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ABSTRACT

This dissertation deals with the assessment of the
ultimate strength of conventionally reinforced concrete
grillages, as occur in buildings and bridges, under con-
centrated loads and with particular emphasis on plastic
hinge theory for grillages.

Two identical, %-scale models, were built in the lab-
oratory for two tests. The first test involved applying
a concentrated load at the center of the‘grillage. This
test was performed in two sections. The first part pro-
ceeded until yielding occurred, and the second part pro-
ceeded to destruction. The second test involved applying
a pair of concentrated loads to the interior longitudinal
of the second grillage. This test continued until the
mode of loading changed.

In the first test the collapse load was 1.3%0 times the
load predicted by the method of combined ultimate design
and plastic hinge theory. In the second test the collapse
load was 1.23 times the predicted load. Increased concrete
and steel strengths partially explained the increase in

the collapse loads. MNembrane and arching action in the in-

terior grillage beams was also used to explain additional
'increase in the collapse loads. The concept of a hanging
~ network of steel reinforcement was used to explain the
large deflections. The behaviour of the two grillages
under static load to destruction was also compared and
discussed.

The test results from this study indicate that the
combined ultimate strength and piastic hinge theory for
reinforced concrete grillages is valid and safe, within
certain limitations.
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NOTARION

Acgge «++s-.cross-sectional area enclosed by reinforcing cage

Age +-++s.e0area of compression steel in beanm

Agt ovv.o..area of tensile steel in beanm

b .‘Ql.'...width Of beam

b'eeeees.sowidth of reinforcing cage

C veveeees.circunference or perimeter of reinforcing cage

d ¢eecevees.0verall depth of beam

d'eeeeee...depth of reinforcing cage

dy eseesss.depth of neutral axis of beanm

- dj,dp...d3.depth to steel in levels 1,2....3

£& «.+e..o.crushing strength of 6 x 12-in. concrete cylinders
fbr........crushing strength of concrete prism

fy,:
fot seeessostress in tensile steel

o&.....yield stress in steel

fye eeeeseyield stress in compression steel
fyt +eecco.yield stress in tensile steel
Fy sesessssylielding strength in one steel bar

K eeeoeeeoocoefficient _
M seeeeesesbending moment in a beam
M eoeessssultimate moment of a beam

Mip eeeecosultimate moment of an interior beam

MEP seessscltimate moment of an exbterior beam

Mp eseeooo.torsional moment in a beam

MET eesesesbOrsional moment in an exterior bean

Mq esess.total torsional moment developed by yielding
st steel (and its associated compressive concrete)

L secsescesinteger.
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NOTATION CONTINUED

Nyeeseseeo.number of helices in reinforcing cage

P eesessesepitch of transverse reinforcement
P ...cceesconcentrated load
Py eececsscultimate concentrated load

Reveceeessyielding strength per unit width, in torsional
reinforcement

U eeseso.sscrushing strength of 6 x 6-in. concrete cubes

Ve.ovo...shear stress

§ eevesesccdeflection

© eeevns...TOtation

< .....;...émpirical coefficient

8 ¢coevessvangle of helices in torsional reinforcements
empirical coefficient

@ eeeeseesodiameter of steel bar

€c ++e+ee. ultimate compressive strain in concrete

Eiceveoeosemodulus of elasticity




CHAPTER T

INTRODUCTION AND REVIEW

1l.1 Introduction.

With the constant introduction of new and better con-
struction matérials, engineering research is, to a greater
extent, playing an important part in developing new analyt-

»ical theories and building techniques. The goal of any re-
search is to develop a logical analytical system which en-

sures that a structure will have sufficient strength to re-
sist a systém of loads imposed upon it, and to transmit
these loads safely to its foundations.

In the past the method of ensuring the strength of a
structure was by means of linear elastic analysis, which
limited the maximum elastic stresses to a desired fraction
of the stress at which elastic behaviour terminated. The
maximum allowable stress for mild steel was set at a per-
centage of the yield stress, whereas for concrete, a per-

| centage of the cylindef or cube crushing strength deter-
mined the "allowable working stress". Thus for several de=
cades the Theory of Elasticity governed engineering analys
sise.

- In conjunction with the Theory of Elesticity, lab-

oratory investigation helped to formulate empirical meth-
ods of design and analysis. These methods often required
simplifying assumptions in order to develop a practical

design method and, becasuse of this, they were rather con-

" servative and uneconomical,

The elastic method of analysis proved most efficient
for simple determinate structures where the elastic strength
~and the real strength were related linearly. However, this
linear relationship was not valid for indeterminate struct-
ures unless they were made of an elastic, brittle material
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such as glass. In indeterminate structures constructed of
mild and intermediate grades of steel, or where this type

of steel is used as reinforcement in concrete, the "plastic"
behaviour of this material permits the redistribution of
stress at high loads. The ability of a ductile material
such as mild steel, with its reserved strength, to redist-
ribute load from high stress regions to less highly stres-
sed areas was not readily recognized in practice, except

‘in such classical examples as steel rivet groupings and fil-
lets. | '

In the 1920's and 1930's it was recognized that elastic
analysis of indeterminate structures produced excess stren-
gths and investigations began to find the true ultimate
strengths of such structural systems. However, it was not
until after the Second World War, when building materials
were.in short supply, particularly in Europe, that the pop-
ularity of ultimate strength methods of analysis gathered
momentum. _

The use of Ultimate Strength Design for reinforced con-
crete has finally been recognized as more consistent than
Elastic Design. Ultimate Strength Design recognizes the
actual behaviour of a reinforced concrete member at ulti-
mate capacity, and it is the only method that predicts the
strength of a section. A specified overload factor is ap-
plied to each service load to.obtain the desired ultimate
load capacity. As the overload factor is used to design
for the actual ultimate strength, a uniformly consistent,
more accurate, safety factor will be obtained for all units
'of a structure. Elastic Design, or Working Stress Design,
uses allowable stresses with‘the straight-line theory and
the actual factor of safety is obscured and may vary widely
with different types of members. With Ultimate Strength
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Design it is permissible to apply a lower load factor to
dead load than ﬁo'live load, which is logical and desirable,
as the dead loads to which a member is to be subjected are
usually known with greater precision than live loads. Dif-
ferent load factors for live and dead load lead to a more
realistic safety factor. Another advantage of Ultimate
Strength Design is that it generally will result in more
economical structures with safety uniform at all points.

It allows full utilization of higher strength steels and
concretes, whereas Working Stress Design underestimates the
contribution of higher strength steels. Under Ultimate
Strength Design, strength is of prime importance and ser-
viceability and appearance are secondary.

Even though Ultimate Strength Design is slowly replac-
ing Working Stress Design for simple designs, North Ameri-
can building codes still prescribe an elastic analysis for
all indeterminate concrete structures. For buildings of :
the usual type of construction, spans, and story heights,
codes permit the use of approximate methods of analysis for
the determination of elastic moments and shears within cer-
tain ranges of variation in span lengths and loads. When
- the external moments and forces in a structure have been
determined by the theory of elastic frames, the design of
sections can proceed using Ultimate Strength Design.

Engineers are increasingly becoming aware that the be-
hgviour of individual.members in any composite structure is
that of the structure as a whole, rather than that of separ-
ate units. The importance of considering the composite be-
haviour of the complete structure under load in both elastic
and ultimate analyses is evident. It is easy to see that
this type of analysis is rather difficult and it is only
comparitively recently that composite action in structures
has been studied in detail.

In understanding the strength of composite reinforced
concrete structures, the study of flexural grillages in-
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creases our knowledge of the subject as it plays an import-
ant part in both buildings and bridges. In the past, how-
ever, in the analysis of buildings the skeletal framework
has been isolated from the structure as a whole and then
calculations have been made on the framework alone. - In
bridge work, where the main and transverse beams more clear—
ly define a grillage, composite action between beams and
slab has quite frequently been considered. However, where
composite action has been used in analysis of bridge decks
the ugual method has been the equivalent T-beam system,
which is in effect the grillage approach.

The strength analysis of a plastic grillage is govern-
ed by the principles of limit analysis'®/. A correct sol-
ution is found when coincident upper and lower bound solut-
ions have been obtained. The analysis of grillages by the
 p1astic hinge method is dependent on the existence of suf-
ficient plastic rotational capacity at each hinge to enable
the complete mechanism to form without premature failure.
Sufficient plasﬁic rotational capacity exists in hinges of
under-reinforced concrete beams. However, for beams having
high flexural steel ratios or when considering torsion |
hinges, extreme caution must be exercised. Also it is not
permissible to include the brittle strength of a member in
such an analysis unless it can be shown that the hbrittle:
hinge" is the last to form(b). In cases where brittle
"hinges" are included in the strength analysis, failure
will be catastrophic. Due to the high load factor recom-
mended in cases of this nature(c), it may be preferable to
assume & plastic hinge strength of zero at the brittle
hinges and calculate the smaller but non-catastrophic plast-

ic failure strength.




1.2 Reviews

The amount of experimental work done on the composite
action of reinforced concrete grillages has been extremely

small. The earliest work done in this field was by Nyland-

er(d)

lages in 1945. Each of the grillages was comprised of five

. He performed two tests on reinforced concrete gril-

beams and was supported at four points. The grillages were
- tested by loading the secondary beam at two central points.
The results indicated that a failure load greater than

that predicted by limit analysis was obtained and that tor-
sional rotations in the grillages were from three to six
times those observed in torsional control tests.

Work related to this study was also done by Heyman(e5f),
who described a method for the limit design of transverse—
ly loaded square grids. He made the usual assumptions of
plastic theory as applied to steel structures. However,
the fundamental assumption that full moment redistribution
occurs may lead to error if applied to éoncrete grillage
structures where torsion failures are possible. A.L.TL.
Baker(g), in considering the design of reinforced and pre-
stressed concrete frames, considered i¥% necessary to cal-
culate rotations in plastic hinges and proposed a method
of doing this.

A Another series of tests on concrete grillage bridges,
known to the writer, was performed by Reynolds<b). In his
research Reynolds used nine small scale prestressed bridges,
comprising a preliminary structure, six right bridges, and

two skew bridges. Good agreement was found between analyt-
ical results and experiment, with the ultimate load of each
of the bridges tested slightly in excess of the estimated
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ultimate load. In Reynolds' analysis, however, the strength
of brittle torsion "hinges" was included. These hinges were
fortunately the last to form and the calculated load was re-
alized. PFor all of the grillage bridges there was a decrease

in strength after the maximum load was reached. This de=
crease was most severe in one of the skew grillages tested
and was to be expected as a skew structure carries more load
through torsion than does a right grillage. Reynolds' tests
also serve to show that in order to develop a plastic fail-
ure, adequate shear strength is required.

i More recently a series of concrete grid frame and beam
tests, similar to those conducted in this study, were per-
formed by Klus and Wanggh). Using computer analysis and
model tests, it was indicated that moment distribution in
grid frames could be predicted within + 15 percent using the
displacement method analysis and including the effects of
torsion. If torsion was neglected in the analysis, it was
found large errors could occur for certain loading con-
ditions. '

1.3 Object of the Tests.

The purpose of this study was to examine the design of

right-angled concrete grillages using ultimate strength
analysis in combination with a plastic hinge theory and %o
| compare the theoretical with the actual test results. Cer-
tain contingencies were aécounted for; +the main beanms were
made rigid enough so that plastic hinges would form in the

secondary interior beams, and also enough shear reinforce—
ment was placed in all beams so as to ensure adequate shear
strength. The behaviour of the structure was also to be ob-
served.
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It was hoped that the results of this study would aid
in the understanding of reinforced concrete beam and slab
composite structures. In conjunction with research done by
Lansdown(i)and other studies initiated at the University of
Manitoba'd %), & valid method of predicting the ultimate
strength of composite structures could, in time, be achiev-

ed.

The study itself included the building and testing of

- two identical Z~scale model grillages. The results of the
two tests to destruction, under different loading conditions,
were then analyzed.
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CHAPTER II

DESIGN OF GRILLAGES

2.1 Genersl Considerations.

In order to test further the validity of the proposed
method of analysis for reinforced concrete grillage sys-
.tems, two z-scale models of a typical simply supported gfil-‘
lage system were built and tested. These grillage models
could represent either a two-lane highway bridge or a struct-
ural framework in a building.

The two structures were tested to destruction under
two different loading conditions. The first model was test-
ed using a single concentrated load applied at the center.
The second model was tested using two concentrated loads ap-
plied along the interior longitudinal. These concentrated
loads were applied through steel blocks, 3 inches square.

It was considered that concentrated loads represented the

most severe loading condition that any beam and girder struct-
ure would be required to resist, The locations of the load
points for each of the tests are shown in FPigures 1 and 2,
page 11l.

In designing the grillage models, the main exterior
beams were purposely made extremely rigid. This was done
so that all of the plastic hinges would form in the interior
‘secondary beams. In this way, plastic hinge formation and

. beam deflections could be observed fairly easily in loc-

ations predicted by the collapse theory. A layout for both
grillages is shown in Figure 3, page 12.

2.2 Description of Gri}lage.

The two grillage models were not intended to be examples
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Figure 1. Load Point, Test No. 1

o
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Figure 2. Ioad Points, Test No. 2
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of a particular structure. They were chosen to represent
simple cases of grillages with rigid edge beams. The mod-
els were designed independently and were not scaled down
from any prototype. Scale relations are important in mod-
el tests, however, and in the next section various relation-
ships are listed.

A framework of this type could be used either in bridge
or building construction. It is apparent, however, that in
most cases a floor or roadbed system will cover this type
of freme in practice. Two types of systems could be used.,
The covering could be either integral with the frame or it
could be precast units which are essentially self-function-
ing. The type of covering would dictate the type of analy-
sis such a composite structure would require.

2.% Scale Relations.

When testing a model of a full scale structure, the
factors governing the collapse of the model such as stress,
strain, and loading do not scale down as readily as linear
dimension.

The scale relationships between the model and s full
scale structure are as follows: ,

(2) All linear dimensions are % as large in the model
as in the actual structure.

(b) Concentrated loads are (%)2 as large for the model
as for the actual structure.

| (c) Beam dead loads are computed from the model.

(d) Steel cross-sectional areas are computed from the

model.,

The various relationships between a full:sgale struct-
ure and the models are shown in Table I, page 14.
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Table I. Scale Relationships.

Model Prototype
Span Length 102" 341
Width 78" - 26!
Main Beam Spacing 7?2en 24!
Beam Sections 6"x 6" - 24"x 24"
‘ 7 g G 12%x% 20"
Concentrated Load (%)%p P

2.4 Design of Models.

Ultimate Strength Design of Models.

Both of the grillage models used in the tests were de-
signed using a combination of ultimate strength analysis
and plastic hinge”theory. The ultimate strength analysis
of reinforced concrete beams is well éstablished(1’2’3’4).
A method of analyzing beam systems for steel structures has
been well established and published by Pquéssor J.F. Baker
and his colleagues at Cambridge(5 . This work has done a
great deal to promote the use of ultimate load analysis in
the design of steel structures, but so far this type of
analysis has rarely been applied to reinforced concrete
structures. The reason for this is that doubt still ex-
ists as to whether or not sufficient rotation can be ob-
tained from a reinforced or prestressed concrete structure
to allow all the plastic hinges to form before failure of

- one of these hinges occurs. This is no problem in a steel
‘structure which has ample plasticity. One of the main aims




=15~
of this study is to show that enough ductility can be achiev-
ed in reinforced concrete structures to permit plastic hing-
es.

Several methods can be used to increase the ductility
- of a concrete section. One method of achieving this is to
insure that bars are adequately anchored. Another method
is to have sufficient shear reinforcing in the form of spir-
als and closed ties or stirrups.

If therefore, in the analysis, it is assumed at failure
that the resistance moment at each blastic hinge is the ult-
imate moment of that section, this presumes that sufficient
rotation will occur to allow the last hinge to form before
any of the other hinges fail. 4 series of tests devised and
carried out by Ernst(6) seem to indicate that sufficient rot-
~ation will always be achieved with reinforced concrete,sec-
tions; and a further extensive series of tests initiated by
the Buropean Committee for Concrete is already under way.

As mentioned earlier, doubt still exists as to whether the
above assumptions are valid. Researchers such as Mattock(zz)
emphasize that the stralns that can be developed in the con-—
crete and relnfor01ng steel in a reinforced concrete member
are considerably less than those which can be developed in
a mild steel member. Consequently, instances can occur in
which the strain capacity of a reinforced concrete hinging
section is exhausted before full redistribution of bending
moments is achieved in the structure as a whole. Mattock
believes that it is necessary to consider the deformation
of the hinging regions and to limit their rotation to known
safe values. If, however, we proceed on the assumption that
all hinges can rotate sufficiently, ultimate load analysis
can be carried out in two ways —- virtual work and equilib-
rium,

As with beams, a plane frame is analyzed when it is
subgected to the working load multiplied by an approprlate




-16—-

load factor. Under the loading configuration a systen of
hinges is selected which will allow the structure, or part
of the structure, to fail. This is equivalent, in slab
analysis, to selecting a yield-line pattern. Some point of
the structure is then given a virtual displacement and by

the method of virtual work an equation is obtained relating
the moments in the plastic hinges to the value of the ap-
plied loads. With slabs, this equation is regarded as the
solution, since except in the simplest cases it is not pos-
slble to prove that this solution is the most critical.
However, with frames, it is possible to find if this solu-

tion is the most critical. The solution obtained by virtual
work can therefore be regarded as the upper bound value of
the collapse load.

In order to investigate whether the selected pattern
of hinges is the most critical, the equilibrium of the frame
cen be checked to find whether or not the collapse mode is
a statically admissible system. This merely entails check-
ing by equilibrium that the ultimate strength of the var-
ious sections is not exceeded. The solution thus obtained
'by'equilibrium is a lower bound value of the collapse load.
If the lower bound has the same value as the upper bound,
this solution is the correct one or an admissible system,
if it is not, the selected hinge pattern is incorrect and

the process must be repeated with a new system of hinges.
Any bending moment distribution such that at no cross—
section does the bending moment exceed the limit moment oy
for the cross-section is called an "admissible" distribu-
tion of bending moments. It is for this reason that in

the analysis of the grillages under consideration, the end
moments in the exterior beams have been assigned a value of
zero rather than some other arbitrary value.

When planning this study, the prime consideration in
designing the model grillages was to have all of the plastic
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hinges forming in the secondary interior members. With the
one concentrated load at the center, the failﬁre mode that
was desired can be seen in Figure 4, page 18. The exterior
longitudinals and transversals were designed to remain rigid
and strong enough so that neither torsional nor bending hing=-
es would appear at connecting points with the interior mem—
bers. Upon completion of the first test it was seen that
the exterior members were perhaps too rigid and repetition
of the first loading mode would serve no useful purpose.
It could readily be seen that the same collapse mechanism
would form and no new information would be obtained. It was
~at this time that a double concentrated load sYstem along the
interior longitudinal was considered. The expected failure
mode for this loading combination can be seen in Pigure 5,
page 18. ;

In general the plastic design of the beams followed the
British system with particular reference to Jones(7) In
his work Jones uses the test results of Hognestad, Hanson
and McHenry(4)
the compression zone of reinforced concrete beams, as well as

in dealing with the distribution of stress in

the ultimate compressive strain at beam failure. The torsion-
al-strength of the exterior beams was based on a method by
Lansdown(s). Although some investigations by Nylander(g)

(10) indicate that small amounts

‘and by Cowan and Armstrong
of bending do not materially decrease torsional strength,
the exterior beams were made strong enough in torsion to
take into account any unknowns. | »
Current design codes were used to determine the propert-
ies of the concrete and steel. In the initial calculations
a cylinder compressive strength of 3000 psi. was used for
the conérete and the steel was assumed to have a yield stress
of 40,000 psi.
Moments and steel percentages were calculated for indive
idual beams. When the various failure modes were examined,
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it was necessary to check if beam strengths were adequate.
Detailed calculations for the various beams are shown in
Appendix A, page 107.

Figure 4.
Probable Failure Mode for Test No. 1.

Figure 5.
Probable Failure Mode for Test No. 2.
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CHAPTER TIII

MODELS AND LOADING APPARATUS

'73.1 Construction of Models.

Two reinforced concrete grillage models were constructed
for testing. As previously mentioned, both models were de- .
signed using ultimate strength techniques and were identical
in all respects. Detalls concerning model size and appear-
ance were given in the previous chapter. Table I, page 14,
glves data on model scale relations and Figure 3, page 12,
shows a plan of the models. . |

Preparation for the pouring of concrete was started by
building a collapsible wooden form for the grillage models.
The form was constructed of 3/4 inch plywood cut to size
and held together by steel angles and screws. The design
of the form allowed for easy dis-assembly so that the same
form could also be used for the second grillage. All of the
form's interior comstruction joints were covered with mask—
ing tape in order to help retain moisture during the curing
period. The interior of the fofm was also shellacked and
Just prior to the pouring of concrete, the form was lightly
oiled. The assembled form appears in Figure 6, page 20.

The steel reinforecing cage was identical for both mod-
els. Figure 7, page 20, shows a completed cage. The steel
reinforcing was assembled outside the wooden form and close
checks were kept on dimensions to ensure that the cage would
fit into the form when completed. The building of the re-
iﬁforcing cage was a very delicate operation as tolerances
were very small.

Exterior beam reinforcing consisted of four #4 bars
~top and bottom as the main steel. A cross-section of an
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exterior beam showing main steel and ties can be seen in
Figure 8, page 22. Two #4 bars, with two 90° bends in each,
formed closed loops in the exterior beams. Eight such sets,
four top and four bottom, constituted the main steel rein-
foreing'for the main beams. The splices in these loops were
located in regions where moments were considered to be min-
imal or nil. The 90° bar bends did not conform to standard
practice as the actual bends were much sharper than those
recommended by the American Concrete Institute(lsj. A plan
view of a corner detail can be seen in Figure 10, page 24.
The sharp bends were required because of the relatively
small cross—sectional area and the large amount of steel.
It was felt that for test purposes, this procedure would
not effect test results to any great extent. Figure 10,
page 24, also shows the #10 wire ties used diagonally at
"all corners.

The interior beam reinforciné consisted of two plain
- #2 bars top and bottom. Figure 9, page 23, shows a cross—
section of the interior beams. The #2 bars were all well
anchored in the exterior beams. The top #2 bars were wrap-
ped, in stirrup fashion, around the main exterior beam steel
as shown in Pigure 11, page 24. The bottom #2 bars were
bent around four #4 dowel bars which generated enough bond
strength to guarantee against pull-out. These dowel bars
can be seen in Figure 7, page 20. This elaborate procedure
~ was followed to ensure that bond failure would be no prob-
lem at beam junctions, as well as to increase the ductility
of the section at the connection. PFigure 12, page 25; gives
an excellent plan view of the center of the grillage where
the transversal and longitudinal cross. The figure shows
tie spacing as well as the amount of clearance between the
steel cage and the form. |

The shear steel in both the exterior and interior beans
consisted of #l1 gauge steel wire ties at intervals of omne
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Figure 8. Cross-Section of Exterior Beams.
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Figure 9. Cross-Section of Interior Beams.
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inch. Such close stirrup or tie spacing was used to ensure
that shear failure would not occur before the collapse load.
As mentioned previously, #10 gauge wire ties were also used
at the corners. In order to facilitate handling, #3% bars,

in the form of hooks, were placed in each corner of the mod-
els. These handling hooks can be seen in Figure 13, page 25,
which shows a grillage model ready for concrete. The brack-
ets, also appearing in this figure, were used to prevent the
plywood form from bulging due to the concrete.

The concrete mix design used for the two test models
was the same. In general, a 3000 psi., non-air-entrasined
concrete with a slump of 5 to 6 inches was selected. The
water/cement ratio of the mix was 0.55. The maximum ag-
gregate size was limited to 3/8 of an inch. High early
strength Portland Cement was also used for both models.

The concrete was mixed in a laboratory counter-current
rapid mixer in batches of 3.5 cubic feet. Three batches
were required for each grillage model, and two standard
cylinder samples were tsken from each batch. The concrete
was trucked from the mixer to the form in wheelbarrows and
the concrete then shovelled into the form. Because of the
close knit steel cage, the concrete had to be thoroughly
vibrated into place using a %/4 inch, square head vibrator.
The vibrator fitted quite well between the main steel and
the ties and even though a great deal of vibration was re-
guired, later cuts through the members showed that there
was no noticeable segregation.

Slight trowelling was required to get an even top sur-
face, and after several hours when the concrete had set
slightly, the curing process began. Curing involved cov-
ering the entire model with wet burlap and plastic sheet-
ing for a period of seven days. The burlap was watered
down every day in order to ensure that it remained moist.
After the seven day period, the models were removed from
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the form and cured in the open air until the tests were run.

3.2 Properties of lMaterials.

Tension tests were performed on samples of each rein-
forcing bar used in both grillages. Tension tests were also
performed on samples of the #1l1l gauge wire used as ties on
the beams and the #10 gauge wire used as ties at the corners.
The properties of the steel are shown in Table II, page 28.
The wire, z-inch and g-inch bars all exhibited a horizontal
yield plateau followed by considerable strain hardening and
elongation before failure. Yield points for all bar speci-
mens were found by the "half of the pointer" method. All
steel specimens tested showed sufficient ductility and per-
cent elongation over an 8 inch length averaged over 20 per-
cente.

The concrete mix design for the two grillages was the
same. The concrete had an aggregate/cement ratio of 5.4 and
a water/cement ratio of 0.55. Slight differences in the a-
mounts of water used for different batches were necessary
to compensate for free moisture in the aggregate and to keep
the workability of the various batches approximately the
same. TIwo standard test cylinders were cast from each 3.5
cubic foot batch. The properties of the concrete were ob-
tained from compression tests and split cylinder tension
tests of the 6" x 12" cylinders. Tests for concrete stren-
gth were made at 7 days and at the time of testing of each
model. The results of the tests are listed in Table III,
page 29.

3.3 Loading Apparatus and Instruments.

The steel loading frame used for the tests was a free
standing, stiff structural-steel reaction frame. The frame
appears in Figure 17, page 34. This reaction frame, in ef-



TABLE II. Properties of Steel.

Model No. Mean Mean }Av, Yield|Av. Ultimate | Av, Yield Av, Failure|% Av.

No. |Tested | Diameter Are%~ Load per Load per Stress per | Stress per|Elong.

(in,) (in“) | bar(lb.) bar(lb.) bar(psi.) bar(psi.) |over 8¢

No, 1

3" g 16 500 200 9,850 15,140 49,250 75,700 22

v 8 0250 . 050 1,920 2,580 38,400 51,600 20

11 Gad 6 o116 2,010 34 566 34,100 56,600 26
No. 2

3" g 16 2500 .200 | 10,050 15,265 52,500 76,300 21

" 8 +250 . 050 3,265 3,970 65,300 79,400 23

11 Gad 11 o117 . 010 396 577 39,600 57,700 19,6
Both

10 Ga, 2 0126 0125 490 730 39,200 58,400 18,5




Properties of Concrete.

TABLE III,
Structure Days Average Compressive Average Tensile
Strength (psi.), fec. Strength (psi.), ft.
6" x 12" Cylinder 6" x 12" Cylinder
No. 1 7 3,830 - e
At time of testing
(76 days) 6,060 Liyo
No., 2 7 3,890 L12
At time of testing
(155 days) 5,290 652

_68_
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fect a portal frame, consisted of two columns connected at
the top by four channels, two on each side, and anchored at
the bottom to two heavy steel beams, which comprised the
base of the frame. The two large welded steel beam abut—
ments, upon which the model was supported, were also anchor-
ed to the beams forming the base of the frame. Load was ap-
plied to the model by a hydraulic, hand-operated jack with

a maximum capacity of 200 kips. Two methods were required
to indicate the applied load. For the lower applied loads

a hydraulic pressure cell, attached to the hydraulic line,
and used in conjunction with a Budd strain indicator gave
the desired load readings. When the pressure cell's capac-—
ity was exceeded, a valve was turned to keep it from becom=
ing damaged and a pressure dial gauge was used to indicate
applied load. The pump, Budd strain indicator and pressure
dial gauge can be seen in Figure 14. Both of these systems
were calibrated against a 200 kip testing machine in order
to obtain the relationship between the applied load and gauge
readings. The calibration curve of the pump and hydraulic
strain equipment is shown in Figure 15, page 31, PFigure 16,
page 32, shows the calibration curve of the pump and pressure
dial gauge. |

Figure 14. Pump and Load Indicating Apparatus.
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The load was applied to the models in a different man-
ner for each of the two tests. PFigure 17, page 34, shows
the testing arrangement for the first test. In the first
test the single load was applied to the grillage using a rol-
ler bearing consisting of two grooved, 3 inch square, steel
blocks with a ball bearing in between. The head of the jack
rested on the top block and the base of the jack was clamped
to the channels forming the portal frame. PFigure 18, page
%4, shows this arrangement clearly.

Por the second test two equal point loads were applied
to the interior longitudinal. As before, the base of the
Jack was attached to the channels of the portal frame, but
this time the head of the jack rested on the center of a
gtiffened I spreader-beam. The point loads were transfer-
red from the spreader-beam to the concrete beam by means of
two roller bearings identical to the one used in the first
test. Pigure 19, page 35, shows the overall test set-up for
the second grillage, while Figure 20, page 35, shows in de-
tail the loading arrangement with the spreader-beam.

The grillage model rested upon four supports standing
on the heavy steel beam abutments. An arrangement of three
different kinds of supports was used to ensure simple sup-
port for the grillage model at each end. These supports con-
sisted of one fixed support, two supports that allowed move-
ment in two directions and one support that allowed movement
in one direction. The various supports and their actual po-
sitioning can be seen in Figures 21, 22, 23% and 24 on pages
36 and 37. The layout of the supports was planned to give
the model stability under deflection caused by the loading
as well as some freedom of movement to adjust to loading
conditions. In case the model shifted from its supports
during loading, safety precautions were taken. ILarge steel
angles were attached to the abutments to prevent the gril-
lage model from slipping beyond the abutments and four wood-
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Figure 20. ILoading Arrangement for Second Test.
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en wedges, two on each end, were also placed on the sbutments
to arrest any unforeseen large movements. Both the steel an-
gles and the wooden wedges remained clear of the model dur-
ing the actual testing. The wooden wedges, however, were
used to prop up the model when the supports were being put
into place. The same arrangement of supports was used for
both grillage model tests.

Three types of readings were made during the tests —--
deflection, rotation and lateral movement. To measure lat-
eral movement, two dial gauges mounted on magnetic stands
attached to the steel beam abutment, and bearing on small
steel pads on the grillage model, were used. This arrange-
ment was located at the fixed support and is shown in Figure
24, page 37. '

To measure rotation, scales mounted on aluminum bases,
were attached to the sides of the exterior longitudinals so
that one was even with the top of the longitudinal and the
other with the bottom. These scales were placed at the
center of the longitudinals where they connected with the
interior transversals. Rotation was then measured by means
of two transits, one for each longitudinal. The horigzontal
scales and the transits can be seen in Figures 17, 18, 19
and 20 on pages 34 and 35.

Deflection measurements of the grillage beams were
made in two ways. One method consisted of using dial gauges
accurate to 1/1000 of an inch. These dial gauges were at-
tached to an independent steel framework by magnetic stands,
and small steel pads provided bearing for the gauges on the
concrete beams. The framework for the gauges, wnich was be-
low the model, consisted of steel angles clamped firmly to
the large steel beam gsbutments. During testing some of the
dial gauges were reset when their length of travel was ex-
ceeded. The gauges and the framework can be seen in PFigures
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21, 22 and 23 on pages 36 and 37.

Steel scales, six inches in length, were also attached
to the top surface of the grillage to measure deflection.
The scales, set in aluminum bases, were attached to the
beams by means of glue in identical positions to the dial
gauges beneath the grillage. An engineering level was used
to read the scales to an accuracy of 1/100 of an inch. The
level was set upon a special support which was fixed to a
palr of angles anchored to two vertical columns. The level
and transit arrangement can be seen in Figure 17, page 34,
and Figure 19, page 35.

The combination of methods for reading deflections al-
lowed readings over a wide range. The dial gauges fell in-
to two categories ~- those with a range of 1 inch and those
with a range of 2 inches. When deflections reached a crit-
ical stage for individual gauges, they were reset., This
procedure continued as long as feasible. When the deflec=
tions became quite large, the dial gauges and their support-
ing framework had to be removed.

Level readings of the steel scales were taken from the
beginning of the tests. Some of the scales could no longer
be read when deflections became large. There was also slight
error in some of the scale readings in that the scales on
the interior beams did not remain vertical. However, in the
total amount of travel of the scales, six inches, the error
induced was considered negligible. It was believed that
even if each reading were corrected, the load-deflection
curve would appear unchanged.

In the first test a hydraulic point gauge was also
used to measure center deflection. It was set up to measure
the length of piston travel. However, final readings could
only give an approximation of the total deflection due to
several difficulties which will be explained in the next
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chapter. The point gauge and its supporting member are
shown in Figure 18, page 34.
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CHAPTER IV

STATIC TESTS OF MODELS AND RESULTS

4.1 Testing Procedure.

Each test was planned to be carried out in one run
lasting approximately four hours. However, the first test
had to be completed over a two day period, as on the first
run, the jack's piston reached its maximum length of travel
before total collapse of the grillage. This turn of events
required extending the length of travel of the piston by in-
serting a section of steel beam between the base of the jack
and the channels of the portal frame. It can readily be
seen that this procedure made deflection readings not entire-—
ly accurate for the second run. Other than this instance,
the testing procedures were basically the same for both
grillages.

The placing of the grillage models onto the loading
frame followed & fairly simple procedure. One of the large
steel abutments was removed from the frame using a movable
hoist and the concrete model was wheeled into position un-—
der the portsl frame on dollies. By means of a block and
tackle, attached to the channels of the portal, the model
was raised to a suitable height and the abutment was moved
back into place and anchored. The grillage was then low-
ered onto i1ts supports which were enclosed in wooden jack-
ets to prevent movement. An example of tThis enclosure can
be seen in PFigure 18, page %4. Instrument frames were then
agssembled and gauge placement could commence when desired.
At this point the concrete was painted with a watered down
white latex paint so that cracks forming during the test
would be readily visible.



-42—

On the morning of the test all of the instrumentation
was set up. This included the dial gauges, the steel scales,
the level, the transits and the strain indicator which meas-
ured load through a hydraulic pressure cell. In the after-
noon the actual testing proceeded until completion.

During the test, besides the deflection and rotation
readings that were being taken, observations as to the crack-
ing and ultimate behaviour of the structure were also noted.
A series of black and white still pictures, as well as 16 nmm.,
motion pictures* were taken to show the progress of each
test.

The method of loading both grillages was different.

As mentioned previously, the first grillage was loaded with
a concentrated load at the center. The second grillage was
loaded with two concentrated loads along the interior long-
itudinal by means of a spreader-beam., In each test the
loads were applied to the concrete model through % inch
square steel blocks. The arrangement of loading for the
two tests can be seen in PFigures 18 and 20, on pages 34 and
%5 respectively.

For both tests deflections were measured by dial gauges,
as well as scales read by level. In the first test, a total
of fifteen dial gauges was used to measure deflection in-
cluding two gauges that were used to measure lateral move-
ment at one of the corners. Thirteen steel scales, set on
alumninum bases, were also used to read vertical deflection.
In the second test, the two dial gauges used to measure lat-
eral movement were eliminated and fifteen dial gauges and
fifteen steel scales were used to measure vertical deflect-
ion. In both tests four steel scales, two per beam, were
also used to measure rotation of the externsl longitudinals.

*¥ The motion pictures are kept on file at the Civil Engineer-
ing Department, University of ianitoba.
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Disl gauges were removed when deflections were such that
readings could no longer be taken. Gauge positions, load
points and support arrangement can be seen in Figures 25
and 26, on pages 44 and 45. '

Before actual loading commenced, an initial jack load
was applied to both grillage models and then released. This
test load was used as a check to ensure that the load was
centered properly, that the grillage sat well on the supports
and that the instruments were functioning properly. When
this initial loading was completed, all of the dial gauges
were 'zeroed" and the readings on the steel scales, taken by
level, were recorded.

In the two grillage tests the basic load increment was
200 1lbs. This increment was varied to meet specific condit-
ions in each test.

At each load increment, for both tests, as much data
as possible was gathered. This included dial gauge read=—
ings, level readings, as well as transit readings in order
to monitor rotation of the main exterior beams. Cracks
were marked, with various colour felt marking pens, as they
developed and can clearly be seen on all photographs taken
of the tests. Numbers marked along side crack patterns in-
dicate approximately the loads at which the crack lines ap-
peared. The marked loads vary slightly from the true loads
listed in the observations and used in all load-deflection
curves.

4,2.,1. Observations from Test #la.

The first grillage, with the single concentrated load
at the center, was to be tested to destruction in one run.
However, as the length of travel of the piston ran out be-
fore total destruction of the grillage, a second run had to
be carried out. To achieve sufficient length of piston
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travel for the second run, a WP-beam was inserted between
the base of the jack and the portal channels. 4Also addit-
ional steel blocks were placed between the head of the pis-
ton and the roller bearing through which load was applied
to the grillage model. This arrangement can be seen in
Figure 35, page 56,

The first run progressed very smoothly. The grillage
model sat on its supports very well as load was applied and
cracks did not appear for some time. It was not until a
load of 1060 1lbs. that the first cracks appeared at the cen-
ter of the grillage and at the beam junction in the vicinity
of gauge 5. At a load of 1260 lbs. no new cracks occurred,
but the cracks immediately under the load propagated. All
cracks increased in length as the load reached 2050 1lbs.

At this point new cracks appeared near the center of the
grillage on the interior beams at predicted hinge locations.
From a load of 2250 lbs. to 2430 1lbs., new cracks appeared
on the interior beams near their junctions with the exter—
ior members. These cracks were also in predicted hinge
areas.

When loading reached 2630 1lbs., the load began to drop
off slightly and this was thought to indicate first yield.
The grillage continued to take increased loading and bet-
ween 2830 and 3220 lbs. cracks at the center of the grillage
increased in length. Also two new cracks appeared on the
interior longitudinal member between gauge locations 6 and
Te

As loading progressed from 3420 1lbs. to 4000 1bs., no
new developments occurred except for the cracks at the cen-
ter, which began opening up and continued to do so with
each load increment. At 4200 1lbs. new cracks appeared in
the interior longitudinal about one foot from the junctions
with the exterior transversals. At 4400 1lbs. and 4600 1bs.
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cracks continued to open up at the center. At a load of
4780 lbs. new cracks occurred at the junctions of the int-
erior and exterior beams.

At this point, yielding wunder load was very great and
it was difficult to reach 5000 lbs. It was decided to try
loading at increments of 400 1lbs. This involved continuous
pumping and a load of 5380 lbs. was reached. However, this
load could not be held and the load dropped down to 5000
lbs. At 5380 1lbs. cracks appeared in two locations on the
exterior members. Torsional cracks appeared on the exter-
ior beams at junctions with the interior beams, and several
cracks appeared at the corners of the exterior grid. Gauges
6, 7 and 8 were reset and loading was again attempted. A
load of 5080 lbs. was achieved but it dropped off very rap-
idly. Upon further loading, a load of only 4980 lbs. could
be achieved.

At this point gauge readings were discontinued. Jack-
ing was continued and deflection increased considerably.

The test continued until the two bottom bars of the interior
transversal broke at a point directly under the load. A
reading was taken on the hydraulic point gauge and the tot-
al deflection was 0.854 ft. Increased deflection could not
be achieved, as the jack had reached its full length of
travel.

The above constituted the first part of test no. 1 and
the entire sequence of events can be traced in Figures 28 to
33 inclusive, pages 49 to 51. Ioad-deflection curves for
several gauge positions appear in Figure 27, page 48. Test
data is listed in Appendix B, page 112. Rotation of the ex-
terior beams was negligible to this point in the test. It
was decided that observation of further deflection might be
useful and the jack was reset as described earlier. The
second section of test no. 1 proceeded from this point.
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4.2.2. Qbservations from Test #lb.

When the steel beam was inserted between the base of
the jack and the portal frame, and extra blocking was in-
serted between the head of the jack and the roller bearing
resting on the grillage, testing proceeded as before. De-
flection readings were teken with the hydraulic point
gauge. These readings could only be considered approximate
as the gauge was "zeroed" for the second run according to
the total deflection of the first run. That is to say that
rebound upon unloading was not taken into account.

As load was applied, center deflection continued to in-
crease and the cracks continued to open. As the deflection
increased, load again began to increase. At a load of about
6100 lbs. the deflection was .923 ft. This load remained
quite steady and yielding seemed to be taking place.

Load, after remaining steady for some time, again be-
gan to increase. At a load of 7100 1lbs. the deflection in-
creased from .961 ft. to .984 ft. Load then increased a-
gain to 7700 lbs. as the deflection reached 1.021 ft.

Up to this point no observable rotation of the exter—
ior beams was noticed. However, yielding again seemed to
be teking place and the load at a deflection of 1.045 ft.
was 7500 lbs.

As the grillage center deflection increased, the model
agailn began to take increased load. At a deflection of
1.076 ft. the load climbed to 8300 lbs. Under this load-
ing the structure again began to yield. Several interest-
ing developments occurred at this time. On the interior
transversal definite hinge action had developed on either
side of the load point. This phenomenon was observed ear-
lier but it was more pronounced at this time. This devel-~
opment can be traced in Figure 35, page 56, and Figure 41,
page 59.
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At this load of 8300 1lbs. slight rotation and lateral
displacement of the exterior longitudinals was observed for
the first time. However, the exterior transversals still
did not show any rotation or vertical displacement. With
the load holding and the deflection increasing a sharp re-
port was heard at a deflection of 1,097 ft. The load im-
medlately dropped off to 5900 lbs. and eventually to 5000
lbs. The loud noise was a result of a top bar breaking in
the interior transversal at the beam junction near gauge 12.
The bar which broke can be seen in Figure %6, page 56, and
shows all the signs of a typical tension failure. Necking
is quite visible in the photograph.

After dropping off rapidly, the load again began to in-
crease., At a deflection of 1.108 ft. the load was holding
at 7200 1lbs. After a short while, the load again began to
increase and at a deflection of 1.129 ft., the load reached
7800 1lbs. At this point new cracks appeared around the mid-
points of the interior longitudinals and the o0ld cracks con-
tinued to widen and spread. No increase in the exterior
longitudinal rotation could be detected at this point.

The load continued to climb, and when it again reached
the previous maximum of 8300 lbs., both bottom bars of the
interior longitudinal broke. The load dramatically dropped
off to 4750 lbs. and the deflection reading at this point
was 1.168 ft. The two broken bars of the interior longit-
udinal can be seen in Figure 38, page 57. No increase in
exterior longitudinal rotation was observed.

Load again was applied, and at a deflection of 1.208
ft. the load reached 5900 1lbs. This load remained steady
as deflection increased to 1.264 ft. At this point a bar
or bars broke inside one of the interior beams and the lozd
dropped to 2400 lbs. Jacking continued and load again be-
gan to increase as deflection increased. At a load of 4600
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lbs. and a deflection of 1,308 ft. dinternal cracking was
heard in the interior longitudinal. A4s load continued to
increase along with the deflection, spalling of concrete
occurred on the interior transversal between gauge posi-
tions 2 and 4. The rotation of the exterior longitudinals
also remained quite small as before.

Load continued to increase until it reached 5900 lbs.
at a deflection of 1.454 ft. when a report was heard and the
load dropped off to 4800 lbs. It was not apparent what bar
had broken. The load continued to fluctuate and again be-
gan to increase. At 5700 lbs. and a deflection of 1.481 ft.
the top bar of the interior longitudinal broke under the
load point with a sharp report and the load dropped to 3600
lbs.

The structure was still able to take renewed loading
and at a load of 4800 l1lbs., the other top bar of the inter-
ior longitudinal broke at a deflection of 1.569 ft. The
load then dropped off to O 1lbs. when the top bars of the
interior longitudinal were completely broken.

At this point the load plate tilted and no further
loading was possible. The grillage was shifting on its
supports as the load was being applied at an angle. If
the load plate had not tilted, more deflection could per-
haps have been obtained until the interior transversal
bars had broken completely. Nevertheless, the final point
gauge reading showed a total deflection of 1.613 ft. Fig-
ures 35 to 42, pages 56 to 59, show the progress of the
grillage collapse quite well.
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Figure 40. Section of Longitudinal at End of Test.




Migure 41.

Pigure 42. BSide View of Grillage at End of Test.
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4.% Observations from Test #2.

When the first test was completed, it was thought that
no new information would be gained by loading the second
grillage in the same manner as the first. A system of two
concentrated loads, acting upon the interior longitudinal,
was finally decided upon. This loading arrangement was pre-
viously shown in Figures 19 and 20 on page 35,

The jack loading increment varied during the test. At
the beginning of the test the increment was 400 1lbs. This
meant that each of the concentrated loads increased by one=
half of this amount or 200 lbs. During the test the jack
loading increment was reduced to 200 lbs. for a short time
and then increased again to 400 1lbs. In the following dis-
cussion the loads referred to are the concentrated load val-
ues and not the total load upon the grillage.

Initial loading progressed smoothly. The grillage sat
well upon its supports and it was not until a load of 530
lbs. that the first crack appeared under the load at gauge
position 9. At a load of 725 1lbs. a crack appeared on the
interior transversal on one side of its junction with the
interior longitudinal. Cracks appeared near the load at
gauge position 7 at 925 lbs., as well as on the interior
transversal on the other side of its junction with the int-
erior longitudinal. Between loads of 925 and 1315 1lbs. the
existing cracks continued to propagate.

At 1%15 1lbs. several new cracks appeared on the inter-
ior beams. On the interior longitudinal, cracks appeared
at the center as well as at the junction with the exterior
transversal near gauge location 1ll. On the interior trans-
versal cracks appeared at the junctions with the exterior
longitudinals. As the load reached 1515 1bs. more cracks

appeared on the interior transversals near the center and
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cracking occurred at the junction of the interior longitud-
inal and exterior transversal near gauge 5.

At 1610 lbs. new cracks appeared on the interior trans—
versal between gauge locations 12 and 8 and between gauge
locations 8 and 4. At the same time the cracks, at all of
the interior beam Junctions with the exterior beams, propa-
gated from the top of the interior beams toward the bottom.
These cracks continued to lengthen when the load reached
1710 1lbs. New cracks also appeared on all of the interior
beams approximately 6 inches from their junctions with the
exterior beams. These cracks started at the top of the
beams and progressed down the sides.

All existing cracks continued to propagate as loading
proceeded and at 2000 lbs. the first torsional cracks ap-
peared on the exterior beams. As load increased to 2300
lbs. new cracks were developing under the load points and
near the center of the grillage.

The grillage continued to take load well, and the only
developments as the load increased from 2300 to 2890 1lbs.
were some new cracks on the interior transversal bebween
gauge locations 8 and 14. When the load reached 2890 1lbs.,
yielding was observed as the load dropped off considerably
at this time.

After some yielding, the grillage again began to take
increased loading. When the load reached 3550 lbs. the
grillage again began to yield considerably. As deflection
increased, the load again began to increase. When the load
reached 3850 l1lbs., many new cracks developed. Increased
cracking was evident at the center of the grillage and the
exterior members showed increased torsional cracks both at
midspan and at the corners. Figure 45 shows cracking near
the load points. See page 66.
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Deflection continued to increase as the laad reached
4100 1bs. At this load new torsional cracks appeared on
the exterior beams and new cracks appeared at the junctions
of the interior transversals and the exterior longitudinals.
With the load remaining at this level, deflection continued
to increase markedly.

The cracks continued to open under the load points and
at the beam junctions. Although deflection continued to in-
crease, the torsion cracks on the exterior beams no longer
appeared to propagate. The predicted collapse mechanism had
formed and can be seen in Figure 46, page 66,

The load continued to fluctuate and from the previous
high of 4100 1bs., the load began to drop first to 3725 lbs.
and then to 3285 1lbs. Upon reaching that low, the load a-
gain began to rise. At first it reached 3385 1lbs. and con-
tinued to increase. At 4900 lbs. the collapse mechanism be-
gan to change in appearance. The interior longitudinal be-
tween the loads no longer remained straight, but started to
bend up at the center where it joined with the interior
transversal. This development indicated that the failure
mechanism was changing mode. Figure 47, page 67, shows this
new collapse mode.

The load continued to increase and at a load of 6000
1bs. the new mode of failure was clearly developing. At
7800 1lbs. the interior longitudinal was 1 3/4 inches high-
er at the center than at the load points. At 8%90 1lbs. the
bottom steel in the interior longitudinal broke in the vic-—
inity of gauge 9. DPFigure 49, page 68, shows the broken bars
directly under the load point. At this time the spreader—
beam, by which loading was being carried out, was bearing
at the center of the grillage and further loading was con-
sidered to be too difficult to analyze. The final deflec-
tions for the interior longitudinal were 9.125 inches at
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the center and 12.25 inches at the load points. The state
of the grillage at the completion of the test can be observ-
ed in Figures 48 to 54 on pages 67 to 70.
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CHAPTER V

ANATYSIS OF THE GRILLAGES

The two grillages were analyzed using a combination of
ultimate strength and plastic hinge theories. Even though
the manner of loading each of the grillages was different,
the same principles of analysis were used in investigating
the ultimate load of each structure. In the theoretical
analysis the calculations consisted of finding the plastic
moment of the beams, finding the torsional moment of the
beams and finding the ultimate load based on the combined
ultimate load and plastic hinge theories. Various modes of
collapse were investigated and the mode giving the smallest
ultimate load was considered the critical mode.

5.1 Plastic Bending Moment.

The method used to analyze the grillage beams for their
ultimate flexural strength was basically the British method
as explained by Jones(7 « The various ultimate strength theo-
ries vary in +their approach to the distribution of the con-
crete compressive stress, however, most theories which pre-
dict the ultimate moment are essentially the same and gen-
erally the following assumptions are made:

(a) The distribution of the concrete compressive stres-
ses can be defined. Usually this is done by means of coef-
ficients from which the average compressive stress and pos-
ition of the centre of pressure can be assessed.

(b) The beam will fail when the maximum compressive
strain in the beam reaches a particular value.

(¢) The distribution of the concrete strain is linear
(which is the same as saying that the strain at any level
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varies directly as the distance from thne neutral axis).
(d) The average strain in the steel has the same

value as the strain in the concrete at the same level.
(e) The concrete does not resist tension.

The equations set down by Jones for the calculation of
the ultimate moment in doubly reinforced beams are:

. b 4u/9
,eAsc_j__
a2
—em / v ASnyC
d, 2ubdq/9 ~——1—
dl .. .o h@ 13’12
K ubds/6 Agofyo(dy- dp)
/f \ 2ubdy/9 — + ALy

2ubdy/9fyy  Abg

If longitudinal forces are equated and we initially
assume that the steel is yielding,

Agtfyy = Agofye + 4/9 ubdy

or dy = 9/4ub (Astfyt - Ascfyc).
By taking moments about the tensile steel,

My = 4/9 ubdy(dy = #dy) + Agefycldy - do),
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the value of 4, having been found by the previous equation.

It is quite obvious, from the cross-section of the
main beams used in the grillage, that too much compression
steel has been used, In reality the compression steel
would probably not reach the yield point, but the value of
the ultimate moment would not be materially affected. Bas-
ically, the reason why so much compression steel was used
in the exterior beams was to provide adequate torsional
rigidity. The interior beams, on the other hand, had s
minimum of tensile and compressive reinforcement. This
steel, in conjunction with closed lateral hoops, provided
a symmetrical reinforcing cage.

Example calculations of the ultimate moment capacity
of the grillage beams 1s shown in Appendix A, page 107.

5.2 Torsional Homent.,

The method used to find the torsional moment of the

exterior beams in the grillages was established by Lansdown(8).

The equations suggested by Lansdown are for beams subjected
to pure torsion. These equations were considered quite

(9)

satisfactory by the author, as tests by Nylander as well

(10)

as Cowan and Armstrong indicated that small amounts of
bending increased the torsioﬁal strength of a beam. It is
believed that the "self-prestressing" effect in a cracked
beam affects favourably the torsional strength of the mem-
ber, raising it to the same order of strength as that of
the uncracked member.

In general, the Lansdown theory deals with helical
transverse reinforcement as this system is of a more fund-
amental nature. A reinforcing cage of longitudinal bars

and transverse hoops is conceeded to be a more practical
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system and is dealt with in the following manner. The con-
tribution of longitudinal bars and hoops to the strength of
a concrete member may be estimated by transforming the ac-
tual reinforcement into an equivalent helix and then pro-
ceeding as for the case of helical reinforcement.

For a rectangular beam and helical reinforcement Lans-—
down has found that the torque contributed by the steel
(and its associated concrete stress) is:

where Aggge 1s the area enclosed by the reinforcing cage
(b'- d'). This equation 1s applicable t0 square as well as
rectangular sections in which case Ky, as the proportion of
steel on the long sides of a beam, is the same as Ky, the
proportion of steel on the short sides.

The torque developed cannot be far from that predicted
by the yielding of the whole length of helical bars, and a
good approximation results 1if one sets Kl = Kg = 1. Sub-
stituting one obtains

. 10 axlyx sing
gy = 73 hoage —=7- g -

In transforming a system of longitudinal bars and clos-
ed hoops or stirrups, Lansdown has found that the actual re-
inforcement may be replaced with an equivalent 45-degree
helical cage, having a steel ratio equal to the lesser of
the longitudinal or transverse ratios, and the "surplus”
‘steel ignored,

It was found convenient for purposes of calculation,
to work in terms of the equivalent yielding force per unit
length, R, developed by the reinforcements. Thus n long-
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itudinal bars in a member have an equivalent yielding force
of

per unit length of circumference, where Fy

strength of one longitudinal bar, whereas hoops at pitch,

1 is the yielding

P, have an equivalent yielding force of

per unit of beam. The equivalent helix force then becomes
the lesser of Rp and Ry, , 1.e. Rpine

The transformation to the equivalent 45 degree helical
reinforcement is completed by noting that

anyX = C'Rmin e

By noting this and knowing sing = .707 (as 8 = 45°),
the torsional moment reduces to

Mp = 2.536 Acage Rpin -

An example calculation for the exterior grillage beanms

is shown in Appendix A, page 107.

5.3 Grillage No. 1.

Analysis.

The loading on the first grillage consisted of a single

point load at the center. The high bending strength of the
main beams and the relative weakness of the interior beanms,
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suggested that the failure would probably be confined to

the interior beams. Three various modes of collapse were

investigated to find the ultimate load that the grillage

could tgke.

The first mode of collapse investigated consisted of

plastic hinges forming at the center of the three grillage

longitudinals.

A virtual work equation was found to be the quickest

and simplest form of calculation.

Pu5
$
5182,
Pu

il

4MEp6 + 2M1p6
51 6

AppP + 2M1pf
AMpp + 2Mp1p

51 51

4 x 153,000 + 2 x 16,170
51 51

12,000 + 634
12,634 1lbs.
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The second mode of collapse investigated took into ac-
count the possible formation of torsional hinges in the ex-
terior members.

o Torsional Hingeb
® Bending Hinge
GL = _9 __ ST = 8
49.5 ' 34.5
Pyf = Mgy & + 4lpp & + 2Myp_& + 2jp_ &
u 15,3 37,5 '15.5 35

49.5 34.5 49.5 3405

4 X 30,700 + 4 X 30,700 + 2 X 16,170 + 2 x 16,170
49,5 34.5 49.5 34,5

2,480 + 3,560 + 653 + 937
- 7’650 1bSo

il

It

HJ
<
I
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The third and final mode of collapse investigated,
considered the possibility of all of the plastic hinges
forming in the interior beams. This mode of collapse was
the one generally anticipated and the grillage beams were
originally so proportioned, that this mode would be the
probable collapse mode.

ey = _& ep-= _6§

——— Ay e——

46.5 31.5

P& = Allyp_ B+ 4M g
v s s

4 x 16,170 + 4 x 16,170
46.5 31.5

1,390 + 2,050

i

i

P = 3,440 1bs.




=79

Assuming that the third mode is the failure mode an
equilibrium check of the grillage reveals:

F.B.D. of the Interior Longitudinal

-

16,170 0 46,5" & 16,170
in.-lbs. : in.-1bs.

O

‘EMO =
170 + 16,170 o 46.5VL =

16,
o'oVL = __3__2_,_2 = 695 le.

40
46.5

F.B.D., of the Interior Transversal

Vp Vo

i
16,170 o) 31l.5" 16,170
in.-1bs. _ in.-1bs.
= 16,170 + 16,170 ~ 31.5VT =0
ﬁ.VT = 32,3240 = 1,025 1bs.
315
ATt the center Total 695
695 695
1,025 1,025
11925
%4440 1bs,V/
1,025

695 -
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P.B.D. of the External Longitudinals

‘1,025 1bs.

51!1 51"

End Shears = 1,025 = 512.5 lbs.
2

i @ center of beam = 512.5 x 51 = 26,150 in.~-lbs.

P.BeD. 0of the External Transversals

695 1bs.
3G l 361

f T

End Shears = 695 = 347.5 1lbs.

2
Il @ center of beam = 347.5 x 36 = 12,500 in.-1Dbs.

Reaction at one corner

= 347.5 + 512.5 = 860 1bs.

Check of total reaction

- 4 x 860 = 3,440 1bs.v

e —
e oo

—
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Moment Diagram.

16,170 ina_leo )

chear Diagram.

%475 lbs,

16,170 in.-1bs.
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5.4 Grillage No. 2.

Analysis.

The second grillage was identical to the first in all
respects. The loading of the grillage differed, however,
as two concentrated loads were placed on the interior long-
itudinal instead of one concentrated load at the center.

Two modes of failure were considered for the second
grillage. BIach of the collapse modes confined the plastic
hinges to the interior beams as suggested by the collapse
of grillage no. 1l.

The first mode of collapse investigated considered g
failure similar to the first grillage.




~8%=

o = _ 8 Op = _6
46.5 31.5

o5
Deflection under the loads = 24 5 0.742 &
46

2(.7426Py) = 4l1p6y, + 4li1pOq
ST42Pyf= 2ligp_§_ + 2‘“11’31&-
.5

46.5
o 142P; = 2 x 16,170 + 2 x 16,170
46,5 31.5

= 695 + 1,025 = 1,720 1lbs.

eoPy = 1,720 = 2,320 1bs.
142 ::::::_._

The second mode of collapse considered plastic hinges
forming directly under the loads.
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Z(PU_S) = 4MIP6L + 4—MIP9T
P& =2Upnf + 2Mrpn B
u 13 P15
P, =2x16,170 + 2_x 16,170
3% 31e5
= 980 + 1,025

P, = 2,005 1bs.

B e T —
s g ot b . e e

Assuming that the second collapse mode is the failure
mode, an equilibrium check reveals:

F.BeDs of the Interior Longitudinal
VL VL

16,170 0 33N 16,170
in.=-1bs. in.=1bs.

EEMO = 0

= 16,170 + 16,170 - 33V, = 0

32,340 = 980 lbs.
33

o‘oVL
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F.BeD. 0f the Interior Transversal

16,170 [ lo 31.5"

16,170

in.-1bs.

SM., = 0

in.=1bs.

= 16,170 + 16,170 = 31.5V5 = O

#.Vp = 32,340 = 1,025 1bs.

31.5

At the center

980
1,025

980
1,025

Total 980
980

1,025

1,025

i vt

4,010

2P

o&o Pu = 2,005 le. \/
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F.B.Ds of the External Longitudinal

1,025 1bs.

51n 51

End Shears = 1,025 = 512.5 1lbs.
2

i @ center of beam = 512.5 x 51 = 26,150 in.-1bs.

P.B.De 0f the External Transversal

980 1bs.
36 f 1 36 1

End Shears = 980 = 490 1bs.
2

I @ center of beam = 490 x 36 = 17,630 in.-1bs.

Reaction at one corner

= 490 + 512.5

il

1,002.5 1bs.

Check of total reaction
4,010 1lbs, \/

o s i e ettt

= 4 x 1,002.5

Il

e e e e e
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Moment Diagram.

16,170 ino-leO

17 9 630 il’l.—le.
26 ,150 iIl.-le.

Shear Diagram.

512.5 1bss

980 lbs.

1,025 1bs.
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5.5 Test Results and Discussion.

(a) Grillage No. 1.

It is of interest to note, before going into a detail-
ed discussion of test results, the criterion of failure or
collapse for concrete beams. Two main types of failure ex~
ist. Concrete beams can fail either by primary crushing of
the concrete or by failure initiated by the yielding of the
steel. If the fallure is a primary concrete failure it is
usually called a compression failure, and if the failure is
initiated by the yielding of the steel it is called a ten-~
sion failure. In the first grillage test, a flexural fail-
ure initiated by the yielding of steel best describes the
mode of collapse. «

The maximum load resisted by grillage no. 1, in the
two part test performed upon it, was 8300 lbs. By the a-
bove definition of failure this could hardly be construed
as the failure or collapse load. Both yielding of steel,
as witnessed by the broken bars, and crushing of concrete
had occurred before this point. The final deflection,
1.613 f£t., also could not be tolerated in a working struct-
ure, It can be seen, however, in Figure 34, page 55, that
two distinet stages of failure occurred. The first stage
is the one most readily associated with concrete failure--
namely yielding of steel and crushing of concrete. The
second stage of failure of the grillage is associated with
catenary action of the reinforcing steel or a hanging re-
inforcement network at large deflections. A detailed exam—
ination of increased loading with large deflections will be
dealt with in the general discussion. »

Studying Figure 27, page 48, shows that the probable
yield or collapse load for the grillage was in the region
of 5380 1lbs. This load yields a ratio of observed to cal-
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culated strength of 1.56. The pattern of cracks, developed

gt this point, indicates that the collapse mechanism is the

same as the predicted mode of failure. It is also interest-
ing to note that torsional cracks began to appear in the ex-
terior members when the load reached the 5180 1lb. value.

In the observations of the first grillage test, it was
mentioned that there may have been some yield when the load
reached 2630 1lbs. From the load-deflection curves, there
does not seem to be any yield plateau at this load. It
does appear, however, that yield began near the 5000 1b.
mark for the center portion of the grillage. ILoad contin-
ued to increase to 5380 lbs. and then dropped off sgain to
the 5000 1lb. level where it remained fairly constant.

Several reasons could explain the larger than anticip-
ated collapse load of 5380 1lbs. First of all, a greater
concrete strength than the design value undoubtedly added
to the increased load. Second, the steel strength had to
be greater then indicated. Table II, page 28, shows that
the average yield stress of the %" @ steel, for the first
grillage, was 38,400 psi. The same table shows that the
average yield stress of the 3" ¢ steel for the second gril-
lage, was 65,300 psi. The large discrepancy indicates that
an error in testing the steel of the first grillage may
have occurred, as the steel used in both grillages came
from the same bundle of bars. An increased yield point
would definitely account for some of the increase in the
collapse load. If an analysis is made with the yield
‘strength of the %" @ steel at 48,000 psi. or 20 percent
greater than the previously assumed value, the ratio of
observed to calculated strength becomes 1.30.

A third reason for the larger collapse load may have
been the effect of membrane action in the interior beams.
In composite beam and slab structures, it has been indica-
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ted in tests at the University of Manitoba that membrane
forces in conjunction with arching action can increase the
yield load of a structure as much as 1l.77 times the indica=-
ted 1oad ), Tests by Kani(l?)

indicate that concrete beams, subject to flexural loading,

at the University of Toronto

transform into a tied arch and that the capacity of the re-
maining arch may be higher than that anticipated for the
beamn,

Tests of transversally loaded reinforced concrete plates
revealed that actual load-deflection relationship differs
from that of the yield line theory (23%0 One of the factors
responsible for this fact is the membrane action induced as
a result of finite deformation. At early stages of loading
the membrane action is compressive and, depending upon the
boundary conditions, may result in a significant increase of
the collapse load over the limit load rendered by the yield
line theory. As deflection increases, the membrane action
changes from a compressive to a tensile one. Continuation
of plastic deformation produces significant changes in geom-
etry of the structure and the slab is transformed into a
'plastic" or "tensile membrane". This results in an increase
of load with increasing deflections. In this case the strength
of the structure lies in the hanging network of reinforcement,.
The strength of this "tensile membrane' is limited only by
the 1limit of plastic elongation of the reinforcement. Both
compressive and tensile membrane actions are dependent, how-
ever, on the restraint offered by the surrounding structure.
The exterior beams of the grillage were rigid enough to pro-
mote this type of membrane action in the interior grillage
beans.

This "tensile membrane' or hanging network action of .
reinforcement could explain the manner in which the grillage
resisted loading beyond the first stage maximum of 5380 1lbs.
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From observation during the test, it was fairly obvious that
a hanging network of reinforcement resisted the load. The
concrete under the load gradually broke away and the load
plate eventually rested directly on the reinforcing bars.

A precise analysis of the stresses in the steel would be im-
possible. Several bars had broken and the manner in which
stresses had redistributed could only be assumed. In addi-
tion, localized areas of very high strain concentration ex-—
isted at the junctions of the interior and exterior beans

as well as directly beneath the load.

The development of cracking under loading was previous-
ly described in the observations of Tests no. la and 1b.
However, the exact nature of the cracks was not previously
given. In the first part of Test no. 1, the initial cracks
that developed were tension cracks due to moment. As the
load and deflection increased, these cracks tended to widen
considerably in the areas of high stress concentration--
namely at the junctions with the main beams and directly
beneath the load. It is iﬁteresting to note that only one
diagonal crack appeared on the interior beams. This crack
can clearly be seen on the interior longitudinal in Figure
33, page 51, and subsequent pictures. Near the completion
of this phase of the test, torsional cracks appeared on the
exterior beams. These, however, were not of a very severe
nature. Crack development in the first part of Test no. 1
can be traced in Figures 28 to 33, on pages 49 to 51,

In the second portion of Test no. 1, vertical cracks
due to moment continued to form on the interior beams.,
These cracks eventually opened and a pronounced bending or
hinging took place on the transversal at a point approxi-
mately 9 inches from the junctions with the main beams and
the same distance from the load point. IFigure 41, page 59,
shows this development. Crushing and spalling of concrete
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also took place in this part of the test. Towards the end
of the test, the load plate rested upon the reinforcing
bars rather than upon the concrete. Figure 38, page 57,
shows this situation clearly.

Deflection and rotation readings for the exterior beams
were recorded only in the first part of Test no. 1. The
largest deflection of a main beam was 0,230 inches at gauge
location 12. The rotation at the centers of the main long-
itudinals was 4 degrees 10 minutes or 0.07272 radians. Se-
vere cracking was not observed on the exterior beams.

The small values for deflection and rotation could be
expected for the heavy exterior beams because of their high
ultimate bending and torsional strengths. Increased concrete
and steel strengths further increased the exterior beam cap-
acity to resist load. Tests performed on sections of gril-
lage no. 1 and outlined in Appendix C, page 117, show that
the bending strength was approximately 92 percent greater
than the original calculated strength. If actual concrete
strength, actual steel yield strengths and action of dowel
bars are taken into account, the increase in strength is in
the order of 24 percent. The action of the dowel bars, used
to anchor the interior beam steel, increased the bending
strength of the exterior beams substantially. The ultimate
moment capacity of the exterior beams, taking into account
the actual concrete and steel strengths of grillage no. 1,
was 189,200 in.-ibs. The ultimate moment capacity taking
into account the action of the dowel bars in the center por—
tion of the beams as well, was 237,100 in.-lbs. This figure
compares to the observed value of 294,000 in.-lbs. The ef-
fect of the dowel bars was not fully considered in the orig-
inal analysise. _

Torsion tests conducted on sections of grillage no. 1
revealed an average yield strength of 30,650 in.-1lbs. This
compares very favorably with the original calculated value
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of 30,700 in.-lbs. If actual yield strengths for the long-
itudinal and tie steel are used in recalculating predicted
torsional strength, the yield or ultimate strength becomes
26,150 in.-lbs. The ratio of actual to predicted strengths
now becomes 1.17.

By viewing pictures of Tests la and 1lb, it can be seen
that shear and disgonal tension did not influence the col-
lapse mode of the structure. It appears that the precau-
tions taken to avoid shear problems proved adequate,

(b) Grillage No. 2.

In the second test the collapse or failure load of
4100 1bs. was slightly more than twice the predicted col-
lapse load of 2005 lbs. However, if the concrete strength
at testing, as well as the yield strength of the %" @ steel
in the second grillage are used as design data, the pre-
dicted collapse load becomes 3330 lbs. Using this figure,
the actual collapse load to predicted collapse load ratio
is 1.23. This ratio gives a more realistic comparison be-
tween test and theoretical values. As mentioned previous-
ly in the discussion of the first test, the other portion
of the load increase may have been due to compressive and
tensile membrane action combined with arching action in the
interior grillage beams. ,

As in the first test, the grillage was able to with-
stand a load greater than that normally considered the fail-
ure load, or in other words two stages of collapse were in
evidence. After the predicted failure mode was achieved,
loading was continued. At first the load dropped off to
3300 lbs. and then began to climb again. Figures 43 and 44,
on pages 64 and 65, show that the maximum load achieved was
8390 1bs., This figure represents one of the concentrated
loads, so that the total load withstood, was 16,780 1lbs.
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It is possible that this load could have been greater, as
the test was terminated before total destruction. When the
spreader-beam, separating the loads, came to rest upon the
concrete at the center of the grillage, loading was discon-
tinued. This, in effect, would have constituted a third
point load, and analysis of such a loading system would have
been very difficult. It is believed, as in the first test,
that a hanging network of reinforcement or "plastic membrane"
enabled the load to achieve such magnitude. Accurate anal-
ysis of stresses would again be most difficult, as several
bars had broken and stress redistribution without strain
gauges would be impossible to determine. |

Crack development proceeded as expected in the second
grillage test. PFlexural cracks developed under the load
points as well as at the junctions of the interior and ex-
terior beams. As loading increased, the cracks increased
in both length and width and the compressive zone of the
beams gradually decreased. The increased stress in the com-
pressive zone eventually reached the compressive strength
of the concrete and the destruction of the compressive zone
brought about flexural failure of the grillage.

At failure, the plastic hinges that formed at the junc—
tion of the interior transversal and interior longitudinal
proved very interesting. The bending hinges formed exactly
at the junction with the interior longitudinal and the crack-
ing that developed could almost be classified as torsional.
In any mamnmer, the weakening of the interior longitudinsal
at these hinge locations, along with transformation of the
interior beams into a "plastic" or "tensile membrane', led
to a change of collapse mode as loading reached 4900 lbs.

As mentioned earlier, this increased loading at large def-
lections will be more fully discussed in the general dis-
cussion. '
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Torsional cracks began appearing on the exterior beams
at a load of 3200 1lbs. These cracks were not of a severe
nature just as in the first test. Again cracks due to bend-
ing were not severe on the exterior beams,

Deflection and rotation of the exterior beams was again
small. The maximum deflection of an exterior beam was 0.268
inches at gauge location 2. Rotation at the center of the
exterior longitudinals was 5 degrees 21 minutes or 0.09340
radians.

From the photographs of the test, it can be seen that
shear and diagonal tension did not play a great role in the
collapse of the structure at 4100 lbs. As loading progres-—
sed beyond this point some of the diagonal cracks that had
formed earlier did open up and propagate. Flexursl, not
diagonal, failure was responsible for the collapse of the
structure.

(¢) General Discussion.

Collapse for both grillages tested, followed the same
general pattern. BEach grillage showed two distinct failure
stages. In the first grillage the two stages were fully
developed, whereas, in the second grillage only the first
stage was clearly defined and further loading would have
been necessary to develop the second stage.

As mentioned earlier, it is believed that both grillages
resisted initial loading by bending action in combination
with compressive membrane action. At this point in the load-
ing the steel strains in the interior beams, at their junc-
tions with the exterior beams, were tensile at the top and
compressive at the bottom.

> €T

':i <« €Eg
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As deflection of the center portion of the interior
beams increased, the membrane action changed from a come-
pressive to a tensile one. At this point in loading, strains
in the top and bottom steel were both tensile. The top
steel in the interior beams probably had a large tensile
strain, and stress in the steel would in all probability be
the yield stress. The bottom steel, however, would have a
smaller tensile strain as i1t was changing from a compressive
to a tensile strain and the stress in the bars would be less
than the yield stress. At this point the beams still posses-—
sed some bending resistance.

ﬁb‘e\
T o= oy

N VINO&

Continuation of deflection gradually produced changes
in the geometry of the structure and the interior beam sys-
tem was gradually transformed into a hanging network of re-
inforcement or a "tensile membrane", This phenomenon re-
sulted in an increase of load with increasing deflection
until the failure stress of the reinforcement bars was reach-
ed,

This development can be traced in the following sim-
plified explanation.
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Taking a free body diagram of one of the members.

Py = Peonventional * FPadditional

Poonventional represents the load that the structure
is able to withstand by bending. In the early stages of
loading, deflection is small and Pgonventional dominates
the right hand side of the above equation. At this stage
there is only a very small tensile force in the members so
the vertical component of T is negligible. However, as de-
flection increases the load is resisted by a hanging network
of reinforcement and the tensile force in the bars becomes
significant. At this stage, Pgggitionals the vertical com-
ponent of the tension forces in the members begins to dom-
inate the right hand side of the equation and Pioopventional
due to bending gradually disappears.

” As deflection becomes quite large the length of the
members increases due to strain and the following situation
arises.
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T = £(§)

As © and § increase, § increases as 8= L(sec 6 - 1) or

& % &sin ©
Also § = %E where A = Ag
and B = ES = 29,000,000 psei.
.-.T=-%§ but E = &
0= gteel stress
. § K50 -
and "T==%§2 as 6= L€

0" can now be oy or greater as in the strain hardening range.

o - AsBS o AgE ésin 6 and

Now T T

Pogditionsl = T sin ©

Therefore, as the rotation of the beams increases, the
tension force in the steel increases until the steel stress
reaches its failure value. Thus Pgggitional Pecomes larger
as deflection increases and the ultimate load reaches the
second failure stage or the ultimate strength of the hanging
reinforcement network.

In order for this type of "tensile membrane" or "plastic
membrane" to form, the beams must be restrained by rigid edge
beams but they must also be free to rotate. This theory of
increased loading with increased deflection helps to explain
the two stages of failure for the grillages tested.
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(d) Summary of Discussion.

Table IV offers a summary of experimental and anal-
ytical values ( corrected for known beam strengths ).

Table IV. Summary of Results.

Py P P
Model Theoretical [First Phase|Pactor|{Second Phase
(1bs.) (1lbs.) (1bs.)
Grillage No. 1 4,140 55380 1.30 8,300
Grillage No. 2 34330 4,100 1.23% 8,390

In general, both grillage models resisted loading in
the same manner. In the first stage of failure, the grillage
strength was due to bending action in conjunction with com-
pressive and tensile membrane action. This membrsne action
was found to influence the ultimate load significantly in
each of the models. As deflection became quite large, the
structure was transformed into a "plastic membrane® and load-
ing increased as deflection increased. This action account-
ed for the second phase of collapse which was evident in
both grillage tests.
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CHAPTER VI

CONCLUSIONS AND SUGGESTIONS FOR_FURTHER RESEARGCH

It may be concluded from the material presented in
this study that the method of combined ultimate strength
and plastic hinge theories is valid and safe when it is
used in the analysis of reinforced concrete grillages.
Although concentrated loads were used in this investiaga-~
tion, any method of loading, concentrated loads, distrib-
uted loads or combinations of the two can be applied to
any form of grillage and a collapse mechanism can be found
fairly readily.

In the design of reinforced concrete sections, it is
generally accepted that the plastic design method is a
more logical and economical one than the elastic method.
However, when the ultimate strength and plastic hinge theor-
les are applied to a structure, the analyst must bear in
mind certain limitations pertaining to the properties of
materials, their relation to one another and limitations
which arise in cases of extremely severe types of loading.
The accuracy of this method of analysis is dependent to a
great extent of the accuracy with which the ultimate
strength of the separate elements can be predicted under
various loading conditions.

One of the most difficult areas in which a prediction
must be made is that of shear and diagonal tension. In the
tests conducted for this study, the individual members were
over—designed for shear and the problem of a premature
shear failure did not occur. Another area to guard against
is the formation of "brittle hinges" in which case failure
would be catastrophic.

Another important factor upon which the ultimate
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strength and plastic hinge theories depend is the avail-
ability of ductility in areas of the structure where plastic
hinges may form. Too little or too much steel may affect
the ductility of a section and the plastic moment may not

be reached. Visual evidence during the tests showed that
there was adequate ductility in the grillages tested and
this indicates that rotations at plastic hinges do not nec-
essarily have to be calculated for similar grillages.

Both grillage models had two stages of collapse. For
the first stage, the actual collapse loads were larger than
the predicted loads. Larger than design concrete and steel
strengths accounted for a portion of the increased loads.
Compressive and tensile membrane forces acting in conjunc-—
tion with arching action were proposed as other factors af-
fecting the failure load. Increased loading occurred after
the first stage of collapse as the deflections of the int-
erior members increased. To explain this phenomenon, it
was suggested that the structures had become "plastic" or
"tensile membranes". A characteristic of this type of hang-
ing reinforcement network is that its strength is limited
only by the limit of plastic elongation of the reinforcement.
The strength exhibited by this system is greatly in excess
of that found by ultimate strength analysis.

In the original amalytical analysis of the exterior
members of both grillages, the bending strengths were under-
estimated. Dowel bars, used at the centers of all exterior
members to anchor interior beam steel, were found to influ-
ence ultimate moment to a fairly large degree. Increased
concrete and steel strengths also added to greater moment
capacity. Actual torsional strengths of exterior grillage
members agreed fairly well with predicted values even though
the yield strength of the tie reinforcing was slightly below
the assumed value.
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It is the author's considered opinion that further re-~
search into the behaviour of grillages will yield valuable

information in meking the ultimate strength and plastic hinge
theories a useful tool for the analysis of composite concrete
structures. Further grillage tests should attempt to dupli-

cate as closely as possible actual practical designs. In

the tests conducted by the author, the exterior members were

deliberately made excessively strong so that failure modes
could readily be predicted. Although the tests proved suc-
cessful and provided needed preliminary results, more re-
search is required in similar as well as more complicated
grillages.

Work in this field is at present going ahead at the
University of Manitoba. Several concrete beam and slab
structures have already been tested and at this writing
a relatively complicated grillage system is being tested.

Two other areas of research could contribute to gril-
lage frame use and knowledgeable application. These areas
are the effects of repeated loads and the predictability
of 1imit design technigues.

This study provides only preliminary findings in a
very complex field of research. It is hoped that the data
gathered here, used in conjunction with other research,
will eventually lead to a valid method of predicting the
ultimate strength of composite concrete structures.
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APPENDIX A

1) Reinforcement for Exterior Beams.
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fyt = 40,000 psi. fyc = 36,000 psi.
Ay = 9 ( Agtfys = Agofyn )
n Tk st*yt scryce
= 9 ( .8 x 40,000 - .8 x 36,000 )
4 x 3,850 x 6
- 9 ( 32,000 - 28,800 )
4 x 3,850 x 6
= 9 ( 3,200 )
96,200

0.3 inches

Il

% X 3,850 x 6 x 3 (5.375 = .150) + .8 x 36,000(4.75)

16,100 + 13%6,900 = 15%,000 in.-1bs.

2) Reinforcement for Interior Beams.

2 %" bars T & B
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For £L = 3,000 psi.

fl
fopt = 0.85% u=_t¢
pr c .78
Ag1Tg1 = ocubdy + Agpfyo
u = 3,850 pSi.
ocu = 2,380 psi.
8 = 0.462
&€c = 0.00353
Agifer = Agefst Agofgo = Ag fgq
fyt = 40,000 psi. fye = 36,000 psi.
dn = _9_ ( Agtfyg - Ascfyc )
4ub
- 9 ( «1 x 40,000 - .1 x 36,000 )
4 x 3,850 x 3
= 300 = 0,078 inches
3,850
I, = % ubdy ( 4y - 30y ) + Agefye ( dp - dp )
=4 x 3,850 x 3 x 0,078 ( 4.422 ) + 0.1 x 36,000 ( 4 )
9
= 1,770 + 14,400

= 16,170 in.-1bs.
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3) Calculation of Torsional Moment for Exterior Beams.

With calculation based on the Lansdown Method snd re-
ferring to previous discussion on page 75,

lip = 2.536 Acgge Bpip -

For both grillages:

1 | e e e e

Agage = 5.5 X 5.5 = 30.25  in.2
C=2(b +d )= 2( 5.5+ 5.5) = 22 in,
pitch = p = 1 in.

F.

g1, = 40,000 psi.

Pyp = 40,000 psi.

Area of #11 gauge wire = 0.010 in,?

SRy, = nPyp = 8 x 0.20 x 40,000 = 2,910 1b/in.
-5 22
c

where n = number of longitudinal bars
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Rp = Pyp = 0.010 x 40,000 = 400 1b/in.
)

The equivalent helix force then becomes the lesser of

RT aIld RL 9 ioeo R

mine ! therefore Rp = Rpin.

2.536 A R

o o M cage “min

i

2.536 x 30.25 x 400
30,700 in.=1bs.

1l
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et ad s

LOAD-DEFLECTION READINGS

TESTS la and 2.



Dial Géuge Readings in Inches, Load Readings in Pounds.

\ngfi‘
Load

Iat. Defl®n,

1 2 3 Ly 6 7 8 10 11 12 13 14 15
0
90 0 0 0 0 0 0 0 0 0 0 0 0 0
270 |,003 |.003 0 . 005 .005 | 007 2009 | 005 |,003 [.003 |,002 0 0
470 1,005 |.006 0 0011 | ,010 | ,014 | .010 | .011 {,006 |.006 |.005 0 0
660 |,008 |,010 |.002 .017 | .015 . 021 .016 | 017 |.008 |.010 |,007 0 0
870 1,010 |.013 |.005 . 023 2020 | ,029 2021 | 023 |.010 [.013 |.009 0 0
1060 1,013 [.018 {.008 | 034 | 030 | 047 | 030 | .03%F |.014 |.018 |.012 0 |.001
1260 |,016 |.022 |.011 . 042 .036 | ,058 | .037 2043 1,017 |.022 |.016 1 ,001 | .001
1450 1,019 [.026 |.014 | .050 | .ok4 | .069 | .obs 0051 | 020 [,027 |.,019| .001 | .002
1650 1,023 {.031 |.018 | .059 | .052 | .083 | .052 2061 |.024 |,032 |.022] .001 | .002 |

1850 }.,026 {.036 |.,021 | ,070 | 060 | .096 | .061 <071 |{.028 |,038 |.026]| .002 | .003
2050 |,030 {.041 |.037 208l | .070 | 113 <070 | +083 |.032 |.043 |,029| ,002 | ,003
2250 |,034 |.047 |,038 « 096 . 083 0134 . 085 2099 | .036 [.048 |.033| ,002 | .00
2430 1,039 |.054 [.038 | 111 | .096 | .155 | .098 | .115 |.0k1 |.055 20371 ,002 { ,005
2630 |,043 |,060 |.,038 | o125 | .107 | 173 | .112 | .120 |{.045 |,062 |.0h2 .003 | ,005
2830 |,048 [,066 |,043 . 139 .118 .192 s123 <142 | ,050 |.069 |.047 | 003 | .006
3030 |.052 |.072 |.047 .155 0133 0216 | .137 2158 | .055 |.075 [.051| .003 | ,007
3220 1,056 |,078 |.051 | .169 148 | .239 | .151 o174 1,060 |.,082 |.056] 004 | ,007
3420 |,061 |.085 [,056 | .187 o166 | 268 | 169 <192 | ,065 |,089 |,060| 005 | ,008
3600 |,065 |,090 |.061 | 0206 | o184 | 298 | ,187 | .211 |.070 0095 | ,065| ,005 | ,008
3800 1,070 [.097 [.066 | +229 | 204 | 4338 | o208 | o234 |,076 |.104 |.071| 006 | .009
4000 |.078 [,106 [.078 | 4256 | +229 | o381 | 233 | o262 |.083 [.113 |.077 007 | 010
4200 1,082 |.113 |.078 | 278 | 248 | 418 | ,252 | .284 {.088 |.120 |.082 .007 | 011
L4000 1,088 |.120 [.084 | o303 | 271 | o459 | .275 2308 | 094 },128 |.088| ,008 | ,012
h600 1,093 [+127 |.091 | 4337 | +302 | o519 | .305 | .342 |.100 |.137 |.095| .008 . 013
B780 1,101 |.137 |.099 | 395 | o354 | .620 | o356 | 398 |.108 |.147 |.102 ,009 | ,014
4980 |.,109 |.148 |.107 o482 o435 o775 A36 U84 | o115 |.156 | .109) 010 | .016
5180 1,118 [,160 [+118 | o610 | +560 |1.013 | o561 | o613 |.120 |.166 |.118| 010 | .016
5380 1,126 1,170 |.125 | 745 | o687 |1.255 | 686 | 745 o134 1,179 | ,128{ .011 | .016
5000 1,134 1,181 |.135 [1.009 | 957 [1.784 | .956 | 1,027 o143 [.210 |.,138| ,010| .015
5080 1,139 1,185 [.132 [1.102 [1.150 |1.962 1.037 | 1,117 | o146 [.219 | .140| ,010 | .015
k980 [,1L4o |,187 |.133 1.373 |1e331 [2.517 [1.342 | 1,382 | ,150 |.230 | .143| .009 | .013
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Steel Scale Readings in Inches, Load Readings in Pounds.

Gauge
\\\\\\\ 1 2 3 4 5 6 % 8 o 10 | 11| 12 | 13
Load
0
90 0 0 0 0 0 0 0 0 0 0 0 0
270 0 (.01 0 .01 0 0 . 01 0 0 0 .01 0
470 0 .01 0 .01 0 .01 .01 0| .01 , 01 0,01 .01
660 |,01 .01 0 002 0 .01 . 02 0 .01 .01 .01 .01
870 |,01 .02 .01 «03 0 .02 .02 0 » 02 .01 .02 .01
1060 |,01 . 02 .01 . 0L 0 .03 203 0 003 .01 .02 .01
1260 |,02 .03 .02 005 0 . O 04 | .01 0L | .02 » 03 .02
1450 1,02 |.03 .02 .05 .01 o Ol 005 | .01 | .05 |.02 | .03 | .02
1650 |,02 o Ol .02 0 06 .01 s 05 .05 » 01 . 06 . 02 o OL 002
1850 |,03 ol .03 .07 . 01 . 06 0 06 ., 01 0 07 .03 . Ol .03
2050 .03 205 ¢ 03 .08 s 01 0 07 007 . 01 . 08 » 03 .05 .03
2250 |04 +05 .03 .10 .01 .08 « 09 .01 . 09 o Ol .05 .03
2430 |, ob .06 . Ol 012 001 . 09 .10 .01 .11 o Ol . 06 o OL
2630 |,04 .06 o Ol .13 .01 .11 011 .02 .12 o Ol .07 o Ol
2830 |.05 007 05 o15 0 02 012 .13 . 02 «13 .05 . 07 .05
3030 |,.05 .08 « 05 016 0 02 013 .14 .02 .15 . 06 .08 .05
3220 |,06 . 09 .05 017 002 .15 .15 | .02 .17 . 06 » 09 . 06
3420 {,06 09 . 06 .19 . 02 .16 017 »03 .18 07 0 09 » 06
3600 |,07 010 . 06 .21 0 02 .18 019 .03 020 0 07 . 09 . 06
3800 |,07 .10 . 07 023 .03 220 020 .03 022 .07 .10 . 06
4000 |,08 o11 0 07 026 .03 «23 023 JObh | .25 .08 .11 007
4200 |,08 012 .08 028 .03 0 2L 025 o O4 027 0 08 .12 « 08
4400 |.,09 |el13 .09 .31 o Ol 027 027 | OB | .29 |,09 | .12 . 08
4600 |,09 013 . 09 o 34 o O4 «30 030 0 OL 033 . 09 o1l . 09
4780 1,10 |.14 .10 A0 o 035 035 o Ol .38 .10 .14 .09
4980 .11 015 .10 049 .05 o3 oLl . 05 A6 .11 015 .11
5180 {.12 016 .12 062 005 055 | 1.013 056 .05 « 59 012 .16 .11
5380 |,12 017 a12 076 . 06 068 11,253 «69 . 06 672 013 W17 W12
5000 [.13 019 <13 [1.05 o 06 296 | 1,783 095 .06 299 013 .18 .13
5080 |,13 .18 13 |1.15 006 |1.05 [1.,953 | 1,15 007 11,08 014 .18 013
4980 .14 .19 |.14 |1.45 007 [ 1o34 [2.493 1,32 | .07 {1.35 A4 ) .18 | L,13
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Dial Gauge Readings in Inches, Load Readings in Pounds.

T SN GRS LN I N U L L R A L LR TLES U WU e e

+Gauge
\\\\\\ 1 2 3 Iy 6 7 8 9 10 12 13 14 15
Load
0 0 0 0 0 0 0 0 0 0 0 0 0 0
135 0 |.005 | .003 » 008 0 008 | 009 . 0L2 004 | ,008 |.003 |.004 | 002
330 0 |.012|.008 | ,019 0 0051 . 022 L 0L2 . 013 2019 |.008 | ,009 | ,007
530 0 2019 | .013 . 029 . 003 . 063 . 036 . 0L5 . 019 0029 |.,011 | ,016 | .011
725 1,002 | ,026 | ,018 LOB1 | .012 « 077 0051 060 | .029 081 |,017 | .023 | ,016
925 | ,009 | ,037 | ,025 . 061 2033 »102 0 077 . 085 L 0Ll 0059 | .024 | ,032 | .023
1125 1,019 | .050 | 034 » 086 o 047 0132 0109 2118 » 063 084 | .032 | ,043 | .031
1315 | ,029 | 062 | (042 +110 | 066 | 164 | 140 146 . 084 +108 | .039 | 4055 | .040
1515 { ,037 | 074 | 4051 0137 » 085 .196 0177 »183 . 104 0135 | . 048 | ,066 | 047
1610 |, 043 | ,081 | ,056 «150 | .095 ] 212 «194 | 200 | 114 | 148 |.052 | ,072 | 052
1710 | 047 | 087 | 060 | .163 104 | 226 .209 2215 o124 | ,159 |.,056 | .077 | 056
11800 | ,052 | ,093 | 065 G176 | o114 | L2401 .226 2231 0133 <171 | .060 | .08 | ,061
1900 { ,057 | 4100 | ,070 | ,188 | .123 .255 02Ul J2h6 | 143 .183 | .064 | ,089 | .065
2000 | ,061 | .105 | .073 .199 .131 .268 .256 0260 | .151 o194 | ,068 | 094 | ,070
2100 | 4067 | 114 | 4079 0215 o143 0287 276 278 0162 2209 | ,073 | .10l | .073
2300 | ,075 | +126 | ., 088 0239 163 2319 | 308 .308 | ,182 0233 {,082 | 112 | ,082
2490 1,086 | 140 | ,098 | .268 | 185 | 3541 345 | o344 | ,206 | .260 |.092 | .126 | 091
2690 | 4094 | o151 | »108 | 4291 | 204 | .382 | 376 | 373 | .222 | .28 |.100|.136 | .099
2890 | ,105 | «165 | o117 2321 0227 120 415 o113 0250 «313 | .109 | .149 | .109
3090 | ,113 | o176 | 2124 | o347 | 248 | G454 | 451 ITIYS 0271 2338 | ,117 | .159 | 116
3285 | ,120 | 4186 | .131 2376 1 o274 | L4909 | 499 1496 0300 | 369 |.123 | 168 | ,122
3850 | 4158 | 0237 | 168 6555 o436 o777 . 806 o810 | o474 | o553 |.159 | .215 | .158
4100 | ,178 | 261 | 186 | 716 | o587 | 1.045 1,097 | 1.108 0636 0719 |.176 | .238 | .175
4100 1,005 | 1,666 | 1,768 | 1,769 .705
4100 | 4197 | «285 | .202 |1.272 | 1.204 | 2,036 | 2,148 | 2,128 2895 [ 1.269 |.190 | .254 | ,187
3725 [ 0198 | 0285 | 202 | 1,650 | 1,581 | 2,766 | 2,899 | 2,832 | 1,257 | 1.644 |,188 | .250 | .283
3285 1,189 | .268 | ,191 | 2.549 Lbols56 | 4.733 | 4.556 2.563 | 178 | .235 | 274
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Steel Scale Readings in Inches, Load Readings in Pounds.

[T e ¥l LN L T A e N U L R e e L D g

LEeSU "NOe e

Gauge
\\\\\\ 1 2 3 Iy 5 6 8 10 11 12 13 14 15
Load
0 0 0 0 0 0 0 0 0 0 0 0 0 0
135 |.01 .01 0 .01 0 0 0 » 01 0 » 01 0 .01 .01
330 |,01 0 02 .01 .02 .01 » 01 . 015 .01 0 0 02 .01 .02 .01
530 |,01 .02 . 01 .03 . 01 0 02 . 031 . 02 0 .03 .01 .02 .02
725 |,02 .03 002 o Ol .01 .03 o« 047 o Ol .01 o Ol .02 0 02 0 02
925 |,03 oL | 02 . 06 .01 o Ol . 078 .05 .01 . 06 003 . 04 .03
1125 |, 04 .05 .03 .« 09 0 02 . 06 »109 o 07 .01 » 08 203 . 05 .03
1315 |,05 .07 . Ol .11 . 02 .08 o141 . 08 .10 . Ol . 06 .05
1515 |[,06 | .08 .05 o1l .03 .10 2172 .10 .13 .05 .07 .05
1610 |,06 | .09 | .05 .15 .+ 03 .11 ,188 | .12 14 | .05 }.08 | ,06
1710 |,07 « 09 » 06 017 .03 .12 0203 .15 . 06 . 08 . 06
1800 |.o07 .10 | .07 W17 . Ol .13 «219 «17 . 06 . 09 . 06
1900 |{,08 .11 0 07 .19 o O4 o1l 0234 .18 . 06 . 09 . 07
2000 |,08 .11 . 08 020 . 04 .15 +250 .19 0 07 .10 . 08
2100 |,09 012 .08 022 o Ol .16 0266 o Ol 020 . 07 210 2 07
2300 [,09 W12 » 08 0 2L . Ol .17 0297 .19 o Ol 022 .08 .11 . 08
2490 |{,10 o 1L 010 027 .05 020 o 3hh .21 .05 «25 » 09 212 . 09
2690 |,11 015 010 029 . 05 022 0375 023 » 05 028 .10 o 1l .10
2890 |.12 016 o11 032 0 06 o 20 406 026 .« 06 +30 e10 .15 .11
3090 |[,13 017 012 o 3l 0 06 026 438 028 0 06 033 .11 .16 .12
3285 {.14 | .19 o 14 «38 0 07 029 0500 | .32 007 037 .13 017 .13
3850 |.18 02U 017 056 .10 ols5 0797 e .10 255 .16 022 .17
3188 .20 027 220 072 011 .60 | 1.078 .65 .11 .71 .18 02U 019
1
4100 |22 029 021 | 1,28 013 | 1.14 | 2,203 1.19 12 | 1.25 .19 .26 .20
3725 |,22 029 W21 | 1.68 013 | 1.52 | 2,953 | 1.55 011 | 1,61 «19 025 020
3285 {,21 .27 021 | 2.66 012 | 2,47 | 4,703 | 2.46 11 | 2,54 .18 . 2L .18
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APPENDIX C

TESTS OF GRILLAGE ELEMENTS

When the two grillage tests were completed, the exter-
ior beams of both grillages were still in good condition.
One grillage was then cut apart using an electrical power
saw with a diamond tip blade. The two exterior transversals
were used in torsion tests, while the two exterior longitud-
- inals were subjected to flexural tests.

FLEXURAL TESTS.

The loading configuration for the flexural tests was
as appears in the following diagram.

A

== Dial Gauge =5
|« 96" -
BEAM No.l
Load (1bs.) Deflection (in.)]| Load (1bs.) Deflection (in.)
2,000 0 11,300 2.040
4,000 0.1%9 11,500 2.460
5,000 0.202 11,600 2,672
6,000 0,268 11,700 2.870
7,000 0.326 11,600 3. 360
-8,000 0.398 11,700 3,630
9,000 0.475 11,900 3,850
10,000 0.576 11,800 4.140
10,040 0.717 11,000 4.678
10,900 1.345 11,400 4.894
11,000 1.446 11,450 5,265
11,000 1.615 11,450 5.528
11,100 1.93%0 Max. Load = 11,900 1lbs.
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BEAM o, 2
Load (1lbs.) Deflection (in.) Load (1lbs.) Deflection (in.)
2,000 0 12,000 2.791
4,000 0.144 12,260 2,836
5,000 0.179 12,560 2.900
6,000 0.242 12,000 3.036
7,000 0.304 12,170 3.177
8,000 0.364 12,280 3.265
9,000 0.432 12,470 3.346
10,000 0.514 11,790 3.555
11,000 0.674 12,250 3.598
11,180 0.997 12,320 3.654
11,220 1.203 12,250 3.774
11,420 1.360 12,400 3,872
11,540 1.603 12,040 4.066
12,000 1.775 12,380 4,126
12,000 1.897 12,590 4,233
12,000 2.194 12,000 4.468
12,140 2.250 12,080 4,684
11,900 2.460 12,470 4.778
12,000 2.483 12,000 5,019
12,170 2.523% 11,800 5.26%
12,280 2.584 12,450 5,339
11,820 2.759 llax. Load = 12,590 1bs,

The average maximum load = 11,900 + 12,590 = 12,245 1bs,
2

«%The average I, = P1 = 12,245 x 96 = 294,000 in.-1bs.
, ” 7

4
Ratio of Actual to Originally Predicted Moment = 294,000 = 1.92
153,000

Reasons for the large difference in values were increas-—
ed concrete strength, increased steel strength and the effect
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of the four #4 dowel bars present at the center of the ex~
terior beams for interior beam steel anchorage. In the o-
riginal analysis the dowel bars were not considered in mom-
ent calculations. If increased concrete strength, increased
steel strength and the effect of dowel bars are considered,
the following ratio exists.

The Ratio of Actual to Predicted Moment = 294,000 = 1.24
237,100

This figure presents a more realistic value between
predicted and test values. A typical exterior beam after
testing can be seen in Figure 55, page 121.
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TORSIONAL TESTS.

The two exterior transversal bars were tested in a tor-
sion machine. The test setup can be seen in Pigure 56, page

121,
BEAM No. 1
Moment (in.-1bs.) Degrees of Rot. Comments
30,000 Pirst cracks appear
and apparent yield.
45,880 28 Max. moment; cracks
opening and concrete
spalling off.
90 Max. rotation.
BEAM No. 2
Moment (in.-1bs.) Degrees of Rote Comnments
31,300 First cracks appear
and apparent yield.
44,800 25 Max. moment; cracks
opening and concrete
spalling off.
82 Max. rotation.

The average yield moment = 30,000 + 31,300 = 30,650 in.-lbs.

2

’Ratio of Actual to Predicted Moment =

30,650 = .999

50,700

If actual yield strengths for the longitudinal and tie

steel are used in recalculating predicted torsional strength,

the yield or ultimate moment becomes 26,150 in.-lbs. The

ratio of actual to predicted strenghts now becomes 1.17.

ures 57 and 58 on page 122.

The
two ratios show excellent agreement between predicted'and ac-
tual values, The two transversals tested can be seen in Fig-



End of Plexural Test.

Figure 56. Testing Apparatus for Torsion Test.
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