the
value of “x” will be known from the input, the upper limit of “a” depends on the value of “b”
and the upper value of "b” is dependent on the value of "a”. In these cases, the value of one
of the variables ( "b” in this case ) is automatically selected to be a reasonable value within
its valid limits. The limits of "a” are now defined. Keeping "b” as a constant, "a” is varied
within its limits and its value at which the load is minimized is saved. For this new value of
"a”, the new constraints for "b” are established and "b” is varied in the same manner. This
process is repeated once again, beginning with the last value of "b” set as a constant. After
this set of trials, the new values for "a” and "b” are compared to their previous values from
the first trial. The solution is considered correct when the change of each variable is less than
three percent of the length of their respective sides. If the pattern dimensions change less
than the three percent, the load for that mode is saved and the next mode is analyzed. If the
values for both "a” and "b” have not yet stabilized, this process is repeated until it does.
Varying the value for the convergence test may or may not affect the computing time de-
pending on the problem and the magnitude of the change. Decreasing the value for conver-
gence leads to a negligible increase in accuracy. A sample of input and output is given in

Figure 11.

3.4 Limitations

As mentioned before, the slab must be uniformly loaded and orthotropically reinforced.
Openings located along an edge are considered centered with respect to the two adjacent
sides. The program is limited to the following edge condition and opening location combina-

tions. Four sides fixed : openings are central, and center of a fixed side. Three sides fixed :
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Please refer to thesis for location of dimensions on figures.

Please enter value for horizontal side disension, ¥ (ft} ? 25

Piease enter value for vertical side dimension, X (ft) ? 20

Please enter value for opening disension, A (ft) ? 0,00001

Please enter value for opening dimension, B (ft}? 0.0000L

Enter negative soment capacity for bending about the x-axis MYT {k-ft/ft}? 0
Enter positive sesent capacity for bending about the x-axis MYB (k-ft/ft)? 8
Enter negative sosent capacity for bending about the y-axis MXF (k-ft/ft}? 0
Enter positive aoment capacity for bending about the y-axis MIB ‘k-ft!ft)? 14

Your values are now the following:
A= 00001 ft. B =.,00001 ft, Y=25ft. X=20ft, C=0

ft. {IF APPLICABLE}
NYT = 0 k-ft/ft  NYB = 8 k-ft/ft  MXT = 0 k-ft/ft  MXB = 14 k-fi/ft

Would you like to change any of these values? (Y/N)?

##+  RECTANGULAR SLAB -- THREE SIDES FIXED -- CENTRAL OPENING s+
with the following disensiens :

A= 00001 ft, B = 00001 Y., ¥ = 28 ft. ¥ = 20 ft,

£ =0 £, [IF APPLICAELE}
MYT = 0 k-ft/ft  MYB = 8 «-ft/ft  MXT = O k-ft/ft  MXB = 16 k-7t/7¢

The u:timate leoad 1. .2617347 KIPS/SQ.FT

The failure 1s by mode % |

Nould you like to analyze another slab (y/n)??

Figure 11. Example input and output
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openings are central, center of the horizontal fixed side, and center of the horizontal free side.
Two sides fixed : openings are interior, fixed edge, symmetrical interior, and symmetrical
fixed edge openings. Although the last two conditions may seem odd, their analysis was ori-
ginally included due to the possibility of testing these situations. When three sides fixed are
desired, the free edge is considered to be horizontal. When'two sides fixed are desired, the
vertical edges are considered fixed. The condition of three sides fixed with an opening at the
center of the vertical side was left out due to the large number of modes and large number
of pattern variables per mode. Its analysis was extremely lengthy and due to space was ex-

cluded.

As briefly mentioned earlier, simply supported slabs may also be analyzed but with some
limitations. Simply supported edges may be analyzed similarly to fixed edge because de-
flections are not allowed along the edge in either case. Therefore, the failure patterns and
their governing equations will be similar. Only the amount of energy dissipated will change.
If there is any negative reinforcement, the side is considered fixed and energy is dissipated.
When negative reinforcement does not exist, deflection will be zero but rotation will not be
restrained and the energy dissipated due to that side will be zero. Entering the negative
moment capacity in a certain direction as zero will result in those two opposite sides being
considered simply supported. Similarly a slab with four sides simply supported can be mod-
eled by entering all negative moment capacities as equal to zero. it can be easily seen that
in this program it is not possible to model the condition where one side is fixed while its op-
posing side is simply supported. For example when MXT is entered, the reinforcement spans
the entire length giving each opposing side a value of either zero or some positive value for
its moment capacity. For similar reasons, additional free edges cannot be modelled by this
program. The restraint against deflection would be violated and a different. set of yield pat-

terns would have to be considered.

It should be stressed that these patterns will not be critical, in that corner levers were not

considered. In comparing a slab with consideration of corner levers to the program’s simple
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theory predictions, it will be found that the presence of corner levers will reduce the strength
predicted. This does not necessarily mean that these values are non-conservative. It should
be remembered that membrane action is also excluded and the prediction could possibly be

conservative.

Similiar programs may be written to facilitate design. The work equations can be written
in terms of the major reinforcement and desired ratios of other reinforcement entered by the
designer along with the desired design load and slab dimensions. Iteration routines can be
written to maximize the ultimate moment capacity, yielding the minimum reinforcement to be

used.

3.5 Work Equations

For each pair of end conditions and opening locations, each mode shape and its respective
governing equation are shown in Figures 12 through 23. The negative yield-lines shown near
the edges are assumed to occur at along the edges. Symmetry in yield pattern occurs in

most situations. The program listing is presented in its entirety in Appendix A.
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MODE 1

W= [ 24 ] LXXMYT + MYB) + (1 — a)LY*(MXT + (1 = y)MXB)
LXALY*(1 - a) 2+ a— 6xp + 3x%y
- |
T |
a LX: l
MODE 2 L '

W =24 LXY(1 = a)(MYT + (1 — )MYB) + LY*(1 = p))(MXT + (1 = y)MXB)
(1 = PLXLYY) (21 = @)’ (1 = p) + 3a(l = a)(1 — p) + 3p(1 — x)})

- aLlY &

MODE 3 \

W= ga | LY = XMYT + (1 = )MYB) + LYX(1 = a)(MXT + (1 = ayMXB)
(LYALY?(1 = x)}) {201 — @)*(1 = x) + 3a(l = a)(1 = x) + 3x(1 = )}

alLX |
tE
MODE 4 g
W= [ 2 ] LYXMXT + MXB) + (1 — )LX*(MYT + (1 — x)MYB)
(1 = a)LX*LY? 2+ a— 6xy + 3xp?

Figure 12. Four sides fixed - Central opening
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MODE 1

woe | 200 - BLXAMYT + MYB) + abLYX(MXT + MXB) + a(l — b)LYA(MXB + (1 — y)MXT)
{a(l — BLX’LY?} {3b — 2ab — 3x%y}

— B LY

AL AT AASARAAS T,

AL 1 AR

=

MODE 2 a LX 3
x

A

W= [Ly’(n - x)(1 = p(MXT + MXB) + LYa(1 = b)(MXT + (1 — BYMXB) + 4a(l — )LX}(MYT + (1 - x + a)MYB)

{a(l = LXLY?} {2a(1 = y) + 301 = p)x — @) + 2(1 = x)(1 = O) + 351 - 8)(1 - x))

T O Y AN A VNS IO S C I 8 vy et o)

MODE 3

<
8 CRbEes

- 4abLX*(MYT + (a + B)MYB) + a(l — y)LY}(MXT + (1 — y)MXB) + b(1 — y)’LY}(MXT + MXB)
{a(1 = Y)LX’LY?} {26(a + b)(1 — y) + 36(1 — a — b)(1 — y) + 3y(1 — x)}}

Figure 13. Four sides fixed - Opening on fixed edge

|

]
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MODE 4

W | 200 - OLXAMYT + MYB) + a(l - b1 — y)LYYMXT + MXB) + abLY (MXT + (1 - y)MXB)]
{abLX’LY?} {da(1 = &) + 3(1 = b)(1 — 2a) — 3by(1 — b) — 3p(x — b)(2 — x — b)}

G ALOLARN AR N N A Y A

5 i

H I

: I}

MODE 5 T It
I e

|
:
%
|

2
6 aabIX}MYT + (1 = x — H)MYB) + a(1 = yY'LY (MXT + MXB) +bLY (MXT + MXB)]
W=[ ] 3 —a-3x+ 31 — y)ix—b)+ 261 =y

Figure 14. Four sides fixed - Opening on fixed edge
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MODE 1

W= [ 6 ] [4LX2(MYT + MYB) + (1 — a)LYMXT + (1 — a)MXB)
(1 — a)LX’LY? 2+a-3xy
P )_,-(u- vmmwxra\-cwa

e e T e e — —

R o SRR KPR

MODE 2

XS

. [ 24 ] [2aLX2(2MYT + (1= x + 2aMYB) + LYY = p)MXT + (1 — y)MXB)
LX*LY? 8a*(1 = y)* + 3p(1 — y)(1 = x)? + 6a(l = x) + 6a(1 — Y)*(1 + x — 2a)

l-—————a LY—-—-—H

i
1
4

|
I
| 1
I
|

MODE 3

I
I
N |
o
I
|
|

A Nl T
I IR

41 = X)LXXYMYT + (1 = x)MYB) + 2LY*(1 = a)(MXT + (1 — a)MXB)
(1= LXALY?Y) (4(1 = x)(1 = @) + 6a(] = x)(1 = y) + 12x(1 = y)* + &(1 — x))

V=24

Figure 15. Three sides fixed - Central opening
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MODE 4

W= [ 6 ] [4aLX2(MYT + MYB) + LYz(MXT + MXB)
3a—a - 3xy

LW LT RELL W T N NN DTN Y TN D AR R

MODE S

W= [ 6 ] 4aL XAMYT + (1 — x\)MYB) + LYXMXT + MXB)
al. X*LY? 3—a-3xp2-y)

Figure 16. Three sides fixed - Central opening
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W= [ 6 ] [4(1 — Q)LXXMYT + MYB) + LYXMXB + (1 — y)MXT)
2(1 = a)? + 3a(1 — a) - 3x%
alLy
bt ———>1

MODE 2

W= [ 6 ] ALXYMYT + MYB) + (1 — a)LY*(1 = a)MXB + (1 — y)MXT)
(1 = a)LX’LY? 21 — a) + 3a - 3x%y
x . ..
a X
vl

|
i
MODE 3 §

'A

o
I(
"J
I|:
I.a

W= [ 6 ] 4alX*(MYT + (1 = x + QMYB) + (1 = ) LY*(MXT + MXB)
alX*LY? 3(1 = x) + 2a(l = p)® + 3(x — a)(1 — y)?

Figure 17. Three sides fixed - Opening on fixed side
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MODE 1

W= [ 6 ] LYXMXT + MXB) + 4aLX*(MYT + (1 — x)M YD)
al 3-a-=3xp2 -

MODE 2

W= e |40 = QLXAMYT + (1 = a)MYB) + (1 — p)LYXMXT + (1 — y)MXB)
(1 = NLXLYY) (3a(1 = a)(1 = p) + 21 = a)X(1 = p) + 3p(1 = x)%)

LAl —

¥ =
5
4 ¢
MODE 3 :
W= [ 6 ] [4LX2(MYB + MYT) + (1 = a)LYXMXT + (1 — a)MXDB)
(1 = a)LX*LY? 2+a- 32 - x)
MODE 4

W= 6 ALXY1 = X)MYT + (1 = X)MYB) + (1 — a)LYXMXT + (1 — a)MXD) ]
(1 = )LXALY?) {201 = x)(1 = @)% + 3a(l = a)(1 = x) + 3x(1 = »)})

Figure 18. Three sides fixed - Opening on free side
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MODE 1

MODE 2

MODE 3

2

Figure 19.

e b LY ——

NI :
El It
H I,
1 Il
E' I:
) 3
! |
w=[ 2 ] [ (MYT + (1 = x)MYB)
LY L L o1 = b)(1 = x) + (1 = byxc? + xb(1 — ¢ — y)?
= —— b LY ey
|
|
)| 1
I
I} i
1|
|
l ;
w=[ 2 ].(MYTI-MYB)]
(1=8LY*1 Lb=xp2c+y)
= dLy >

I
I
I
I
[
|
I
|

PXESRL LI XT TR RO AT

"

2 ] [(1 - O(MYB + (1 = OMYT) + (d — bY(MYT + MYB)
(1 = d)LY? (d = b)(1 = b) = x(c + y — b)>

Two sides fixed - Interior opening
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. il
MODE 4 ?_ } 1k
N 1§

W=[ 2 ] [ (1 = x)(1 = d)(MYT + MYB) + (d = )(MYT + (1 — x)MYB) ]
(d = ¢)LY? l=cal—-d)—x(1—dd—c)=—x(c+y—dR—-d—c—y)

—— dLY —>

MODE 5 : 1 |

W=[ 2 ] [ MYT + MYB ]
Lyl Ld=—oc+y—ad

+ il e A A SRS DT R, A AFAT I 0

Figure 29. Two sides fixed - Interior opening



po—— ALY ___
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AKX

MODE 1

.'.‘

RANRSESUVEVLANA S A9 38 20 wart

W=[ 2 ][(1’0)(MYB+(I—x)MY7)+a(MYB+MYT)]
(

1 - aLy? a+ xp?
— aLy ~
124
4
,’%' '§
A f
Ik
B
19
gr 15
MODE 2 il ﬂ§

w=[ 2 ][(1—a)(l—x)(MYT+MYB)+a(MYT+(l—x)MYB)]
aLY? (I-a —axdl —a)-x(p —a)2 - a~y)

dLy

=1y

O AAAANAR

SO AAKARAARK A AANANN

MODE 3

“h /
' |
{

[2(MYT+ MYB)]
W= -
d(y - d)LY

SAAA

O

Figure 21. Two sides fixed - End opening



MODE 1

MODE 2

MODE 3

Figure 22.

!

LY2 — i

(MYT + MYB)
I = dxp(2c + y)

lalY=~

MMAAAAA OSSR AR

N4

(MYT + (1 — x)MYB)

v- ] |

a—a2—2ax(c+y-a)—x(a-c)(c+a)

a LY o— LY /2 —

AA AN 2]
WA

RA AR CAAA AT

DOAASNSNOO

b - — —
b - - —

8

Two sides fixed -

8 ] [(MYB+ (a —x)M}’T)J
Ly? (1 = 2¢)* = 4xy?

Symmetrical interior openings
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bo— LY /2

AN
2
AAAANA

AN
2t

2y ;
MODE 1 A :;
W=[ 8 ] (MYB + (1 = x)MYT)
LYz 1 — 4xy?
alY
il 1
21 !
MODE 2 : !;%
w=|20-x% (MYT + MYB)
aLY? a(l = x) + (1 = 2a) — 2x(y — a)

Figure 23. Two sides fixed - Symmetrical end openings
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Chapter IV

EXPERIMENTAL STUDY

4.1 Introduction

Four slabs were constructed and tested to compare the uitimate loads and yield patterns
to those predicted by simple yield-line theory. The first contained no opening and was used
as a control slab while the other three contained openings in various locations. A testing
apparatus was built to achieve fixity for three edges of the slab. An airbag was placed under
the slab and inflated to apply a uniform lateral load on the slab. Deflections, ultimate loads,
and yield patterns were observed and analyzed. In order to reduce costs, available materials

from other experimental programs were used whenever possible.
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4.2 Testing Apparatus

To effectively fix the edges of the slab, a sandwich of wide flange steel beams was used.
Using six available W 10 X 12 beams, it was possible to fix three sides of the slab. Three
beams were positioned as three sides of a rectangle and anchored onto a concrete floor.
Twenty-two 1/2 inch diameter "Thunderstud” anchor boits were used to prevent the beams
from lifting from the floor due to the upward and torsional load applied by the airbag acting
on slab. These three beams were tightly fitted with 10 inch pieces of 2 by 4’s between the
flanges acting as stiffeners to prevent rotation of the flanges. The siab was placed on top of
these beams and the remaining beams were placed upon the slab, positioned directly over the
anchored beams. Three pairs of 1/2 inch diameter Grade 5 bolts for each fixed side were
placed in pre-drilled holes through the slab and adjoining flanges. The bolts were tightened,
effectively fixing the slab between the flanges of the steel beams. An airbag availabie from
another experimental program was used to apply lateral pressure to the slab. The 30 psi ca-
pacity of the airbag was well above the estimated five to seven psi load needed to fracture the
slab. The dimensions of the siab as well as the location of the beams were dictated by the
size of the airbag. Since the plan dimensions of the airbag were 64 in. by 50 in., the loaded
portion of the slab was chosen to be five feet by four feet. The airbag was placed below the
slab and elevated by plywood over a 2 X 4 grillage to rest closer to the bottom surface of the
slab. This was necessary because the slab rested ten inches above the floor while the airbag
was thought to have the capability of expanding a maximum of six inches. The photo in Figure

24 shows the testing apparatus.
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Figure

24.

Testing apparatus
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4.3 Slab Materials and Design

The slabs were constructed of reinforced concrete. Each slab was approximately 6°-0” by
4’-6" with a loaded surface of 5-0” by 4’-0". The additional length allowed for the connection
of the siab to the testing apparatus as well as allowing for sufficient development lengths of
the reinforcement. It was necessary to minimize the slab thickness in order to achieve low
weight, low cost, and easier handling; therefore, the range of one to two inches was consid-
ered. The thickness of one and one-half inches when reinforced with #2 rebar was found to
be most desirable with respect to several considerations including ductility, clear cover, and
ultimate load. The two central layers of #2 bars having diameters of 1/4 inch, left a clear cover
of 1/2 inch. This clear cover dictated that 3/8 inch maximum aggregate be used. A mesh of
smooth straight #2 bars spaced at four inches was used as reinforcement and was tied to-
gether with soft iron wire. Deformed #3 bars would have been difficult to use due to ductility
considerations. Also, the weight involved in giving the slab an adequate thickness was too
great for easy handling; and #3 bars could not be readily bent by hand. Although smooth bars
are not generally recommended for ultimate load testing, several steps were taken to improve
their performance. To improve bonding characteristics, all bars were washed to remove
grease, they were then wetted and left to rust for three days. In addition to providing adequate
development lengths, all bars were given a three to six inch 30 degree bend at the fixed sides.
The four inch spacing for the mesh provided adequate ductility as well as an acceptable ulti-
mate strength. Figure 25 shows the typical reinforcement pattern. Smaller spacings would
have made the ductility inadequate, would have been much more work to construct, and would
have been more difficult to pour concrete through. A larger spacing on the other hand would
give an unacceptably small ultimate strength and would provide too few bars for an exper-
iment of this scale. A ultimate load capacity of the slab of approximately five psi was con-

sidered desirable. This reduced the possibility of problems with the airbag and required fewer
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holes to be drilled through the concrete floor for anchorage. It was also large enough to re-

duce the ratio of percent increment of load to ultimate load to a desirable value.

The three locations of the openings were chosen so that they could be evaluated by the
program. A central opening, an opening in the center of the free side, and an opening in the
center of the opposing fixed side were used. The sizes of the openings were to be kept rela-
tively small due to the possible effects of the airbag bubbling through the holes. It was ori-
ginally assumed that with small holes, the openings and their edges would recieve no loading.
The exact dimensions of the openings were restricted due to considering the accuracy of the
moment capacities. Yield-line analysis considers moment capacities as moment per unit
length, while an actual slab has steel spaced at a certain distance. Therefore, opening sizes
should be selected so that they would take away a representative length of concrete with re-
spect to the steel within. For example, since the bars are spaced at four inches, an opening
should extend to two inches past the last rebar cut, so that one bar would be cut with every
four inches of concrete. One can see that this will limit the sizes of the openings to multipies
of four inches. However, due to the symmetry constraints in the program which centers the
opening, the opening dimension in the y-direction of each had to be either 4", 12", 20", etc. (
Refer to Figure 26 ). Likewise the length in the x-direction of the central opening had to be
8”, 16", etc., while the length in the x-direction of the remaining two slabs could be any multi-
ple of 4”. Possible opening sizes were run through the program and those with the most
distinctive yield patterns were chosen. The following sizes were selected. The opening on the
long fixed edge was 1°-0” by 1’-0”, the opening on the long free edge was 1’-0” by 1’-0”, and
the central opening was 1°-0” by 1°-4”. From this point forward the slabs will be designated

by the following numbers.

] Slab #1 - Solid slab

J Slab #2 - Slab with opening on the fixed edge
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L] Slab #3 - Slab with opening on the free edge

L] Slab #4 - Slab with central opening

Although it is done in practice, no extra reinforcement was added around the openings in or-

der to avoid additional strength.

4.4 Formwork

The forms for the four slabs were built adjacent to each other to save on materials. It
consisted first of platform supports built of 2 by 4's which could be jacked up to level the siab
on the uneven floor. It was nailed together to be 12-0" by 9'-3" with supports along lines
where the plywood would meet. Refer to Figure 27 for a sketch of the formwork. 2 by 4's were
also placed across the third points of each sheet of plywood to prevent sagging under the
concrete weight. 3/4 inch tounge and groove plywood was nailed on to the supports to be-
come the bottom of the form. Finally, 1 by 2’s were nailed on top of the plywood to form the
sides of the slabs. These were placed along the edges and across the the middle separating
the area into four portions. This not only defined the shape of the slab but also gave it its
proper one and one-half inch height. Scrap 2 by 4's were nailed around the outside, con-
necting the 1 by 2’s and the platform. This strengthened 1 by 2’s and prevented their falling

off or bowing under the lateral concrete loads.

4.5 Construction

Sheets of thin plastic were used to cover the bottom and sides of the forms to prevent them

from bonding to the concrete. The reinforcement was bent, tied into the mesh, and placed into
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the forms. Small pieces of one-half inch diameter dowel were placed under the bottom layer
of reinforcement, lifting it off of the forms and assuring the proper clear distance. The dowels
were located under every bar along edges which were to be fixed since this would be outside
of the loaded area and would not affect the strength of the slab. A few extra pieces were
necessary within the slab to minimize the sagging of the steel under its own weight and the
weight of the concrete during pouring. The reinforcement at the proper opening locations
were cut with boit cutters and 1 by 2’s, which had been soaked in oil to prevent bonding, were

built to the size of the openings and nailed down.

The concrete was to be mixed in the laboratory; however, due to the relatively small mixer
the pouring would be long and difficult and would probably result in a non-uniform slab.
Ready-mixed concrete was ordered to insure a uniform mix as well as a shorter pouring pe-
riod. A compressive strength of 4000 psi was desired along with a slump of four inches for
adequate workability. The concrete was poured, vibrated, and finished in approximately two
hours. Special care had to be taken so that it was vibrated enough to get a nice uniform
surface yet not too much so that separation occurred. After the slab had sufficently hardened,
it was covered with wet burlap sacks and plastic sheeting over top. The slab was kept moist
for 28 days to attain full strength. Refer to Figure 28 for a photo of the cured slabs on their

forms.

4.6 Instrumentation

The slabs were instrumented with sixteen linear potentiometer deflection gages. These
were mounted along the free edge and the center line of the slab as shown by the photo in
Figure 29. The numbering scheme for the gages is shown in Figure 30. Due to the nature of
the loading and edge conditions, all deflections should be symmetrical about the center line,

and the maximum deflection should in most cases occur along this line. The deflection may
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Figure 28.

Cured slabs
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Figure 29.

Instrumentation set-up
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Figure 30.

6" Typical

Numbering scheme for deflection gages
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not be along this line if there is an opening located at the center of the free edge. The airbag
was instrumented with a double-U shaped manometer which is calibrated to read to the
nearest hundredth of a psi. The manometer stood approximately nine feet tall and contained

water in the two chambers, having the capacity of measuring pressures above seven psi.

4.7 Concrete and Steel Test Results

Five steel reinforcing bars were tested on a Tinius Olsen machine. Several diameter
measurements were taken with a micrometer and it was determined that the bars had an
average area of 0.0503 square inches. It was found that the average yield stress was 89.94

ksi and the average stress at failure was 92.29 ksi.

Two concrete cylinders were cast in 6” by 12" cylinders. In order to estimate the slab dead
load, the cylinders were weighed and were found to average 149 pcf. After 33 days they were
tested, fracturing at 123.5 k and 129.5 k. The average compressive stress was 4475 psi. Ta-

bles 1 and 2 summarize the material test results.

4.8 Testing Procedure

Once the slab was in place on the testing apparatus and was instrumented, inflation could
begin. Compressed air was provided in the test room and was supplied through a pressure
line with a throttling knob to control flow. The outflow from the throttling device was connected
to a “T” fixture, directing the flow to both the manometer and the airbag. The airbag was first
inflated to 0.13 psi to counteract the dead weight of the slab and initial deflection readings
were taken. The airbag was thereafter inflated in increments of approximately one fifth of a

psi. At each increment, the manometer was read and recorded, and the gages were read by

60



Table 1. Steel Tensile Test Results

Specimen Ultimate Yield Yield
Load (Ib) Load (Ib) Stress (ksi)

1 4580 4370 86.9

2 4630 4460 88.7

3 4720 4630 92.1

4 4630 4570 90.9

5 4650 4580 91.1
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Table 2. Concrete Compression Test Results

Specimen Compressive Compressive
Load (kips) Stress (ksi)
1 123.5 4.37
2 129.5 4.58
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the data aquisition system every 30 seconds and stored on disk. This continued past first
yielding and to failure. Crack patterns during loading were observed and recorded by photo-
graphs at every one psi interval. A photo of a slab nearing failure is shown in Figure 31.
Loading was stopped when the slab showed no sign of increased strength over a few loadings.
Though the slabs could have been loaded further to make the results more defined, the tests

were stopped to preserve the testing apparatus.
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Figure 31.

Slab nearing collapse
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Chapter V

DISCUSSION OF RESULTS

In this section, a discussion of the test results is presented. Comments are made on the
nature and accuracy of the observations. A comparison between predicted and experimental

load capacity is given.

The raw data collected was adjusted to take into account the angle of the manometer and
the subtraction of the dead load. The revised pressure readings were then matched with the
deflection readings, tabulated and plotted. In reviewing the deflection data, it was discovered
that one of the disks was bad and recorded only one-half of the deflection readings for slab

#2. The ultimate load and yield pattern however were obtained.

During the testing, It was observed that the inflated airbag did not quite reach the free
edge of the slab, and therefore a fully uniform load was not achieved. This effect was con-
sidered small and was neglected. First cracking typically occured between 1.5 and 2.0 psi.
Major crack widths at the end of testing were generally between 1/8 inch and 1/4 inch with the
largest being 1/2 inch. Because of the small crack widths, it was not apparent whether kinking

of the reinforcement had occured. At higher loadings and greater deflections, the concrete
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on the outside of the beams cracked and popped off in chunks exposing some reinforcement.
It was observed that instead of the top flanges of the anchored beams being twisted outwards
from moment at the support, they were pulled inward from in-plane forces. At the greatest
loading, the length of the long side decreased 1" from 4’-11" to 4’-10". At no time was there

a noticable rotation along the supports.

There was some difficulty reading the manometer to accurately correspond to the de-
flection gages. Each had great precision, the manometer to the hundredth of a psi and the
gages to the thousandth of an inch. However, there may be some question as to how to match
the two. Once the throttle was shut off, the concrete would continue to deflect for a short pe-
riod of time, giving the airbag more room to expand and subsequently achieve a drop in
pressure. These post-loading changes were usually quite small so the readings shortly after
the shutting of the valve produced good resuits. The deflection versus loading plots show that
these readings were quite reasonable. Figure 32, shows the failure patterns and ultimate
loads for the slabs. The following Tables and Figures will be presented at the end of the
chapter: Tables 5 through 12 tabulate the deflections versus loading, plots of these are shown
in Figures 33 through 40 (comparing gage readings from opposite sides of the centerline show
that symmetry in deflection is fairly well maintained), profiles of deflection along the instru-
mented lines are shown-in Figures 41 through 44, and a typical rotation versus load plot is

shown in Figure 45.

The yield-line patterns were fairly consisent with those predicted by yield-line theory.
Slabs 1, 3, and 4 showed distinct failure lines with near-rigid regions contained within. Slab
2, however, did not develop the distinct pattern expected. Because of an early formation of
a full center crack line, the slab tended to rotate as two regions about the two opposing fixed
edges. As the boundary conditions resisted this type of rotation, the areas on the fixed edge
near the opening underwent serious spalling. A series of smaller regions were formed on

either side of the center yield-line and no other prominent cracks appeared.
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It was expected that Slab 4 would contain a single yield-line from the opening to the free
edge. A pair of yield-lines formed instead, each developing along a line of reinforcement.

Analysis showed that the theoretical difference between these patterns is negligible.

The magnitude of deflections was much larger than expected with a maximum of 8-1/2
inches. This may at first give the impression that yield-line theory is of little practical use.
However, it can be seen that the test slabs had a fairly large span to depth ratio, practical
designs with thicker slabs and longer spans will not have as serious of a deflection problem.
While the moment is a function of the length squared, the siab’s moment of inertia is a function
of the depth of the section cubed; therefore, the ratio of deflection to span length should be
much less. These tests do show, however, that the deflection may present some problem and

should be checked when using yield-line theory for design.

When comparing the actual collapse load to theoretical predictions, it should be remem-
bered that the ultimate strength of a slab is dependent on the properties and dimensions of
the siab and its materials. Since these properties and dimensions vary, a precise value for
the ultimate strength is not possible, only an approximate value based on averages can be
given. Values for the ultimate moment capacity of the slab was caiculated by:

M = AT [d - %] . Several thickness measurements were taken from the siab and the
reinforcement and were averaged as were the concrete compressive strengths and the steel
tensile strengths. These averages were used to determine the following moment capacities
in the various directions : MYT = 0.664 k ft/ft, MYB = 0.821 k ft/ff, MXT = 0.946 k ft/ft, and

MXB = 0.539 k f/ft.

The computer program was used to analyze the ultimate strength and the yield pattern of
each slab by simple theory. Supplemental programs were written for the test cases to include
the effects of corner levers. They were run for each slab to compare the percent difference
in capacity. This showed that the presence of corner levers reduced the ultimate strength by

over seven percent. It is noted that the supplemental program did not attempt to analyze all

68



possible cases. Only simple corner levers were considered and an additional reduction of up
to two percent may exist. Table 3 tabulates the simple yield-line theory predictions, the
complex yield-line predictions including corner levers, and the experimental results of the
slabs. The values in parentheses denote the percent difference between each of the theore-

tical predictions and the experimental results.

The results show that the experimental load was from slightly to fairly lower than those
predicted by yield-line theory with simple corner levers. Predictions were from 1.2 to 16.0
percent high. Although these predictions will be slightly lower due to patterns with complex

fan shapes, this does not seem to account for the differences that are apparent.

It is interesting to notice that the solid slab and the slab with the opening on the fixed edge
give agreeable results between the theoretical and the experimental, both being within four
percent, while the two remaining slabs had failed at a load much lower than predicted by
yield-line theory. The presence of membrane action or kinking would have only raised the

theoretical predictions, making them less believable.

It becomes apparent that one of the original assumptions was incorrect. It was originally
assumed that the slab was being uniformly loaded on all portions except for over the
openings: If the forces from the exposed area of the airbag were being distributed to the
edges of the opening instead of to the in-plane forces in the airbag, this could explain the low
loads for slabs 3 & 4 where the openings were located where the deflection was large. The
solid slab would obviously not be affected, and the slab with the opening on the fixed edge

would be only slightly affected as its opening was located at a point of low deflection.

With this in mind, the set of specialized programs were altered to include an edge load
around the opening from a uniform load acting on an area the size of the opening. The work
done by this concentrated edge load acting through an approximate deflection was added to

the energy expression. It was estimated that the average deflections were 17, 90, and 80
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Table 3.

Predictions and Resuits

Ultimate Load (psi)

Slab Simple Complex Experimental
#1 Solid 6.69 (+103)| 625 (+ 4.0 6.00
#2 Fixed 6.55 (+ 8.4) 6.07 (+ 1.2) 6.00
#3 Free 6.85 (+17.5)| 6.32 (+10.6) 5.65
#4 Central 713 (+224)| 6.58 (+16.0) 5.53
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percent of the maximum deflection of slabs 2, 3, and 4 respectively. The results of this anal-
ysis are presented in Table 4. The results are now excellent, all falling within four percent.

The theoretical values were scattered between 1.4 percent low to 4.0 percent high.

Because membrane action increases load carrying capacity, it is wondered what part
membrane action had to play. Membrane action was apparent by the shortening of the long
edge. However, the membrane action could not take full effect due to the obvious lack of stiff
horizontal restraint. The popping off of the concrete reduced the amount of bond and may
have allowed some slippage. Also, as shown by Narsimhan and Verreyya (1978), because the
openings cut up to 33 percent of the reinforcement, a good portion of membrane action may
have been prevented. These are several reasons why membrane action did not take full ef-

fect. It appears that only a small amount of membrane action took place, leaving the final

results intact.
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Table 4.

Revised Predicitons Considering Edge Loads

Ultimate Load (psi)

old Complex w/
Slab Complex edge loads Experimental
#1 Solid 6.25 (+ 4.0) 6.25 (+4.0) 6.00
#2 Fixed 6.07 (+ 1.2) 5.93 (-1.2) 6.00
#3 Free 6.32 (+10.6) | 5.57 (-1.4) 5.65
#4 Central 6.58 (+16.0) | 5.69 (+2.8) 5.53
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Table 5. Table of Deflections - Slab #1 - ( Gages 1-8)

Load Deflection (in)

(psi) 1 2 3 4 5 6 7 8

0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.16 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
0.76 0.03 0.05 0.07 0.08 0.08 0.08 0.07 0.02
1.09 0.05 0.08 0.10 0.12 0.12 0.12 0.1 0.05
1.49 0.07 0.12 0.16 0.18 0.19 0.18 0.16 0.09
1.81 0.11 0.18 0.23 0.28 0.29 0.27 0.24 0.14
1.98 0.13 0.23 0.29 0.31 0.34 0.30 0.28 0.16
2.18 0.16 0.25 0.34 0.42 0.46 0.42 0.37 0.23
2.39 0.18 0.32 0.43 0.52 0.55 0.51 0.44 0.28
2.48 0.21 0.36 0.50 0.61 0.65 0.62 0.52 0.34
2.79 0.26 0.44 0.59 0.76 0.81 0.77 0.64 0.42
2.94 0.28 0.48 0.67 0.82 0.89 0.83 0.69 0.45
3.07 0.32 0.56 0.78 0.95 1.02 0.96 0.78 0.52
3.27 0.37 0.64 0.90 1.09 117 1.10 0.89 0.59
3.47 0.40 0.71 1.00 1.21 1.30 1.21 0.98 0.65
3.71 0.45 0.79 1.12 1.34 1.44 1.34 1.08 0.72
3.94 0.50 0.89 1.25 1.52 1.61 1.50 1.21 0.81
4.15 0.55 0.99 1.40 1.68 1.80 1.67 1.34 0.91
4.35 0.60 1.09 1.54 1.85 1.98 1.83 1.48 0.99
4.60 0.68 1.23 1.72 2.08 2.22 2.04 1.63 1.10
4.74 0.71 1.30 1.83 2.21 2.37 2.16 1.73 117
4.87 0.76 1.39 1.96 2.37 2.54 2.32 1.85 1.25
5.06 0.81 1.50 2.12 2.56 2.76 2.50 1.99 1.35
5.24 0.86 1.59 2.25 2.73 2.96 2.67 2.12 1.43
5.43 0.92 1.70 2.41 2.94 3.19 2.87 2.27 1.53
5.58 0.97 1.81 2.57 3.13 3.42 3.04 2.41 1.63
5.69 1.03 1.93 2.75 3.37 3.71 3.27 2.58 1.74
5.82 1.11 2.08 297 3.67 4.04 3.55 2.77 1.87
5.98 1.18 222 3.18 3.95 4.41 3.84 2.99 2.01
6.00 1.25 2.38 3.43 428 483 4.18 3.24 2.18




Table 6. Table of Deflections - Slab #1 - ( Gages 9-16 )

Load Deflection (in)

(psi) 9 10 11 12 13 14 15 16
0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.16 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
0.76 0.03 0.07 0.06 0.05 0.05 0.04 0.03 0.02
1.09 0.05 0.11 0.10 0.08 0.08 0.06 0.05 0.02
1.49 0.06 0.17 0.16 0.13 0.12 0.10 0.07 0.04
1.81 0.10 0.26 0.24 0.21 0.18 0.15 0.11 0.07
1.98 0.12 0.31 0.26 0.24 0.22 0.18 0.13 0.08
2.18 0.15 0.41 0.38 0.32 0.28 0.23 0.17 0.10
2.39 0.18 0.51 0.45 0.39 0.33 0.27 0.20 0.11
2.48 0.21 0.60 0.55 0.48 0.42 0.34 0.25 0.14
2.79 0.25 0.76 0.69 0.61 0.52 0.42 0.30 0.17
2.94 0.26 0.83 0.76 0.67 0.57 0.45 0.33 0.19
3.07 0.30 0.95 0.88 0.77 0.66 0.52 0.38 0.21
3.27 0.33 1.10 1.02 0.91 0.78 0.61 0.45 0.25
3.47 0.36 1.22 1.14 1.01 0.87 0.68 0.50 0.27
3.7 0.40 1.36 1.27 1.13 0.98 0.76 0.54 0.29
3.94 0.45 1.54 1.43 1.28 1.10 0.86 0.61 0.33
415 0.50 1.71 1.60 1.42 1.23 0.96 0.69 0.36
4.35 0.54 1.88 1.75 1.57 1.35 1.05 0.76 0.40
4.60 0.61 2.11 1.96 1.75 1.51 1.18 0.84 0.45
474 0.64 2.24 2.09 1.87 1.62 1.26 0.89 0.47
4387 0.68 2.42 2.25 2.00 1.74 1.35 0.96 0.51
5.06 0.73 2.62 2.43 2.17 1.88 1.46 1.04 0.55
5.24 0.77 2.81 2.60 2.33 2.01 1.56 1.1 0.59
5.43 0.82 3.03 2.80 2.50 2.16 1.68 1.19 0.63
5.58 0.87 3.24 2.99 2.67 2.30 1.79 1.27 0.67
5.69 0.92 3.50 3.23 2.87 2.48 1.92 1.36 0.71
5.82 1.00 3.83 3.52 3.12 2.70 2.09 1.48 0.77
5.98 1.06 418 3.85 3.39 2.92 2.26 1.59 0.83
6.00 1.13 4.59 422 3.71 3.19 2.46 1.73 0.90
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Table 7. Table of Deflections - Slab #2 - ( Gages 1-8)

Load Deflection (in)

(psi) 1 2 3 4 5 6 7 8
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
0.31 0.01 0.01 0.02 0.02 0.00 0.00 0.02 0.01
0.66 0.02 0.04 0.05 0.06 0.00 0.00 0.06 0.04
0.93 0.04 0.06 0.08 0.09 0.03 0.01 0.09 0.07
1.15 0.07 0.1 0.15 0.18 0.1 0.07 0.15 0.1
1.35 0.09 0.14 0.19 0.24 0.17 0.12 0.19 0.15
1.37 0.09 0.15 0.20 0.25 0.18 0.13 0.20 0.15
1.58 0.12 0.18 0.26 0.32 0.27 0.22 0.27 0.20
1.71 0.13 0.22 0.29 0.36 0.31 0.27 0.32 0.23
1.82 0.14 0.24 0.31 0.40 0.35 0.30 0.35 0.26
1.88 0.16 0.28 0.37 0.47 0.42 0.37 0.41 0.30
1.98 0.18 0.30 0.42 0.54 0.49 0.44 0.47 0.34
2.22 0.21 0.36 0.50 0.63 0.59 0.54 0.56 0.41
2.36 0.23 0.39 0.53 0.67 0.64 0.59 0.60 0.43
2.55 0.26 0.47 0.66 0.83 0.79 0.72 0.71 0.52
2.73 0.31 0.54 0.76 0.96 0.94 0.86 0.84 0.60
2.84 0.33 0.59 0.83 1.05 1.04 0.96 0.93 0.66
3.03 0.37 0.67 0.95 1.20 1.20 1.1 1.06 0.76
3.27 0.42 0.76 1.08 1.37 1.38 1.29 1.21 0.86
3.43 0.47 0.86 1.22 1.56 1.60 1.50 1.38 0.98
3.59 0.51 0.93 1.32 1.68 1.73 1.62 1.48 1.05
3.79 0.58 1.08 1.54 1.96 2.02 1.88 1.68 1.19
3.89 0.62 1.13 1.63 2.07 2.14 1.99 1.77 1.25
3.98 0.68 1.26 1.82 2.34 2.43 2.24 1.97 1.40
4.16 0.75 1.38 1.99 2.56 2.67 2.44 2.14 1.51
4.28 0.79 1.48 2.12 2.75 2.86 2.60 2.26 1.61
4.40 0.84 1.57 2.26 2.93 3.05 2.77 2.39 1.69
4.53 0.92 1.72 2.48 3.22 3.35 3.01 2.58 1.83
4.71 0.99 1.88 2.71 3.52 3.66 3.25 2.77 1.97
4.88 1.07 2.02 2.92 3.79 3.94 3.49 2.95 2.09
493 1.14 2.16 3.13 407 4.22 3.7 3.12 2.20
5.10 1.24 2.35 3.41 4.44 4.61 4.02 3.38 2.37
5.19 1.32 2.51 3.66 4.77 4.95 4.32 3.62 2.53
5.45 1.43 2.76 4.05 5.27 5.48 4.76 3.97 2.76
5.59 1.50 2.92 427 5.55 5.79 5.04 4.19 2.91
5.66 1.56 3.07 4.51 5.87 6.14 5.33 4.43 3.05
5.80 1.63 3.23 4.77 6.20 6.52 5.64 4.69 3.22
5.92 1.66 3.39 5.01 6.45 6.88 5.95 4.93 3.38
5.93 1.71 3.58 5.34 6.84 7.15 6.33 5.27 3.62
5.97 1.79 3.78 5.63 7.35 7.69 6.64 5.53 3.81
6.00 1.86 3.93 5.86 7.73 8.06 6.94 5.78 3.99
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Table 8.

Table of Deflections - Slab #2 - ( Gages 9-16)

Load Deflection (in)

(psi) 9 10 1" 12 13 14 15
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.00 0.00 0.00 0.00 0.01 0.01 0.00
0.31 0.01 0.02 0.00 0.02 0.02 0.01 0.02
0.66 0.02 0.64 0.02 0.04 0.05 0.04 0.04
0.93 0.04 0.09 0.05 0.08 0.08 0.08 0.07
1.15 0.07 0.18 0.14 0.16 0.16 0.13 0.12
1.35 0.08 0.23 0.19 0.21 0.20 0.17 0.15
1.37 0.08 0.24 0.20 0.21 0.20 0.18 0.15
1.58 0.12 0.33 0.28 0.30 0.27 0.24 0.20
1.71 0.14 0.37 0.32 0.33 0.30 0.26 0.22
1.82 0.16 0.40 0.36 0.37 0.33 0.28 0.24
1.88 0.18 0.48 0.44 0.45 0.41 0.34 0.29
1.98 0.21 0.55 0.51 0.52 0.47 0.40 0.32
2.22 0.24 0.65 0.61 0.62 0.56 0.47 0.39
2.36 0.26 0.71 0.66 0.67 0.61 0.51 0.42
2.55 0.30 0.85 0.79 0.80 0.72 0.59 0.48
2.73 0.35 0.98 0.93 0.93 0.82 0.68 0.55
2.84 0.39 1.08 1.03 1.02 0.90 0.75 0.60
3.03 0.45 1.25 1.18 1.18 1.04 0.87 0.71
327 0.50 1.42 1.36 1.34 1.19 0.99 0.82
3.43 0.56 1.63 1.55 1.53 1.35 1.13 0.94
3.59 0.59 1.76 1.68 1.65 1.46 1.23 1.01
3.79 0.67 2.03 1.95 1.91 1.68 1.42 1.17
3.89 0.70 2.15 2.07 2.02 1.78 1.50 1.24
3.98 0.79 2.44 2.33 2.26 1.97 1.66 1.37
4.16 0.85 2.67 2.56 2.47 217 1.82 1.52
4.28 0.83 2.86 2.74 2.64 2.31 1.94 1.63
4.40 0.95 3.06 2.93 2.82 2.48 2.07 1.74
453 1.02 3.35 3.21 3.10 2.72 2.28 1.90
4.71 1.09 3.64 3.50 3.37 2.96 2.48 2.07
4.88 1.15 3.92 3.77 3.62 3.18 2.67 2.24
493 1.20 4.20 4.03 3.87 3.40 2.87 2.41
5.10 1.28 458 4.39 421 3.69 3.13 2.63
5.19 1.37 4.91 4.71 450 3.96 3.36 2.85
5.45 1.47 5.41 5.19 494 437 3.69 3.16
5.59 1.54 5.73 5.46 523 4.62 3.91 3.36
5.66 1.59 6.04 5.76 5.50 4.87 4.12 3.57
5.80 1.67 6.40 6.09 5.81 5.15 4.37 3.81
592 1.75 6.75 6.40 6.11 5.41 461 4.00
5.93 1.85 7.16 6.80 6.46 5.73 4.88 4.22
5.97 1.94 7.49 8.22 6.74 5.96 5.10 4.38
6.00 2.03 7.81 8.49 7.00 6.21 5.29 455
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Table 9. Table of Deflections - Slab #3 - ( Gages 1-8)

Load Deflection (in)

(psi) 1 2 3 4 6 7 8
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.00 0.00 0.01 0.01 0.00 0.00 0.00
0.60 0.02 0.04 0.06 0.07 0.06 0.06 0.03
1.08 0.05 0.08 0.1 0.13 0.13 0.11 0.07
1.31 0.06 0.10 0.13 0.17 0.17 0.13 0.09
1.49 0.08 0.13 0.18 0.23 0.21 0.17 0.1
1.68 0.1 0.20 0.28 0.34 0.31 0.25 0.16
1.88 0.15 0.27 0.38 0.46 0.42 0.34 0.22
2.06 0.17 0.31 0.45 0.56 0.51 0.41 0.26
2.19 0.21 0.38 0.55 0.69 0.50 0.33 0.18
2.42 0.24 0.45 0.64 0.80 0.73 0.59 0.38
2.58 0.28 0.52 0.75 0.93 0.84 0.67 0.45
2.71 0.35 0.64 0.92 1.15 1.03 0.83 0.55
2.91 0.42 0.76 1.10 1.39 1.24 1.00 0.66
3.03 0.49 0.89 1.30 1.65 1.49 1.20 0.81
3.22 0.53 0.97 1.42 1.80 1.65 1.32 0.88
3.32 0.57 1.07 1.55 1.97 1.85 1.47 0.99
3.60 0.66 1.23 1.79 2.28 2.19 1.75 1.17
3.73 0.70 1.31 1.92 2.43 2.38 1.90 1.27
3.95 0.76 1.42 2.07 2.63 2.61 2.07 1.39
4.15 0.82 1.55 2.26 2.87 2.87 2.28 1.52
4.31 0.87 1.65 2.40 3.05 3.07 2.43 1.63
4.48 0.94 1.78 2.59 3.29 3.33 2.64 1.77
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Table 10. Table of Deflections - Slab #3 - ( Gages 9-16)

Load Deflection (in)

(psi) 9 11 12 13 14 15 16

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.60 0.03 0.00 0.05 0.04 0.03 0.03 0.00
1.08 0.05 0.06 0.10 0.09 0.07 0.04 0.01
1.31 0.06 0.09 0.13 0.11 0.03 0.06 0.01
1.49 0.08 0.15 0.18 0.15 0.12 0.08 0.03
1.68 0.10 0.27 0.28 0.23 0.18 0.13 0.05
1.88 0.13 0.39 0.39 0.32 0.25 0.17 0.08
2.06 0.15 0.50 0.47 0.39 0.30 0.20 0.09
2.19 0.18 0.64 0.59 0.49 0.38 0.26 0.13
2.42 0.21 0.76 0.70 0.57 0.44 0.30 0.15
2.58 0.24 0.89 0.81 0.66 0.51 0.35 0.18
2.71 0.29 1.10 1.00 0.82 0.63 0.43 0.22
2.91 0.36 1.34 1.25 1.00 0.76 0.52 0.27
3.03 0.44 1.57 1.42 1.16 0.89 0.62 0.31
3.22 0.48 1.72 1.55 1.26 0.96 0.67 0.35
3.32 0.53 1.90 1.71 1.41 1.08 0.74 0.39
3.60 0.63 2.24 2.01 1.66 1.26 0.87 0.45
3.73 0.68 2.41 2.16 1.78 1.35 0.93 0.48
3.95 0.74 2.62 2.35 1.94 1.47 1.02 0.52
4.15 0.81 2.87 2.57 2.12 1.62 1.1 0.57
4.31 0.86 3.07 2.88 2.26 1.73 1.19 0.62
4.48 0.93 3.33 2.96 2.45 1.88 1.29 0.67
4.57 0.98 3.52 3.12 2.60 1.98 1.37 0.70
478 1.07 3.82 3.38 2.80 2.14 1.48 0.76
495 1.15 4.12 3.64 3.02 2.32 1.59 0.82
5.10 1.23 4.45 3.93 3.25 2.50 1.72 0.88
5.32 1.35 4.84 4.27 3.54 2.73 1.87 0.96
5.47 1.45 5.21 4.64 3.79 294 2.00 1.03
5.52 1.50 5.41 4.82 4.01 3.06 2.12 1.09
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Table 11. Table of Deflections - Slab #4 - ( Gages 1-8)

Load Deflection (in)

(psi) 1 2 3 4 5 6 7 8
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.06 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.37 0.02 0.03 0.04 0.04 0.04 0.00 0.00 0.03
0.55 0.03 0.04 0.05 0.07 0.07 0.00 0.01 0.04
0.82 0.05 0.07 0.08 0.11 0.1 0.00 0.04 0.07
1.02 0.06 0.09 0.11 0.13 0.14 0.00 0.05 0.08
1.21 0.07 0.1 0.14 0.16 0.17 0.03 0.08 0.10
1.37 0.10 0.15 0.18 0.22 0.23 0.08 0.13 0.13
1.55 0.13 0.20 0.25 0.30 0.32 0.17 0.19 0.18
1.67 0.14 0.21 0.28 0.33 0.36 0.21 0.22 0.20
1.81 0.16 0.25 0.32 0.38 0.41 0.25 0.25 0.23
1.92 0.17 0.27 0.35 0.43 0.46 0.31 0.30 0.26
2.05 0.21 0.34 0.44 0.54 0.58 0.42 0.38 0.32
2.21 0.25 0.40 0.53 0.66 0.70 0.53 0.47 0.38
2.40 0.27 0.45 0.61 0.76 0.81 0.62 0.54 0.43
2.55 0.30 0.49 0.66 0.83 0.89 0.70 0.60 0.47
2.68 0.36 0.61 0.82 1.03 1.10 0.90 0.75 0.57
2.80 0.39 0.65 0.89 1.17 1.19 0.97 0.81 0.62
2.94 0.42 0.70 0.96 1.24 1.29 1.07 0.89 0.568
3.09 0.45 0.75 1.02 1.29 1.38 1.16 0.96 0.72
3.24 0.48 0.80 1.10 1.40 1.50 1.27 1.05 0.78
3.40 0.51 0.87 1.20 1.51 1.63 1.39 1.14 0.84
3.58 0.56 0.95 1.30 1.66 1.78 1.53 1.25 0.92
3.75 0.60 1.02 1.42 1.81 1.95 1.69 1.37 1.00
3.87 0.65 1.12 1.56 1.97 2.10 1.83 1.48 1.07
404 0.71 1.25 1.74 2.21 2.35 2.05 1.64 1.19
4.24 0.78 1.37 1.94 2.45 2.60 227 1.81 1.30
4.36 0.85 1.51 2.14 2.7 2.85 2.50 1.98 1.42
447 0.91 1.61 2.29 2.91 3.08 2.7 2.14 1.53
462 0.97 1.75 2.50 3.18 3.37 2.98 2.34 1.66
4.70 1.05 1.92 2.74 3.48 3.74 3.35 2.64 1.88
4.83 1.15 2.10 3.01 3.83 417 3.78 2.96 2.10
438 1.27 2.35 3.39 432 4.70 4.27 3.33 2.35
5.01 1.36 2.55 3.70 472 5.10 4.60 3.57 2.51
5.06 1.46 2.77 4.05 5.17 5.55 4.99 3.85 2.69
5.10 1.61 3.10 4.57 5.83 6.16 5.50 4.30 2.96
5.37 1.71 3.36 5.00 6.39 6.69 5.93 4.61 3.17
5.53 1.78 3.56 5.32 6.82 7.11 6.24 4.86 3.33
5.45 1.86 3.84 5.78 7.44 7.67 6.65 5.1 3.53
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Table 12.

Table of Deflections - Slab #4 - ( Gages 9-16)

Load Deflection (in)

(psi) 9 10 1" 15 16

0.00 0.00 0.00 0.00 0.00 0.00
0.06 0.00 0.00 0.00 0.00 0.00
0.37 0.01 0.02 0.00 0.01 0.01
0.55 0.02 0.04 0.00 0.03 0.01
0.82 0.04 0.08 0.03 0.04 0.02
1.02 0.05 0.1 0.05 0.05 0.03
1.21 0.06 0.14 0.08 0.07 0.04
1.37 0.07 0.20 0.14 0.09 0.05
1.55 0.1 0.29 0.22 0.13 0.08
1.67 0.12 0.32 0.25 0.15 0.08
1.81 0.13 0.37 0.30 0.16 0.10
1.92 0.15 0.42 0.35 0.20 0.11
2.05 0.18 0.54 0.47 0.25 0.13
2.21 0.21 0.66 0.59 0.30 0.16
2.40 0.25 0.76 0.69 0.35 0.19
2.55 0.26 0.84 0.77 0.38 0.21
2.68 0.32 1.06 0.99 0.49 0.27
2.80 0.34 1.14 1.07 0.52 0.28
2.94 0.38 1.24 1.16 0.56 0.31
3.09 0.40 1.32 1.25 0.60 0.33
3.24 0.43 1.44 1.36 0.66 0.36
3.40 0.46 1.56 1.48 0.71 0.39
3.58 0.50 1.72 1.63 0.78 0.42
3.75 0.54 1.87 1.78 0.85 0.46
3.87 0.59 2.03 1.93 0.91 0.50
4.04 0.64 2.26 2.17 1.02 0.55
4.24 0.70 2.52 2.40 1.13 0.61
4.36 0.76 2.77 2.65 1.24 0.67
4.47 0.81 2.99 2.87 1.34 072
462 0.88 3.28 3.14 1.47 0.80
4.70 0.98 3.63 3.48 1.62 0.87
4.83 1.08 4.03 3.87 1.82 0.97
498 1.19 4.53 4.37 2.05 1.10
5.01 1.26 4.92 4.75 2.23 1.19
5.06 1.34 5.35 5.17 2.43 1.29
5.10 1.45 6.07 5.81 2.79 1.48
537 1.52 6.56 6.30 2.99 1.59
5.53 1.61 6.97 6.69 3.16 1.67
5.45 1.67 7.51 7.25 3.43 1.82
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Figure 33.
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Figure 34.
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Channel 5
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Figure 36.
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Channel 9
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Figure 37. Deflection versus load - Gages 9 & 10
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Figure 40.
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Slab 1 - Free Edge Profile
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Figure 41. Free edge profiles - Slabs 1 & 2
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Slab 3 - Free Edge Profile
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Figure 43.
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Slab 1 - Centerline Profile
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Figure 44.
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Figure 45.

Slab 1 - Approximate Rotations at Supports
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Chapter Vi

CONCLUSIONS

From the results of these experiments, it is concluded that the ultimate strength of rein-
forced concrete slabs with and without openings can be reasonably predicted by yield-line
theory. Although a test program with a limited number of slabs cannot be entirely conclusive,
the additional evidence from past tests confirm that safe predictions are obtained. Although
it has been shown that yield-line theory predicts the uitimate strength and failure mode, its

use for design must also consider servicability requirements.

More research will be required before the theory will be recommended by the ACI Code.
Ongoing research on membrane action is needed to better understand its effect and to provide
accurate means of adjusting yield-line theory’s predictions. This should be especially true
when applied to slabs containing openings, as they may have much less membrane effects,

thus minimizing the theory’s conservatism.

Overall, the yield-line theory is an excellent tool for understanding the behavior of slabs.
It can be applied to most slabs requiring no more than simple hand calculations. Its method

can be used for slabs of unusual shapes where common methods may not be applied.
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APPENDIX | - PROGRAM LISTING

The computer program analyzing the ultimate strength of orthotropically reinforced con-
crete slabs is listed in its entirety. This interactive program written in BASIC is titled

"SLAB.BAS”.
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1o’

ae -’

307
40 °

50 ¢

60 *

VI

80’

90 °

100
110
120
130
140
150
160
170
180
190
00
2to
220
230
240
250
)
280
2%0
360
310
320
330
349
350

380 °
379

360 ¢
39 ¢
40y *
401

L1

w03

404 °
405 °
406 °
407 °
408 °
409 °
410 °
A’

FREE R R E R R R R R R R R R R R R R R R R R R R E R R R R R R HH R E L HR R R0 ES
ERREEEEEREERRRRRAERE  PROGRANM STATENMENT  #s3ssdsd3siiiiiiriissss
RS SRR R R R R R RS RN R R R R B R R LR R R R R R R R R R R R R R R R R R F R HEREHH 1S

CLS

KEY OFF : PRINT :PRINT :PRINT :FRINT

PRINT * The following is a progras in BASIC developed by Stephen”
PRINT "G. Ahart as a portion of his thesis, The program is developed"
PRINT "to determine the collapse load of various orthotropically"
PRINT *reinforced, uniforaly loaded rectangular concrete slabs”

PRINT *with or without rectangular openings.”

PRINT : PRINT *The slab may be :"

PRINT

PRINT * t, fixed on four sides

PRINT * 2. fixed on three sides, one side free

PRINT * 3. fixed on two sides, two opposite sides free
PRINT

PRINT "The openings can be:

PRINT

PRINT * {. at the center of the slab

PRINT * 2. at the siddie of a fixed edge

PRINT * 3. at the aiddle of the free edge (where applicable)

PRINT :PRINT :PRINT

INPUT *Do you have a coler/graphics sonitor"jANSS
IF ANS$="Y" OR ANS$="y" THEN G6R={
IF ANS$="N" OR ANS$="n" THEN &R=2
IF BR<:{ THEN 586

FRINT "ERROK -- ENTER ¥ OF N"

PRINT : PRINT : GOTO 300

(R YT 2RI 22T T2 RIS ITLZI2Z S22 TITITIITIIITZIT I TR T2 2T T2 2
[T T22TTTITTTTZIZ T 2 VARTABLE DEFINITIONS FrEERRREFREREFLEETRERE
(R 2R AIT XTI 2 RS IXTTTRTIITZZRASI ISR I 2222222222 2222222

LX - Disension of the vertical side

LY - Dieension of the horizontal side

X - C(Opening disension (in input) - Ratio of opening/side length

Y - Dpening disension (in input) - Ratio of opening/side length

C - Opening offset

MXT - Negative ultimate mcment resistance of section normal to x-axis
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a1e ’
413 °
414’

435 7
416 7
417 °
413 °
419 *
420 *
42l ’
4ee -’
423 °
42y *
423 °
426 °
427 °
428 °
429 °
430 °
431 *
432 °
433 °
434 °
435 °
44y °
450 °
4o *
47) °
U
530 °
530 ¢
340 °
a0 "
960 °
70 °
580

390

600

810

020

430

440

650

660

470

580

a
A9

ne -
1

Mg -
A

B -
1

R -
TYPE -
OPEN -
ATOP -
BTOP -
pToP -
ABOT -
BBOT -
ppotr -
¥ -
L]
HSAVE
ALAST -
BLAST -
BLAST -

NGDE -
FLAG -

Positive ultisate mosent resistance of section norsal to x-axis
Negative ultimate moment resistance of section normal to y-axis
Positive ultimate soment resistance of section norsal to y-axis

Pattern disension variable

Pattern disension variable

Pattern disension variable

Signals type of aonitor

Denctes edge conditions

Denotes opening location

Maxisus permissible value for pattern disension variable

Ninimue permissible value for pattern dimension variable

Ultimate load for pattern being examined

Current critical value of ultimate load for sode examined
Current critical value of ultimate load of all modes examined
%attern asmory for convergence test

Designation for mode being examined
Signal to direct proper input instructions

CHANGE - Signal tov repeat input process

PORErERTLI RS RERESIRESE PR LR IEPEPRESRBILLES SRS sp 000 RS0 REPSLOEE000
CREBLEREPRERRERRRRERER22%4  NAIN MENUS  sostdesescsnsrsonsssresnes
POERELRILEIEEIREREERERVERFREPRP RGPS E RN PSRRI RERES RO RPR AR FREC SRS 6 e

CLS : DEFSNG B : DEFSNG A : C=0

PRINT :PRINT :PRINT :FRINT

PRINT " it d e st it e s v R bR R R R E R BB RS E RS R H PR R AP R RN R L FF R BB 43"
PRINT :PRINT :PRINT :PRINT :PRINT

PRINT *Mould you like to analyze a rectangular slab which is :

PRINT :PRINT

PRINT *
PRINT *
PRINT *

1. fixed on four sides
2. fixed on three sides, one side free
3. fixed on two sides, twe opposite sides free

PRINT : PRINT : PRINT : PRINT :PRINT :
PRINT "eaedssbe sttt b ettt HESHEEEERREERREIRRREREEERETIEREREIEE"

INFUT "Please anter seiection ‘1.8, 1,3, or 31 "5 TYPE
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700
710
720
730
740

760
770
780
750
800
810
820
830

840 °

850 °

1600
1010

’
.

1020 °
1030 *

1040

1050 °

>

s

1060 °
1070 °

1080
1099
1190
1119
1129
1140
1150
1166
1180
1194
1200

fers ’

1220 7

{230
1240
1250

1e60

1270 °
1280 °
1290 *

1300
1310

1320 °
1330 °

1340

1350 °
1360 °

IF TYPE = { THEN 6OSUB 1000
IF TYPE = 2@ THEN 60SUB 1300
IF TYPE = 3 THEN 60SUB 1400
IF TYPE(>! AND TYPEC>2 AND TYPE(>3 THEN G6OTO 810
INPUT "Would you like to analyze another slab {y/n)?*;ANS$
IF ANS$ = "y* OR ANS$ = "Y" THEN 500
IF ANSS$ = "n* OR ANSS = "N® THEN 790
PRINT * ERROR -- PLEASE ENTER Y OR N !*
6070 740
CLS
END
CLS : PRINT : PRINT : PRINT
PRINT "Please enter the nusber {,2,or 3"
6070 610

FHEP PR AR R R E R E R E R R HE RN R E R R R R R R R R R H AR R R R R H R F R RN R R R R EE RS

sheeennateasss  FOUR SIDES FIXED - CHOOSE OPENING  s#&B#iSsdsseddsd
FHERHER R R AR SR REER R R R R R R R R R R R R R R R R E R R RN R R R R R R R 1SS

CLS : PRINT : PRINT : PRINT : PRINT
PRINT "Would you like thic this slab analyzed with :”
PRINT : PRINT
PRINT * 1. A central opening
PRINT * 2. An opening on the center of an edge
PRINT :PRINT :PRINT
INPUT "Pleace enter selection (1,0r 2)"; OPEN!
IF OPENt = | THEN GOSUE 3000
iF OPENI = 2 THEN oQSuE 8000
IF OPEN1<:1 AND OPENI<:2 THEN 5070 1230
RETURN

CLS : PRINT :PRINT : PRINT

PRINT " EKROR : Please enter the number 1,cr 8"
FRINT : PRINT : PRINT

6GTO 1090

FEER R R R PR R R R R R R R R E R R R P R R R R R R R R R R R R L IR RR AR LR E R R IR

shesepnspesssr  THREE SIDES FIXED - CHOOSE OPEMING  s#%#+isxsisiss
FRHEE R R R R RS B R R R R HHF E SRR E SRR E S E R BRI R ER R ERERE
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1370 *

1380
1390
1400
1410
1420
1430
1440
1450
1460
1479
1480
1490
1500
1510
1320
1330
1540
1550
1560
1570

1380 °
1590 °

1608
1610
1620
1630
1640

1850 °
1660 *
1670 °
1660 °
169 °

1790
1710
1720
1730
1740
1750
1760

779
178¢
1790
1800
1810
Lich
1830
1840

1850 °

1860
1870

CLS : PRINT : PRINT :PRINT
PRINT "Would you like this slab analyzed with :"
PRINT : PRINT

PRINT * 1. A central opening
PRINT * : 2. An opening on the fixed horizontal side
PRINT * 3. An opening on the free horizontal side

PRINT : PRINT : PRINT
INPUT *Please enter selection ii,2,0r 3)"; OPENE

IF OPEN2 = | THEN GOSUB 8000

IF OPEN2 = 2 THEN 6OSUB 10000

IF OPEN2 = 3 THEN 60SUB 12000

IF OPEN2<{>{ AND OPEN2<>2 AND OPEN2<:3 THEN GOTQ 1540
RETURN

CLS : PRINT : PRINT : PRINT

PRINT * ERROR - Please enter nusber 1,2,0r 3 *
PRINT : PRINT : PRINT

6070 1410

Lol il a2t at il glgt gt ittt lgt gl aldzltzetztz sl iz 222222]

Hereerrieressd  TUO FIXED SIDES - CHOOSE OPENING  #rssvessssiids
R EEE R R R R R R R R R R R R R R R R PR S R R R R R R SRR H

CLS : PRINT : PRINT : PRINT
PRINT "Wouid vru like thiz =lab analy:ed with:
PRINT : PRINT

FRINT * L. An intericr cpering

PRINT " 2. fn cpening on ifs end

PRINT " 3. Syseetrical interior openings
PRINT * 4, Symmetrical end openings

PRINT : PRINT : PRINT : PRINT
INPUT *Please enter selection {1,2,3,cr 4) "; QOPEN3

IF OPEN3 = | THEN 60SUB 14000

IF OPEN3 = 2 THEN 6OSUB 16000

IF OPEN3 = 3 THEN 60SUB 18000

IF OPEN3 = 4 THEN 60SUB 20000

IF OPEN3{>1 AND PTzh3<>2 AND OPEN3(>3 AND OPEN3<>4 THEN 1840
RETURN

CLS : PRINT : PRINT : PRINT

_PRINT * ERROR - Fiease eonter aumber { ¢r 2"
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1889
1890
1900
3000
3010
3020
3030
3040

I O

3050 °

3060
3070

.

3075 °
3080 *

3085
3090
3100
39

3120 °

3130
k)L
3150
3140
3170
3180
3190
3200
3210
3220

3230 °
3250 °
3260 °
R’
3230
3299 °

3300
3310
332¢
3330
3340

3350
3349
3370
3380
3390
3400
3410

~

-

3420 °

W30

3440

2050

PRINT : PRINT : PRINT
6070 1710

SEHE R LR E R R R R R R R R R R R R R R R R H R R R R R R R R R H R R R PR E R R RERE R RIS

seperaieniaess  FOUR SIDES FIXED - CENTRAL OPENING #asssisissdiss
R R R R R R RS R R R R R R R R R R R R R R R R RPN R PR E R E R R RS

IF GR=1 THEN 3130
505U8 35000
6070 3270

6G5UB 50000
60SUB 58300
60SUB 50400
60SUB 30000
CLs

60SUB 50000
605UB 58300
605UB 50400
60SUB 30690
60SUB 30820

st MODE | w83

WU = 13000001
ATOP =,9990001
ABOT = Y
FOR A=ABOT TO ATOP STEF .01
W=Rh#(LXRLXS (MY T+MYB) +LYRLTRCL-A) R NXTHO 1=V #MXB) )/ iLXBLXLY4LY 8¢
[-A)e{2+A-58XeY+I8 #Y0Y))
IF WCWU THEN WU = W
NEXT
WUt =WU
NSAVE = WU1 : MODE = |

#4¢ MODE 2 #4

WU=1000000!
T0P=Y
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Jaa0
3470
3480

3490
3500
s
3520
3530
3540 °
350 ¢
3560 °
3570 *
3580 °
3590
3600
Ja10
3620
3630

3640
3650
360
3670
3080
3690 °
3700
3719
3729
3730
374

3750
3780
7T
3760
3785
3790
3800
38t °
390¢ °
910 °
3920 °
3930
3980
3970
ING
3980
3990
4000 *

H0MG

ABOT=.001
FOR A=ABOT T0 ATOP STEP .01
Wa248{LXSLIB(1-A)E(NYTH{1-A)FMYB)+LYSLYR (1=Y) R{MXT+{1-Y) #MXB) )/ (LX
SLUBLYRLYSC1=Y) #(20( 1-A)A2R(1-Y) 6 38AEC1-A) (LY ) 438Y3{1-1)72))
IF WCWU THEN WUsH
NEXT
WU2=My
IF WUR(WSAVE THEN NSAVE= W2
IF WSAVE= WU2 THEN MODE = 2

#&% MODE 3 2%

WU=1000000!
ATOP=Y
ABOT=.001
FOR A=ABOT TO ATOP STEP .01
We2a# (LXSLXBCI-X)(NYT+{1-0) #NYD) +LTRLY R CL-A)R{NXTHE1-A) 2HEB) ) /ALY
SLYRLXALX#C-X) £(2R{1-X) #{1-A) "2438Xe {11} "2+34A%(1-X) ¥ 1-A))})
IF N<WU THEN Wu=d
NEXT
WU3=WU
IF WU3<WSAVE THEN WSAVE=WU3
IF WSAVE=WU3 THEN MODE = 3

WU = 1000000!

ATOP =,9990001

ABOT = X
FCR A=ABOT 7O ATOP STEP .01

W24 LYRLYRNETMYR 4L YALTREL-A £ INY T (4= éMYR) )/ ELX#LXRLY4LY R
1-R){2ep-peleieTeieyey))
IF WWU THEN Wi =

NEXT

WUa =WU

IF WSAVE-WUS THEN WSAVE=WU4

IF WU9=NSAVE THEN MODE=4

#4¥ QUTPUT ##%

CLs
PRINT :PRINT :PRINT
PRINT * ### RECTANGULAR SLAB -- FOUR SIDES FIXED -- CENTRAL OPEN

Bas°

GOSUB 40000
RETURN
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6010 °

6020

s

6030 °

6040
6050
6055

6060 °

60465

LAREERE S

8070 *

4089
6100
al1d

6120 ’

6130
6140
6150
o6le0
6170
6180
6190
6200
6210
6220

6230 °

6235

6240 °
8250 *

4260

6270 °

6280
6290
6300
5314
4320
$330
8340
4350

6360
6370
6380
639¢
6400
6410
6420
6430
6440

5450
6460

A470

SRR R R R R R R R R R R R R R R E R R R R R R H R PR R R R AR R R R R E R E RS

teee#d  FOUR FIXED SIDES --- OPENING ON FIXED EDGE ###sss
FHHHHHHH  HH H R SR R F B R R R R R R R EREE

IF 6R={ THEN 6130
6OSUB 35000
6070 6250

60SUB 50000
6OSUB 58300
50SUB 52000
50SUB 39000
CLS

60SUB 50000
50SUB 58300
685UB 52000
60SUB 30690
6OSUB 30820

s6% NODE | ###

B = i1¢)/2
BLAST=3 : ALAST=3
WU = 1900000}
J=B#{1-Y) 7124}
[F J<.5 THEN #T0P=] ELSE ATOP=.5
ABOT=.001
FOR A=ABGT TO ATOP STEP .91
Wbk iZeBa(1-F) sLYSLIRIMYTHY R +ARBELYELT# IMXTMYBI RS [ -Bi LYol
(MXB+EL-Y EMXT V) iQei{-R) oL X#L LYSLY#(I#R-CHARE-TETHIR]))
IF WU>W THEN WU=W
IF WU=W THEN AKEEP=A
NEXT
A=AKEEP
BTOP=,999
BBOT={2#X#A)/(1-Y)
W=10000008
FOR B=BBOT TO BTOP STEP .0t
Web#(22B#(1-B)£LXSLYR(MYT+NYD) +ARBELYSLY#(NXT+NXB) +A#{1-B) #LY#LY
(MXB+{1-Y)#MXT) )/ (AR(1-B)&LXSLYSLY#LY#(I#B-22A+B-F2Y£X#)))
IF WU>W THEN WU=W
IF WU=N THEN BKEEP=B
NEXT
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6480
6499
6500
6310
6520
6330
6540
6550

6360 ’
8570 °
6580 *
6590 °

6600
6610
6629
6630
0640
6650
6660
6670

B=BKEEP
IF ABS(B-BLAST)>.03 THEN 6520
IF ABS(A-ALAST)>.03 THEN 6320

6070 6540

BLAST=B : ALAST=A

6070 6300

LR

WSAVE=WUL : MODE = 1

##¢ NODE 2 ¢4

B=y/2
BLAST=3 : ALAST=3
W = 1000000}
ATOP = X
ABOT=.001
FOR A=ABOT TO ATOP STEP .01
Wbk (LYSLYR(1-X) #(1-Y) 2% (MAT+MAD) to#AR{ [ =X ) sLXELXH{NYT+(1-X+A)}&
MYB) +ASLYSLY®#(1-B) #(MXT+(1-B)#MXB) )/ (ARC1-X) eLX&LXRLYSLY#(22AR{}-
Y)r2+3#(X-A)#(1-Y)2+2%{1-X) #{1-B)*2¢IeB#(1-X)#(]-B)))
IF WUXN THEN Wu=W
IF WU=W THEN AKEEP=A
NEXT
A=AKEEP
BTOP=Y
BBOT=. 001
WU=1000000¢
FOR B=BBOT TO BTOP STEP .i!
WO ILYRLYB LX) R (1-Y )28 {MATHMXB #0RR 41X ) 2L ELXR(NYT+L-1+A)4
MYB) enaLysLYS{1-Bi#dMUT+/ | -B aMYBi: /(AR 1-XD oL YBLERLYSLT4ICHA%{] -
YIo2438{{-Ar8i 1=V 24240 =Y #{1-B} 2+3eBei[-X}4iL-Fi0)
IF WU:W THEN WU=W
IF WU=W THEN BKEEP=§
NEXT
B=BKEEF
iF ABS{B-BLAST}>.0D3 THEN 6849
IF ABS{A-ALAST) .03 THEN 48640
6070 0860
BLAST=B : ALAST=A
GOTO 6630
Nu2=Wi
IF WU2(MSAVE THEN WSAVE=WU2
IF WSAVE=WU2 THEN MODE = 2

##¢ NODE 3 ##+

B!~
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6950
6960
6970
6980
6990
7000

7010
7629
7030
7040
7050
7060
7970
7080
7099

7100
7114
7120
7130
7140
10
7146
717
7180
7199
7209

TR

7225
7830
7240 °
7250 7

720

7270
7280
7294
7350
7310
7320
7330

7340
7350
7360
7370
7380

729

BLAST=3 : ALAST=3
WU=1000000!
ATOP={-B
ABOT=.00!
FOR A=ABOT TG ATOP STEP .01
Neg# (BRLYRLY#{1-Y) 28 (MXT+NXB) ¢4 #A£BELX4LY ¥ (MYT+{A+B) ¥NYB) +ARLY#LY
F(1-Y)S(MXT+{1-Y)#MAB) )/ (ARCL-Y) SLYRLYRLXSLYR(22BR (A+B) #(]-Y) +34B
#(1-Y)#(1-A-B)+3#{1-X)"2#Y))
IF WOW THEN W=
IF WU=N THEN AKEEP=A
NEXT
A=AKEEP
BTOP=1-4
BBOT=1-X
W=1000000!
FOR B=BBOT TO BTOP STEP .01
W=0# {BELYSLYR(1-Y) 22 (MXT+NXB) +4#ARBELISLY#INYT+(A+B) #HYB) +A%LY#LY
1=V R(MXTHC1-Y)#MXBY) /(AR(L-Y) LY RLY#LY#LX#{28B2(A+DB) 2 (1Y} +340
#{1-Y)#{]-A-B)+3#(1-X)"28Y))
[F WUXW THEN WU=N
[F WU=W THEN BKEEP=B
NEXT
B=BKEEP
IF ABS{B-BLAST)>.03 THEN 7170
IF ABS{A-ALAST)».03 THEN 7170
6070 7190
BLAST=5 : ALAST=A
6070 6964
WU3=Wl)
IF WU3{WSAVE THEN WSAVE=NU3
IF WSAVE=WUI THEN MODE = 3

& MODE & ##4

B=y:i2
BLAST=3 : ALAST=2
WU = 1000000}
ATOP = {1-Y)/2
ABOT=.001
FOR A=ABOT TO ATOP STEP .01
WebR(AR(1-B)HLYSLYR(1-Y ) #{MT+NXB) +AsBILYELYH(NXT#{ 1-Y} #MXB) +2#Bs
1-B)oLYSLY#(MYT+MYB) )/ (AeBRLYSLY#LYX#L X% (4#AR(1-B)+3#{1-B)*{{-22A-
Y)e3eya(i-X)*2))
IF NUYW THEN WU=W
IF WUsW THEN AKEEP=A
NEXT
A=AKEEP
BTOP=X
BBOT=, 00
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7490
7410
7420

7430
Thdd
7450
7460
7470
7480
7490
7300
1
7520
7530
7540
7550
7560
7600
7610
7620
7630
7640
7630
7660
7870

7690

-

.

NU=10000004
FOR B=BBOT TO BTOP STEP .01
Hab(AR(1-B)eLYELYR(T-Y ) #(HXT+NXB) +AEBELYSLY#(NKT+({1-Y) £NXB) +24B#{
1-B)sLXBLXR{NYTHIYB) )/ (AEBRLYRLY#LYSLY#(42A%(1-B) +34(1-B) ¥ (1-C4A-
Y)438V#{1-X)*2))
IF WUOW THEN WU=W
IF WU=d THEN BKEEP=B
NEXT
B=BKEEP
IF ABS{B-BLAST)>.03 THEN 7500
IF ABS{A-ALAST}>.03 THEN 7500
6070 7520
BLAST=B : ALAST=A
6070 7290
MU=
IF WUGCHSAVE THEN WSAVE=WU4
[F WSAVE=WU4 THEN MODE = 4

e NODE 5 #+

B=4/2
BLAST=3 : ALAST=3
WU=1000000!
ATOP=1-X
ABOT=.01
FOR A = ABOT TO ATOP STEP .01
N=bR{a#ARBRLX 2H{NYT+(14B-X) EMYB) +AR{1-Y) "24LY 2#IMXT+MXB) +BELY 2%
(MXT+MXB) )/ (AEB2LX 2#LY"2#{3-A-3#X+3#(1-Y) 24 {X-B) +c2Bs
{1-y)*2)
IF WU>W THEN Wu=w
IF WU=W THEN HEEEP=A
NEXT
f=hi EEP
BTOP=Y
BBOT=.01
W= 10000001
FOR B = BBOT TO RTOP STEP .4t
Web# (4 RARBELX2E(MYT+{ 1 +B-X) $MYB) #A%( 1-Y 1240 Y 28 {NXT+NXB) +BoLY 2%
(MXT+MXB) )/ (AEBRLXA2LY 2#{3-A-J#N+J#(1-Y ) 24((-Ri+2eBe
{1-y)*2}))
IF WUXW THEN WU=H
IF WU=W THEN BKEEP=B
NEXT
B=BKEEP
IF ABS(B-BLAST)>.03 THEN 7780
IF ABS(A-ALAST)>.03 THEN 7780
6070 7790
BLAST=B : ALAST=A
5OTE 7630

108



7799
7793
7800
7805 *
7810 °
7815 °
7870 °
7880 °
7890
7930 °
7940
7950

WUS=WU
IF WUSCHSAVE THEN WGAVE=WUS
IF WSAVE=WUS THEN MODE=S

ek QUTPUT ##¢
LS

PRINT :PRINT :PRINT

~ PRINT *  ### RECTANGULAR SLAB -- FOUR SIDES FIXED -- OPENING ON L

ONG SIDE  ##s"

7960
7970
7980 °
7930 °
8000 °
8010 *
8020 *
8030 °
8040 °
8050 °
8060 *
8070 °
8080 °
8120
8139
61490
8150 °
8160
gi17%
3180
8199
8200
321
Be2i
e
6242
8250
gest
8265 °
8270 °
8280 *
8290 °
8300 °
8319
3320
8330
3340

2350

6OSUB 40000
RETURN

FRERE PR EPE RN R R R H R E R R R R R R R R R R R R R R LR R R R R R R R R R R R R R R RO R B AR

srerbErabeess  THREE SIDES FIXED -- CENTRAL OPENING  resssssssers
SR HH R E I R R S R R R R R R R R R S HHE

IF 5R=1 THEN 8140
60SUB 35000
5070 8300

60SUB 50000
GOSUR SB24s
GOSUB 5040
GOSUB 30009
(LS

BOSUR S0G00
SOSUR SA246
GOSUB Soai
GOSUR 32690
H05UB 3(829

#4¢ MODE | ##+

#t = 1000000!

ATOP = .999

J=i-{c#{1-Y}/1X+1))
IF J>) THEN ABOT=J ELSE ABQT=.001
FOF A=ABOT TO ATOP STEF i
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8380

8370
8380
8390
8400
8410

8420 *
8430 °
3440 -
6430 °

8460
8470
8480
8490
8500

8510
8520
8530
8540
8550

8360 °
8570 *
8380 °

8390

8600 °

8610
8620
8630
8640
Jedi

Zhb1
8670
2589
8650
8700

8710 *
8720 *
9030 °

9060

9970 °

9080
9090
9100
9110
9120

-

>

HzgR{GaLXLXRINYTHIYB ¢ CL-A) RLYRLY #OMXTH{1-A)EMXBY ) /¢ (1-R)ELYSLY#
LX#LX#{C+A-1XY))
IF WCWU THEN WU = W
NEXT
Wt =W
WSAVE = WU1 : MODE = |

#4% MODE 2 ##%

WU=1000090!
ATOP=(1¢X)/2
ABOT=(1-X)/2
FOR A=ABOT TO ATOP STEP .0t
Wzt (2eARLXRLYE(2ENYT+(24A+1-X) BNYB) +LYELYR{1-Y ) #{MXT+{L-Y) #MXB))
FELXRLXRLYRLYR(QRARARI1-7) "2eonRe{1-CA+N) i 1-Y) 2+00AR(1-1) +34Y+
{1-X)"2#{1-Y}))
IF W(WU THEN WU=¥
NEXT
2=l
IF WU2(NSAVE THEN WSAVE= Wue
IF WSAVE= WU2 THEN MODE = 2

t#¢ NODE 3 #+¢

W=1000000!
ATOP=Y
ABOT=.001
FOR A=ABOT TO ATOP STEP .0t
W=gdetaky =X oL oL X iMYTo (- eMVE) ¢QeL VoL fei L-A)#IMAT#i{-R) ¢HiB

AUEE-X LY RLTRLXLX# QR 1-X) #(1-A1 2408 {1-X) +128XB{1-Y) oo ARi 1~

#01=7)))
IF W-NU THEN WU=W
NEXT
WU3=Wit
IF WU3<WSAYE THEN WSAVE=WU3
IF NSAVE=NU3J THEN MODE = 3

43 NODE & wss

¥U=1000000!

ATOP=.9990001

Ja{X+1}/i28(1-Y))
IF J>1 THEN 9160 ELSE ABOT=J
FOR A=ABOT TO ATOP STEP .0t
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9130 Wbk (ouAL XELX#(NYT+MYB) +LYSLYR(NXT+MUB) )/ (LYSLYSLYRLY 2 (3%A-ARA-3%

1#Y))
9140 IF WCWU THEN Wu=H
9150 NEXT
9160  WUG=WY
9170 IF WU4(WSAVE THEN WSAVE=WU4
9180 IF WSAVE=WU4 THEN MODE = &
9190 ’
9200 °
9210 *  ##& MODE 5 #e#
9229 *
9230 ’
9240  WU=1000000!

9250  ATOP=(1-X)/2
9260  ABOT=.001
9270 FOR A=ABOT TO ATOP STEP .01

9280 NebR(GRARLXELYS(MYT+{1-X) ENYB) +LYRLY £ (NXT+MXB) ) / (ASLY#LYSLY#LY#:3-
A=JRA#YR(2-Y)))
9290 IF WCWU THEN WU=W
9300 NEXT
© 9310 WSS

93290 IF WUSCWSAVE THEN WSAVE=WUS
9330 IF WSAVE=WUS THEN MODE = S
9340 °

9350 °

9360 * &4 QUTPUT &4+

9370 *

9380 °

9390 CLS

9630 *

9440  PRINT :PRINT

9450 PRINT " es¢  RECTANGULAR SLAB -- THREE SIDES FIXED -- CENTRAL OFE
NING  »e#®

3460 GOSUB 40009

3470 RETURN

P

10010

1o0eo

10930 °

U 2 T T2 T2 22222222222 2TT L 22T FTILILZTITILITIITI22 2222222222 2222222 28
10050 °  eexswsss  THREE SIDES FIXED -- FIXED HORIZONTAL OPENING  s#&ssssssss
10060 ° SEs Rt R e Rt i bR R R R R R R RN R R R E R R R R R R PR R R R R R E R R R R R R R R EREES
10070 *

10080 *

10085 °

10090 °

10109 [F 6R=1 THEN 10150

{2119 6OSUB 35000

10120 6070 10270

19130 °
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10150
10160
10170
10180
10190
10200
10210
10229
19230
10240

15250 *
10255 °

10260
10270
10280
10299
19300
10310
10320
10330
10340
10350
10369

10370
19380
16399
10400

-

10410
10420 °
10639 °

thdai "

16ag

15407
10470
1484
10464
{ogts

10535

14934
0540
10550
10569
10570

16580 °

10590 °

10600 *

10819

10820 °

190390

60SUB 50090
60SUB 58240
6OSUB 52000
605UB 30000
tLs

50SUB 50000
605UB 58240
605UB 52000
60SUB 30690
50SUB 30820

s8¢ NODE 1 #xs

WU = 1000000!
J=t-(X/¢1-Y))
IF J<0 THEN 10390
ATOP=]
ABOT=.001
FOR A=ABOT TO ATOP STEP .01
W=b#{a(1-A)RLYFLXREMYTHNYD) +LYRLY#(MXB+CL-Y ) 8MXT) )/ {LYRLY#LY4LY 2
{{2+A)#{1-A)-3&XENRY))
IF WCWU THEN WU = W
NEXT
BUL =WU
WSAVE = WUL : MODE = 1

¢%3 MODE 2 ##%

Jet-(it-rin
iF T:9 THEN ABOT=] ELSE ABCT=.30
ATOP=,955
SGR A=RBOT T ATOP STEP .01
Webt (4L ARLY i MYTOMVE el oL Y o0 1-A) ZoMiBLTELTH [=A)ei 1-7 0 eMiT,
ELYSLYSLXLKR(L-A1#{24A-T01) 0V 1
IF W<WU THEN WU=H
NEXT
UR=WU
IF WUB{HSAVE THEN WSAVE= WU2
IF WSAVE= WU2 THEN MODE = 2

#4% NODE 3 ¢4+
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10640  ATOP=X
10650  ABOT=.001
10660 FOR A=ABOT TO ATOP STEP .01

10670 Wb (ARARLXELXR(MYT+(1-X+A) BMYB) +LYSLYR(1-Y )} 2% (NXT+NXB) } / (ARLY#LY
SLXRLAE(3-38Xe20AR(1-Y ) 243REA-R) £E1-Y)A2))

10680 IF WC(WU THEN W=H

10690 NEXT

10700 W=l
15710 IF WU3CWSAVE THEN WSAVE=WU3
19726 IF WSAVE=WU3 THEN MODE = 3

{0730
LKL

10740 °

11060 °

11070 *

11080 * #¢¢ QUTPUT ee#

11090 ’

11100 °

11110 CLS

11149 °

11150  PRINT :PRINT :PRINT

11160 PRINT *  ##+ RECTANGULAR SLAB -- THREE SIDES FIXED -- QPENING ON
FIXED LONG SIDE was®

{1170  60SUB 40000

11180 RETURN

11190 °

11200 *

12000 °

12010 °

12020
(030 ' HERE R R R R R LR R R R R R R PR R R R R R R E S R R E R R R R R R R RED
12040 *  #esassrs THREE SIDES FIXED -- FREE HORIZONTAL OPENING  sesseriessss
12050 1 B EREEERCPEI AR ISR P R E RO BRI R E R R R PRI FRF SRR E R R PR R R R PR RN SRR 4E
i2960 7

18307 °

12080

panen o

12150 IF GR=! THEN 12150

{2110 o0SUR 35uds

12120 G070 1227¢

12130 °

12159  BOSUB SC)0%

12160  6OSUB 58240

12170 60SUB 54000

12180  6OSUB 30000

12190 CLS

12200  60SUB 50000

12210 G0SUB 58240

13220  GOSUB 54000

12230  60SUE 30690

12240  AOSUB 30620

fe3e

-
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12255 °

12260
12270

12280 °

12290
12309
12310
12320
12330
12340

12350
12360
12370
12380

’

' e#% WODE | ##s

-

W = 1000000}
ATOP=(1-X)
AB0T=.001
FOR A=ABOT TO ATOP STEP .0t
WeoR(QRARLXLXE(MYTHC1-X)eMYB) eLYRLY#(MXT+MXB) )/ (ARLYSLY#LY#LX#{3-
A-3&X#Y#(2-Y)}))
IF WCWU THEN WU = W
NEXT
WUt =WU
NSAVE = WUt : MODE = |

12390 *
12400 °

12410

' ga4 MODE 2 ###

12620 °
12430 *

12449
12450
12469
12470
12480

12490
12590
12510
12520
1253¢

¥U=1000000!
ATOP=X
ABOT=.00t
FOR A=ABOT TQ ATOP STEP .0t
Wag#{aa(1-A)RLYRLY#(MYT+i1-A EMYB)#{1-Y ) ELYRLYR(NXTH 1=V 6MXB) )/ ((
1=Y) RLYRLTRLXSL N { QAR [ =AY #{ 1 -7 ) #2R(1-Y )} £ 1-A) "2434Y#{1-X)"2)}
IF WCWU THEN WU=W
NEXT
Wu2=wu
[F WU2<WSAVE THEN WSAVE= WU
IF WSAVE= WU2 THEN MODE = 2

12540 °

12550

12860

t ek MGDE 3 exs

13570 *
12584

125390
12600
12510
12629
12630

12640
12659
12660
12670
12680

W= 10000 !
RTOP=,993
ABOT=Y
FOR A=ABOT TO ATOP STEP .u1
Wb e XELYECHYT+MYBI+CI-A) LY LY R(MXTHEL-A}#MKB) ) /(i 1-RILYLYS
LX$LY#i2+A-F8X#YR(2-))})) i
IF WCWU THEN WU=NW
NEXT
WU3=WU
IF WUIWSAVE THEN WSAVE=WU3
IF WSAVE=WU3 THEN NODE = 3

12694 °
12700 °

12710 °

4% MODE 4 #o+

Jmes
12729
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12730 °

12760 WU=1000000!

12750  ATOP=Y

12760  ABOT=.001

12779 FOR A=ABGT TO ATOP STEP .01

12780 Hapr (Q#LYSLXRCL-X)R(MYTH+{1-X)eNYBIeLYRLYH{1-A) & {MXT+(1-A) #MXB) )/ ({
I-X)RLYRLYHLXBLXR(FRNE(1-Y) 24224 {-A) "2%(1-X) #32ARLL-A)2LL-X)))

12790 IF W<WU THEN WU=M

12800 NEXT

12315 WUG=WY

1262¢ IF WUG<WSAVE THEH WSAVE=HU4

12839 IF WSAVE=NU4 THEN MODE = &

12840 °

12850 '

12860 * *## QUTPUT #+3

12870 °

12880 ’

12890 ELS

12920 *

12930 PRINT :PRINT :PRINT

12940 PRINT " s##¢ RECTANGULAR SLAB -- THREE SIDES FIXED -- OPENING ON
FREE LONG SIDE s#s*

12950  60SUB 40900

12950  RETURN

12979 *

1298¢ °

1299¢ °

13000 °

14000 *

14010 ° SFEREEEEEEEEERRREEREEERE PR LSRR ERERRE R P REREBCRENFRRRR R RSF LIRS RIS
14020 ° sexsssasssass  THO SIDES FIKED -- INTERIOR OPENING  sessesessssssy
14030 ° SRS RERRBERRRRS SRR RN R R PR B R R RN EP RS L LB REERRARERRABEP IR SRS R4S ¢
tegae

14034 °

1303 °

14060 °

14050 FLAG = 1

{40 °

14070 IF GR=1 THEN {4120

14080  6OSUB 35000

14059  6OTO 14250

14400 *

14120  60SUB 50000

14130  60SUB 55000

14140  6OSUB 30000

14150 CLS

14160  505U8 50000

14170 60SUB S5000

14180
14199

505UB 30890
50SUB 30850

tegdd o
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14230 °

14240 °

14250 ° ## MODE | #es
14360 ’

14270
14280  WU=1000000!
14290  BTOP=C+y

14300 BBOT=C

14310 FOR B=BBOT TO BTOP STEP .0t

14320 W2 (MYT+{1-X)#MYB) /{LY#LY#{B8(1-B)-X#iB-C)4{1-B)#(C+B)-Y#B#(7-BeC
Y#{2-B-C-¥})}

14330 IF W{WU THEN WU=W

14340 NEXT

14350  WUL=WU

14360  WSAVE=NUL : MODE = t

14379 °

14389 °

14390 ° #%# MODE 2 &+

14409 °

14419 °

14420 WU=1000000!

14430 BTOP=.999

14440  BBOT=C+Y

14450 FOR B=BBOT TO BTOP STEP .01

14460 N=2#(MYT+MYB)/(LYSLY#(1-B}%(B-X#Y#{22L+Y)))
14470 IF W(WU THEN WU=H
14489 NEIT

14490  WU2=WU

19500 IF WU2<NSAVE THEN WSAVE=WUZ2
14510 IF WSAVE=NU2 THEN MODE = 2
14529 *

14530 °

14590 ° ##+ MODE 3 s4s

14550 °

14569 °

{9480 CTGP=,999000¢

12090  DBOT=C+¥

14700 WU=HODGM00!

14710 FOR =DBG7 TO DTOP STEP .0

14720 W= (D-CO#IMYTHMYR) 4 (1 -D) e iMYRe L= MYT) 3/ CE1-D)SLY#LY R {1-Ci¥(D
-C)-X#(Y)*2))

14730 IF WWU THEN Wu=W

14730 NEXT

14820  WU3I=WU

14830 IF WU3(WSAVE THEN WSAVE=NU3
14840 IF WSAVE=WU3 THEN MODE = 3
14850 *

14860 °

14870 * % MODE 4 #4#

14380 °

(4890
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14900
14910
14920
14930
14940

14950
14960
14970
14980
14994

15000 °

19010
15020
15030
15040
15050
13060
15070
15080
15090
15100
15110
15120
15130
15140

:

15150 °
15160 *

15179

.

13189 *

15199

15¢gd °

15230
15249
ING

15250
15240

WU=1000000!
DTOP=C+Y
BBOT=C
FOR D=DBOT TG DTOP STEP .01
Wad# ((1-X)#(1-D) R {NYT+MYB)+{D-C) #{MYT+{1-X) #MYB) )/ (LY#LY#(D-C) #{(}
=C)#{1-D)-X#{D-CI#(1-D)-X#{C+Y-D}#{2-D-C-Y}))
IF W(WU THEN WU=H
NEXT
RUA=WU
IF WU4CNSAVE THEN WSAVE=NU4
IF WSAVE=WU4 THEN MODE = 4

8¢ NODE 5 s8¢

WU=1000000!
DTOP=C+Y
0B0T=C
FOR D=DBOT 7O DTOP STEP .0t
Wad# (MYT+NYB)/ (LY#LY#(D-C)#iC+Y-D))
IF WCWU THEN WU=N
NEXT
HUS=W
IF WUS{WSAVE THEN WSAVE=WUS
IF WSAVE=WUS THEN MODE = §

#ek QUTPUT #%+

LS

SRINT (PRINT :PRINT
PRINT *  ##¢  RECTANGULAR SLAB -- TWO SIDES FIED -- [INTERIOR GPEN

sed"

182370 °
15280 °
15299 *
16000 *
16010 °

16020
16030
16040
16042
16044
16046
16048
15059
(LU

?
’

?
b
s
»

s

6OSUB 40000
RETUEN

R R R R P R R R R R R L R R R R L R R R R R R R R E R R AR R R R R LR R R R R4S
seeeeneseress  TWO SIDES FIXED -- END OPENING  e#ssseiisstiisseds
FHERE AR R R R HE R R R R R R R R AR AR R R R R R AR R R R R R R RE R PR R R R EH R E4EE

IF GR=1 THEN 16129
50SUB 33009
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16070

16080 *

16100
16110
16120
16130
16140
16150
16160
16179

16200 °

16210
16220
16230

16240 °

-

.

16250 °

16260
16270
16280
16290
16300
16310
16329
16330
16340

16350 °

16360

16370 °

14380

16399 *

16400
16419
{048
16439
15448

19450
te4ed
16474
16480
15450

16500 °
16510 *
16520 *

16530

16540 °

16550
16560
16579
16589
16599

6070 16230

60SUB 50000
60SUB 56000
60SUB 30000
LLs

60SUB 50000
GOSUB 56000
60SUB 30690
60SUB 30850

+e¢ NODE | ¢es

W=1000000!
ATOP=.9990001
ABOTaY

FOR A=ABOT TO ATOP STEP .01

WeR# (AR(NYTHNYD) +C1-A)RCNYBEEL-X)RMYT) )/ ({1-R) LY RLYR(A+XRYRY))
IF NCWU THEN WU=N

NEXT
WJi=WY
HSAVE=WU! : MODE = |

+1¢ MODE 2 3xe

NU=10000001
ATOP=Y
ABOY=, 00t
FOR A=RBOT TO ATGP STEP .1
Wog#{{1-1) & {1-A R {MYTeMYBi eAS MY T4 |- oMVRY S (ASLYSLY#(A% -1 )8 (Y
~RIHEL-R)B-{Y-R) BB (2R 1
TF HYWU THEN WU=W
NEXT
Hu2=wWu
IF WU2<WSAYE THEN WSAVE=WUZ
I7 WSAVE=KUZ2 THEN MODE = 2

8¢ NODE 3 &+

#U=21900000!
proP=yY
DBOT=.001
FOR D=DBOT TD DTOP STEP .01
H=2eiNYTeNYR) /(LY eLY304 7-0))
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16899 IF N{NU THEN Wu=H
16610 NEXT

16620  WU3I=WU

16630 IF WU3(NSAVE THEN WSAVE=WI3

16640 IF WSAVEsWU3 THEN MODE = 3
16650 °

16660
16670

16680 * #%# QUTPUT w4+

16690 °

16700 *

16710 LS

16740 *

16750  PRINT :PRINT :PRINT

16760 PRINT * ##s  RECTANGULAR SLAB -- TWO SIDES FIXED -- END OPENING
e

16770  GOSUB 40000

16780  RETURN

15790 *

16800 *

16810
18000 °

18019

18020 ° SRS REEEEREEREEEEEEREERREE IR RN R R R R R R R RN R R R R PR R R R R R R R NEE
18030 *  ss#s###  THQ SIDES FIXED -- SYMMETRICAL INTERIOR OPENINGS  ##ssxe+

18040 ° SRR EEEEEEEEEREEEERR PRI R R R R R R RE R PR R R R R R R R R R R R R R R R RN RS

18042 °

18044 °

18046 *

18048 *

18050  FLAG=2

18049 IF 6R=1 THEN 1R120

13080 GOSUE 35004

13160 GOTO 18300

18112

18130  GOSUE Sodid

18140 GOSUE 57050

1815¢:  GOSUB 30900

18172 CLS

18180  6OSUB S0009

18190 GOSUB 57000

18200  6OSUB 30690

16210  GOSUB 30850

168220 '

18230 °

18240 °

18270 * ##& MODE 1 ##+

18280 °

18290 °*

18300  WUL=8#{MYT+MYB)/(LYRLYR{1-42(8YR(2%CtY)))

13310 WSAYE=WUL : MODE = |

-

.

.
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18320 °

168330 °

18340 ’ ##¢ MODE 2 #+#

18350 °

18340 *

18370  WU=1000000!

18380  ATOP=C+Y

18390 ABOT=C

18400 FOR A=ABOT TD ATOP STEP .01

18410 Wedd (MYT+{1-X) #MYB) 7 (LY#LY#{A-ARA-28A4 R {C+Y-A)-X#{A-C) #(A+C)))
18420 IF W<HU THEN WU=W

18439 NEXT

18440  WU2=NU

18450 IF WU2<HSAVE THEN WSAVE=WU2
18660 IF WSAVE=WU2 THEN MODE = 2

18470 °

18480
18490 * ##+ MODEI #&+

18500 °

18510 °

18529 *

18530 °

18540 °

18550 *

18560  WU3=8#(MYB+(1-X)SMYT)/LY#LYR((1-28C)*2-a#X#(Y)*2}))

18570 *

18580 *

18590 °

18400 IF WU3<WSAVE THEN WSAVE=WU3

18619 IF WSAVE=WU3 THEN MODE = 3

18620 °

18830 °

1864 © ### QUTPUT ses

18652 °

18689 °

18870 (L3

18700 °

18710 PRINT :PRINT :PRINT

1870 FRINT "e#¢  RECTANGULAR SLAB - THO SIDES FIXED - SYMMETRICAL INTERI
OF OPENINGS  ®s#*®

18730 6OSUB 40000

18740  RETURN

18750 *

18760 °

18770 °

18780 *

20000 °

20010 ' FEREREEEEEEREHERERREREERIREREREREERRRERERRREERERE RN BRI REFHIREEEERS
20020 *  essasa¥ess  THO FIXED SIDES -- SYMMETRICAL END OPENINGS  #assedssd
30030 7 HREEAREREEEREEERERERE R AR R R R R AR R R R PR R R AR AR R B RS E R RE R ERRIEEE
amas

o
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20049
20043
20046
20050
20060
20070
20080
20090
20110
20120
20130
20ta
20150
20160
20170
20189

2
’

’

FLAG=3

IF 6R=1 THEN 20110
60SUB 35000
6070 20240

60SUB 50000
60SUB 58000
60SUB 30090
L3

60SUB 50000
GOSUB SB00O
50SUB 30690
COSUB 30850

2024 ’
2025¢ *

20260
20270

* s34 MODE | ##+

20280 °
20290 °

20300
20310

WUL=BE (MYB+(1-X)#MYT)/ (LY®LY®REL-20XRYEY))
WSAVE=WU1 : MODE = 1

20329 *
20330 °

20340

' ees NODE 2 #ed

20350 °
20360 °

20370
20380
203§¢
29449
20410
20420
201430
P TY]
cO450
20460

WU=1000000!
ATOP=Y
ABOT=. 001
FOR A=ABOT TO ATOP STEP .01
W= (1=K S (MY THHYRY/ (AeLYRLY & §ARY-A-281#Y))
IF W{NU THEN WU=H
NEXT
Wu2=Hu
IF WUZ<WSAVE THEN WSAVE=NUZ
IF WSAVE=WU2 THEN MGDE = 2

20465 °
20470 °

20480

20490 °

t#8 QUTPUT ##¢

20500 *

20510
20520
20550

20560 °

20579
20380

-

LS

’

PRINT :PRINT :PRINT
PRINT * ##¢ RECTANGULAR SLAB -- TWD SIDES FIXED -- SYMMETRICAL E

ND GPENINGS  #ae"
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20390  GOSUE 4000
20600  RETURN
20610 ’
20620 ’
20630 *
20649 °
30000 *
30010 °
30084 °
399s0 °
0090 7 EREEPEIEEE R RN PR R R R RN SRR RS R PR R PR R ER PR LR CH R R R RN REE RS RE
30060 1 sessrscsesanss  INPUT SUBROUTINE -- OPENING DIMENSIONS  sxédasrdess
JO0TO ° SEERSERRRER RO RN E PR R R R PR SRR R R R R PR RS E AR R R ERE SRR ERRS RIS
0080 ° seekkesds  WITH GRAPHICS  sesskesssss
3096 °
30100 °
0110 °
30120 °
30139
30140 LOCATE 14,2 : INPUT "Please erter value for horizontal side dimension, Y
{ft) * Ly
30156  LOCATE 15,2 : INPUT “Flease enter value for vertical side dimensiomy X ¢
ft) "iLx '
35160 IF LY{= OR LX<=0 THEN LOCATE 17,2 ELSE 30260
353170 PRINT "ERFOR -- PLEASE ENTER POSITIVE VALUES.®
3318C¢  LOCATE 19,2 : INPUT "PRESS ENTER TO RE-ENTER VALUES.";ANS
30190  GOSUB 40040
30205  6OTD 30140
30260  LOCATE 16,2 : INPUT "Please enter value for opening disension, # (ft} "
A
270 IF A0 THEN 30320
3028¢  LOCATE 18,2 : PRINT “A MUST BE GREATER THAN O !*®
30290  LOCATE 20,2 : INPUT "PRESS ENTER TD RE-ENTER YALUES.":iANS
30300 GOSUB 60070
36310  6OTO 30260
30329 IF ALY THEN 30370
30330  LOCATE 18,2 : PRINT "ERROR -- VLAUE FOR A MUST BE SMALLER THAN Y !*
30340  LOCATE 20,8 : INPUT "PRESS ENTER TO RE-ENTER VALUES."iANS
30350  GOSUB 60076
39360  GOTO 302640
30379 IF FLAG=2 AND A>={LY/2) OR FLAG=3 AND A>={LY/2) THEN LOCATE 18,2 ELSE
30420 .
30380 PRINT "ERROR -- VALUE FOR A MAY NOT EXCEED v/2 !*
30390  LOCATE 20,2 : INPUT "PRESS ENTER TO RE-EMTER VALUES.";ANS
30400  BOSUB 60070
301G 60OTO 30260
30420  LOCATE 17,2 : INPUT *Please enter value for opening dimension, B {ft)";
B
30430 IF B<=0 THEN LOCATE 19,2 ELSE 30480
30440 PRINT "ERROR -- VALUE FOR B MUST BE GREATER THAN o ("

>



30450  LOCATE 21,2 + INPUT "PRESS ENTER TD RE-ENTER VALUES.";ANS

30460  GOSUB 60080

20470  60T0 30420

30480 IF B>aLX THEN LOCATE 19,2 ELSE 30530

30490  PRINT "ERROR -- VALUE FOR B MUST BE SMALLER THAN VALUE FOR X '*
30590  LOCATE 21,2 : INPUT "PRESS ENTER TO RE-ENTER VALUES,";ANS

30510 GOSUB 60080

30520 6070 30420

30530 IF FLAB=0 OR FLAE=3 THEN 30640

30540  6OSUB 58420

30545  INPUT "Please enter value for C (ft) "iC

30546 €1=C

3035¢ IF C:LY-A THEN 30590

30560 - IF COLY-A-C THEN C=LY-A-C

30570 IF FLAG=1 AND C>=0 AND C{ELY-C-Y) THEN 30830

30580 IF FLAG=2 AND C>=0 AND (C/LY)<(.5-{A/LY)} THEN 20430

30590  LOCATE 20,2 : PRINT "ERROR -- INVALID VALUE FOR C*

30600  LOCATE 22,2 : PRINT "PRESS ENTER TO RE-ENTER VALUE.":ANS

36610  6OSUB 60090

30620  60TO 30560

30630  C=C/LY

30640 IF CHANGE<>1 THEN 30480

30650 CLS

30660  6OSUB 30690

30670  60SUB 30820

30680  RETURN

30699  LOCATE 14,2 : INPUT "Enter negative moment capacity for bending abocut th
e x-axis MYT (k-ft/ft)"; MYT

30700 LOCATE 15,2 : INPUT "Enter positive moment capacity for bending about th
e x-axis MYB (k-ft/ft:"; MYP

30710  LOCATE 16,2 : INPUT "Enter negative mement capacity for bending ab
out the y-axis MXT (k-ft/fti"; mx7T

36720 LOCATE 17,2 : INPUT "Enter positive moment capacity for bending about th
e y-avis MYB (k-ft/ft)*; NYB

30730 IF MYT:=0 AND MYB>=0 AND MXT:=0 AND M¥B}=) THEN 30780

30740  LOCATE 19,2 : PRINT *MOMENT CAPACITIES MAY NOT BE NEGATIVE !*
30730  LOCATE 21,2 : INPUT "PRESS ENTER TO RE-ENTER VALUES.®;ANS

30750  GOSUR 5B420

30770 5070 30499

30730 X=BiLX

30790 v=AsLY

30820  RETURN

30810  PRINT : PRINT

30820  CHANGE = §

30830  PRINT

30840  PRINT "Your values are now the following:

30850 PRINT

30860  PRINT "A ="A"ft, B ="B"ft. Y ="LY"ft. X ="Ly"ft. C ="CleL¥"f}, ¢
IF APPLICABLE}

3087¢  PRINT *MYT ="MYT"k-ft/ft  MYD ="MYB"k-ft/ft  MYT ="MAT"k-ft/ft WX
B ="MYB"k-Ttift
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30880
30890
30900
30910
30920
30930
30940
30930
30960
3097
30980
30990 *
31000 *
31010 *
35000 °
35010 °
35020 °
35030 *
35040 *
3505¢
35060 °
35970 *
35080 °
35090 *
351090 °
kSIS
35120
35130
35149
3515
30160
3

35180
35210
35229
35230
35240
35254
lue for
35260
35270
35280

PRINT : PRINT

INPUT "Would you like to change any of these values? {Y/N)"; ANSS$
IF ANS$="y" OR ANS$="Y" THEN 30911 ELSE 3093

CLs

CHANGE =1 : GOTO 3013¢
IF ANS$="n" OR ANS$="N" THEN 30960

PRINT "ERROR -- Please answer Y or N !*

PRINT : 6070 3089¢

FLAG=0 : CHANGE = 0

CLS :PRINT : PRINT "WORKING®

RETURN

(XXX ETITIITETTIITZZZRIIIALITTITTTTZZZ T SXTI2TZRT TS FETTSTT 2T 22 27

Hepkadasisdsss  [NPUT SUBROUTINE -- OPENING DIMENSIONS  ss#ssesssss

LR I IR S YRR Y Y2222 RS AR R A S22 IITRLSSXTRT 2222222223
#58358% NO ORAPHICS  #a%sx#xs

CLS : PRINT : PRINT
PRINT "Please refer to thesis for location of dimensions on figures."
PRINT
INPUT *Please enter value for horizental side dimension, Y (ft) * ;LY
INPUT "Please enter value for vertical side dimension, ¥ ift} *jLi
IF LY{=0 OR LX<=0 THEN PRINT "ERROR -- PLEASE USE POSITIVE YALUES.”
ELSE 33210
6070 35150
INPUT "Please enter value for cpening dimensicny A (ft) *5 A
IF A=) THEN PRINT "INVALID VALUE FOR A!" ELSE 35250
INPUT "Enter new value for A “; A
6070 35229
IF A>=LY THEN PRINT "ERROR -- Value fer A sust be smaller than the va
Y+ * ELSE 35280
INFUT "Enter new value for A "5 A
8070- 35220
IF FLAB=2 AND A»=(LY/2) OR FLAG=3 AND A>={LY/2) THEN PRINT *A MAY NOT

EXCEED Y/2" ELSE 35300

3529¢
35300
35310
35320
33330
39340
ive for

6670 35210
INPUT "Please enter value for opening disension, B (ft)*; B
IF B¢(=0 THEN PRINT "INVALID VALUE FOR B!® ELSE 33340
INPUT "Enter new value for B "; B
6070 35310
IF B>=LX THEN PRINT "ERROR -- Value for B aust be smaller than the va
f1 " ELSE 33370
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35350  INPUT "Enter new value for B *; B

33360  60TO 35310

35370 IF FLAG30 OR FLAG=3 THEN 35460

35380  INPUT "Please enter vaiue for offset of opening, C (ft)";C

35385 C1=C

35390 IF CXLY-A THEN 35430

35400 IF CXLY-A-C THEN C=LY-A-C

35410 IF FLAG=1 AND C>=0 AND C<{LY-C-Y} THEN 35450

35420 IF FLAG=2 AND C>=0 AND (C/LY)<(.5-(A/LY)) THEN 33430

35439  PRINT : PRINT "ERROR -- [INVALID VALUE FOR C*

35440  PRINT : 60TO 35382

35450  CaC/LY

35460 °

35470  INPUT “Enter negative moment capacity for bending about the x-axis MYT !
k-fE/ft) 5 MYT

35480  INPUT “Enter positive soment capacity for bending about the x-aris MYB (
k-ft/ft)"; MVB

35490  INPUT “"Enter negative moment capacity for bending about the y-axis MXT (
k-ft/f8)"s M7

35500  INPUT “"Enter positive moment capacity for bending about the y-axis MXB ¢
k-ft/ft)"; MXB

35519 IF MYT>=0 AND MYB>=0 AND MXT>=0 AND MXB)=0 THEN 33550

35520 PRINT "ERROR -- MOMENT CAPACITIES MAV NOT BE NEGATIVE !"

35530, PRINT

35540 60T0 35470

35550  X=B/LX

35560 Y=A/LY

35570  PRINT : PRINT

39580  PRINT "Your values are now the following:

33590 PRINT

35600  PRINT *A ="A"ft. B ="B"ft. Vv ="Ly*ft. X ="LX"ft, C ="CleLy"fy, f
IF AFPLICABLE)

3551 PRINT "MYT ="MYT"k-ft/ft MYB ="MYR"k-ft/ft MIT ="MXT"k-fH/ 1t X
B o="MYB k-fH/fL

3%hct  PRINT : PRINT

35630 INPUT "Weuld you like to change any of these values? {V/Ni®; ANGS$

35649 IF ANS$="y" OR ANS$="Y" THEN 35110

35659 IF ANS$="n" OR ANS$="N" THEN 3548¢

3566%  PRINT "EFROR -- Pleace answer Y or N !*

35670  PRINT : EOTO 35630

35680  FLAG=0

39694  CL3 :FRINT : PRINT "WORKING"

35700 RETURN

35719
35729 °
40000 *
40005
40006
40010 *

G0015 | FEEEEEEREERSEEREERREEFEREEREE RN R R R R R PR R R E R R R R RS
G0020 ' aensaeersaensesasesest  QUTPUT SUBROUTINE  #&3%3Ssitaisdsbissisiss
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40025 °
40030 °
40035 *
40040 *
40045 *
40046
40047
40050
40055
40060

(2 T Y I YRR 2T TR I IR TIIRTTIRIZITTTLZ 22 T2 T ITITITTIZTI T A
PRINT * with the following disensions :*

PRINT

PRINT A ="YsLY"ft. B ="XsLX"ft. ¥ ="LY'ft. X ="LX"ft.

PRINT "C ="CaLy"ft, {IF APPLICABLE}
PRINT *MYT ="MYT"k-ft/ft  WYB ="M¥YB"k-ft/ft  MXT ="MXT"k-ft/ft

="MXB*k-ft/ft

40080
40090
40100
4110
40120
40130
40149 °
40155 °
50000 *
50005 °
50010
50015 °
90020
30025 °
30930 °
26035 °
50040 °
50945 °
0999 °
90959 °
S00e0
90970
30080
50030
50109
0110
0120
501390
0140
90150
50169
0170
50180 °
36199
50200
50210
0228
50230
30240
30250

-

.

PRINT

PRINT : PRINT : PRINT : PRINT

PRINT * The ultimate load is "NSAVE" KIPS/SR.FT
PRINT : PRINT * The failure 15 by sede #"MODE
PRINT : PRINT : PRINT

RETURN

R R R R R R R PR R R R R R R R R R SRR SR R R R R R R R RS R R R R R RS R R R E R E LR B R R R RS2
FX2T 3 222322222222 222 CONNON GRAPHICS FRENPERFEEERRERERRIFEEES
SRR E R R R R R R R R R R R R R R E R R P R R R R RN R R R R R R R R H R R R R A"

SCREEN €

iLs

LINE {4€,17)-(267,86)y,B
LINE (42,41-126a,4}
LINE (287,18)-(287,85!
LINE i42,3)-{42,3)

LINE {2487,31-(267,3}
LINE (285,i7-¢28%,17}
LINE {285,86}-:289,36)
LGCATE 1,19 : PRINT "Y"
LOCATE 7,38 : PRINT *X"

LOCATE 4,45 :PRINT "Y-DIR REINFORCEMENT
LINE (520,22)-(599,22)

LINE 4520,25)-{590,25)

LINE 520,28)-(590,28)

LINE (520,31)-(390,31)

LOCATE 8,45 : PRINT "X-DIR REINFORCEMENT"
LINE (530,40)-1530,80)
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30250
50270
50280
30290
50300
50310
50320
50330
50340
30350
39360
50376
30380

50399 °
50420 °
0410 °
50420 °
31000 °
31019 °
I
51030 °
51040 *

51050
51060
51070
51080
51090
51100
51110
51120
51139
1146

SHE0 *
Silsd
F R
52060 °
32010 °
Jeded -’
52030 °
Sene)

32050

52960
52079
32080
52094
LN
21t
32120
52130
52149

2150 ¢

LINE (337,42)-(537.80}
LINE (594,40)-(544,80)
LINE (351,440)~(331,80}
LINE {358,40)-{558,80)
FOR P=3 TO 11
LOCATE Py5
PRINT CHR${219);
NEXT
FOR P=3 TO {1
LOCATE P,35
PRINT CHR${219}3
NEXT
RETURN

s#ses3¢  CENTER OPENING GRAPHICS  teeviiess

LINE (126,42}-i177,62),1,BF
LiNE (127,36)-(174,36)
LINE (192,43)-i192,61}

LINE {126,35)-{125,37)
LINE 1177,33)-4177,3T)

LINE (190,42)-1194,42)

LINE (190,62)-1194,62)
LOCATE 4,19 : PRINT "A®
LOCATE 7,26 : PRINT "B'
RETURN

see#es¢  OPENING ON FIXED EDGE GRAPHICS

LINE 1126,17)-4177,37)1,BF
LINE (127,43)-1170,43)
LiNE {192,18}-1192,36)

LINE {126,42)-i126,44)
LINE {177,42)-{177,44)

LINE (190,37}-1194,37)
LOCATE 7,19 : PRINT A"
LOCATE 4,26 : PRINT "8"
RETURN

122222227
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ety *
Sy

4010

-

4020 °

54030
J4G40

’

?

34050 °

54060
34070
34080
S4060
Saigy
Saftd
%4120
54130
4149

34159

Saled
4170 °
54180 °
53090 °
G200 7
5502 °
35430 °
5040 °
53050

29069
33070
35689
5090
55100
1310
teu
30

W N n LN n L n
L A N n LN Cn

9170

o180 °
5199 °
606
6010 °
56020 °
96039 °
36040 °
56050 °

S608%

56070 7

F6080

.

FLUSI

56100

se#edd  OPENING ON FREE EDBE GRAPHICS

LINE (126460)-1177,86),!,8F
LINE (127,60)-(176,60)
LINE 4192,67)-(192,85)

LINE {136,997-{126,01)

LINE (177,89)-{177,61)

LINE {19¢,57)-(194,57}

LINE 199,85)-4194,83:
LOCATE 7,17 : PRINT "A"
LOCATE 19,256 ¢ PRINT "8"
RETURN

1222122222 12222

verebers THC SIDES FIXED - INTERIOR OPENING GRAPHICS  kesessvrededs

LINE (96)“2)‘({77’62))195F
LINE {97,38)-1174,36)
LINE 196,35)-(96,37)
LINE (177,35)-1177,37)
LOCATE 4,18 : PRINT "A°
LINE (200,43}-1200,81)
LINE 198,42)-1202,4¢}
LINE {19%,5c7-1202,482¢
LOCATE 7,24 : PRINT "B"
LINE {42,36'-{56,26]
LOCATE 4,9 : PRINT "C”
RETURN

sseeerer  TWD SIDES FIXED - END OPENING GRAPHICS  e#eeesssiress

LINE i42,42)-(92,82)1,BF
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St
Seied
36130
36140
56139
36160
36170
36189

361990 °

Se200

Jedti *

57000 °

37010 °

37020

37030 °

’

57040 °

57980 °

57060 °

57070 °

57080 °

57090
57109
37110
37120
a3
37140
57150
37169
37170
57180
37194
ST

s721s

I7egn

57230 °

28000 °

o8040 -

IBG2s

5893¢ °

8040 °

38080 °

58080 °

58079 °

58080 °

58096 °

38100
3B
8120
98130
38149
S815¢

LINE {43.36:-191,38)
LINE 92,35}-92,37)
LCCATE 4,9 : PRINT “A®
LINE (117,43)-4117,61)
LINE {115,42)-(119,42)
LINE (115,62)-(119,52)
LOCATE 7,14 ¢ PRINT "B"
RETURN

teees  THO SIDES FIXED - SYM, INTERIOR OPENINGS GRAPHICS

LINE (82,42)-¢122,62),1,BF
LINE (187,42)-(227,62),1,8BF
LINE {150,43)-(150,61)
LINE (148,42}-{152,42)
LINE {148,62)-1152,62)
LOCATE 7,18 : PRINT "B"
LINE (83,36)-(121,36)

LINE (82,35)-(82,37)

LINE (122,35)-41282,37}
LOCATE 4,14 : PRINT “A"
LINE i42,36)-482,36}
LOCATE 4.8 : FRINT "C*
RETURN

(2222

###¢4¢  TNO SIDES FIXED - SYM, END OPENINGS GRAPHICS  eessss

LINE (42,42)-182,62},1,BF
LINE i227,42)-1267,62)41,BF
LINE {150,43)-{150,61)

LINE {148,42)-{152,42)

LINE (148,62)-(152,82)
LOCATE 7,18 ¢ PRINT 8"



58184
58170
58189
38199
58200

58219

58213

38220 *
38225 °
58230 *
98233 °
56240 *

58250
38260
58270
58280
58299

38300 °
58305 *
58310 °
58315 *
58329 *
38325 °

58339
58340
98350
5838
58370
58360
98390
S840
Sgeln

%3420 °
98430 °
58440 °
9845¢ *
50000
80910 °
aden
&002%
00630 °
50035 *

6004

69159

40060

89470

LINE 43,35)-{81,30)
LINE :82,35)-82,37)
LINE {42,35)-(42,37
LOCATE 4,8 : PRINT *A"

RETURN

P22 22222122 2]

LOCATE 2,5

THREE SIDES FIXED -- GRAPHICS

FOR P=1 TO 3t
PRINT CHR$(224);

NEXT
RETURN

122222222222

LOCATE 12,3

FOUR SIDES FIXED -- GRAPHILS

FOR P=t 10 31
PRINT CHR$(223):

NEXT
LOCATE 2,5 ¢

FOR P=1 T0 31
PRINT CHR$(c20):

NEXT
RETURN

(2222122222222

12222122 22222223

FREEERReR 35044 CLEARING SUBROUTINE #4343 88385 443355483854

LOEATE 13,1
LOCATE 14,1
LOCATE 15,1

LOCATE ta,!

FRINT *

:+ PRINT *

: PRINT °

PRINT "
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a008e

50090

60100

60110

a1l

a3

60140

50150

sits0

LOSATE 17,1
LOCATE 18,!
LOCATE 19,1
LOCATE 20,1
LOCATE 21,1
LOCATE 22,1
LOCATE 23,1
LOCATE 24,1

RETURN

PRINT

PRINT

PRINT

PRINT

PRINT

: PRINT

PRINT

PRINT

r
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