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Chapter 1
INTROVUCTION
1.1. Proposal

This iavestigation formed part of an extensive program at
McMaster University to study creep and shrinkage in concrete. Initiated
in 1967 by R. G. Drysdale, (5) the series has included the testing and
analysis of concrete prisms with the aim of obtaining an empirical
method of predicting creep under varying stress. Gray (11) 4id the
first work on this phase of the program.

The object of this investigation was to develop a method of
analysis for simple framed structures subjected to sustained loading
using the data from prism tests to predict the influence of creep and
shfinkage. The procedure was to be sufficiently general that the
behaviour of a large range of structures and loading conditions could

be determined without the necessity of experimental comparison.

1.2. Background

During the twentieth century, a great number of papersvhave
been written on creep in concrete with the result that an enormous
amount of data has been accumulated, and numerous theories have been
presented. Despite this substantial background of experience, two
important limitetions must be recognized. First, the exact nature of
creep and how it affects reinforced concrete is not known, and, second,
the influence of creep on all but a few specialized structures, such
as pinned-ended columns, cannot be predicted accurately. The main
reason for this uncertainty is the number of variables involved.
Creep is dependent on atmospheric conditions, the type’of cement, the

magnitude and nature of loading, time, concrete strength, age at



loading, aggregate, member cross-—-section, and numerous other factors
not all of which are known.

Most work on creep has concentrated on one of two areas;
the nature of the phenomenon, or its effects on structures. In the
former case, all of the factors mentioned above have been studied by
attempting to iscolate their influence. This is a difficult task in
itself and does not account for inter-relationships between the
various factors. Based on this experimental evidence, models for
creep have been deviseﬁ.'

Using prism tests to study the nature of creep, and tests
on common structures such as columns and frameworks to determine its
influence, an empirical appreciation of creep has been obtained. But,
- because of the complexity of this phenomenon, testing for each individual

case has been the only sure way of obtaining an accurate solution.

1.3. Scope of Research

In order to achieve the objective, the method of analysis had
to be sufficiently general that it could accomodate any functional
relationship beteen creep and time, and a range of structures and
load conditions. The analysis developed was applied to a specific
structure‘for th2 purpose of experimental verification, but could be
egsily modified to satisfy the requirement of generality.

Test materials and conditions were limited by the desire to
use creep data obtained previously by Drysdale.(s) Hence, the concrete
mix, steel, section properties, temperature, humidity, and age at loading
were fixed. For comparison between tests and the analysis, the frame

geometry and loading configuration were not changed during the program.



The investigation was conducted in two phases. The first
was a study of the short-term behaviour of the frame, and the second
was a study of tle sustained load response. Comparative analyses
and experiments were provided for these conditions. Of specific
interest was the increase in deformation and the redistribution of

frame moments caused by creep.



Chapter 2

LITERATURE REVIEW

2.1. Introduction

This chapter includes a brief review of some of the creep
research by previous investigators. Because it is essential to
understand as clearly as possible how cfeep occurs in order to study
its effects on frame behaviour, some recent theories on the nature of
creep are pfesented. The only factors influencing creep which were
allowed to vary in this investigation were time and stress. The
reader is referred to Neville's work(19) for the effects of other
variables. Previous sustained load studies on various structures are
also outlined in this chapter.
2.2. 'The Nature of Créep

A number of authors have concentrated on trying to determine

the nature of creep and shrinkage phenomena, their causes and their

effects.

In 1958, Washa and Fluck(6) wrote a review of creep research
up to that time with references to publications as far back as 1905.
They attributed creep to closure of internal voids, viscous flow of

aggregates, and the flow of water out of the gel due to load and drying.

Freudenthal and Ro11(7) did extensive work on creep under
high compressive stress. It had been recognized for many years that
the relationship between creep and stress was non-linear above a
certain stress level. Freudenthal and Roll developed a rheological
model to explain this phenomenon, and in 1958 presented a theory of
creep which included creep recovery and the effects of high stresses.

B



They attributed creep to four conditions:- viscous flow
of the cement paste, seepage of adsorbed water from the gel under
pressure, delayed elasticity due to the cement paste acting as a
restraint on elastic deformation of the aggregate;cement crystal
skeleton, and permanent deformation caused by local fracture. The
decreasing rate cf creep was considered to be caused by an increase
in viscosity of the paste as it crystallized, by completion of the
delayed elastic c¢eformations, and by the termination of seepage.
Creep recovery wzs explained by the reversal of seepage which could
be recovered to various degrees. Other deformations were permanent.

Freuderthal and Roll presented generalized equations for
creep as a result: of their theory and tests. These equations were
basedlon a rheological model which consisted of four units (each
representing one of the creep conditions mentioned above) connected
in series. Three were made up of a déshpot and spring in parallél
and the fourth was a dashpot and spring in series. All of the units
responded to increases in stress, while two of them allowed for
irreversible creep by not reacting to decreases in stress. The spring
constants and dashpot fluidities were determined experimentally.

The or:iginal expressions for creep strain were linear
functions of stress and exponential functions of time.

In 1962, Glucklich and Ishaifl0) ran a series of tests in
an attempt to de:ermine the true nature of creep. They investigated
the viscous theory which considered the cement gel to act as a highly
viscous fluid which flowed under external loading, and the seepage
theory which considered the gel as a hygroscopic solid which creeps

due to water migration in its channels. Using torsional loading



and careful control of boundary conditions they showed that creep is
almost non-existent in’mortar deprived of almost all its water. Hence,
creep was found to be conditional on the presence of evaporable water,
and was not an inﬁerent property of the gel, a sélid unable to flow
under load. This contradicted the viscous theory, but the seepage
theory as previously presented was also inadequate since it considered
only the movemert of pore water and did not account for the complexity
of creep particularly in almost dry concrete. Also, the original
seepage theory was inaccurate under conditions of stress reversal with
creep recovery, or after long periods of time.

The explanatibn of creep by Glucklich and Ishai, probably
the most plausitle to date, is presented as follows: |

Hydration converts cement to a hygroscopic gel of enormous
specific surface area (200 mz/g) and a high percentage of voids
(28%). The chemical reaction of cement and water forms‘an amorphous
mass of colloidel size particles (the 'gel) which is porous with
numerous very small voids corresponding to the thickness of four to
five water molecules.* Besides this amorphous mass, coating the
unhydrated cement particles and filling inter—granular gaps, rod,
ribbon aﬁd crumpled foils shaped crystals are formed with a length
about one thousand times their width and an average spacing of
fifteen angstromns. Also in the paste are larger voids called

capillary pores which may be interconnected to form capillary channels.

* Glucklich and Ishai sized the gel pores and forty to fifty angstroms,
but, since a water molecule is about 2.63 A, this would seem to be
in errcr. A void size of ten to fifteen angstroms is probably more
reasonable.



Because of its strong absorption capacity, the gel is
saturated with water immediately on forming. If any evaporable water
is present, it will first fill the gel voids and, in the absence of
sufficient reserve, hydration will terminate even though the gel
remains saturatead. for hydration, 0.26 g of water are reauired per
gram of cement. But, since the gel (with 28% voids) must be saturated
for hydration to continue, the actual water/cement ratio for continued
hydration thro ugh setting is 0.44 to 0.50 assuming no water can be
added from outs:de sources. A water/cement ratio over 0.70 leads to
too many capillary pores and channels and hence to a weak concrete.
Hydrationrceéses when‘the vapour pressure in the paste arops below
80% of the saturated vapour pressure.

The weater in the cement mass is classified as follows:-—

1. capillary weter (in channels)
2. voids gel weter (in the voids of the amorphous mass)
3. idintracrystalline water (zeolitic water)

Zeolitic water is very strongly bound to the solid and has
almost infinite viscosity - it acts almost like a solid.

Gel water is also strongly bound since.it is in small voids
where friction forces are significant. Only very large forces will
indyce it to flow, and it is fairly insensitive to the humidity
gradient between the concrete and the outside environment.

Because it is loosely bound, capillary water flows readily
in aﬁd out through the channels in response to humidity gradients.
However, since tie channel diameters aré large, the attractive forces

between channel walls are small compared with the attractive



van der Waal's forces between .gel sheets and hence volume change on
moisture movement is also small.

| Shrinkagze is greater when zeolitic or gel pore water is
removed because o the close proximity of gel particles. Pressure
produced in the pore water acts against the van der Waal's forces
between pérticles. When this water is removed the attractive forces
pull the gel particles closer together thus producing shrinkage.

vahe effect of evaporable water content on creep is
explained as follows;

When a porous, fluid—containing body is loaded, pressure
differences are sot up which induce flow of liquid within the body
at a rate depending on the diameter of voids and friction between
liquid and solid. If the voids are empty, the body tends to deform
elastically. The presence of fluid introduces a non-linearity of
displacement rate, but the final displacement is the same as without
fluid. In a saturated-body, initial loading causes the voids to act
as rigid spheres. Stress gradients cause the water to flow and
stress is gradually transferred from liquid to solid. Flow stops
when all stress i3 carried by the solid. This is the asymptotic
limit to which crzep tends. A rheological model for this process
is illustratéd in figure 2.1.

At a near saturated condition as exists during curing or
shortly thereafter, rate of creep is high and is not proportional to
water content, since all types of evaporable water are present ,
particularly low viscosity capillary water. As water is removed,

creep rate diminishes rapidly since most water removed at this stage



is capillary water. Once all capillary water is removed, gel water
will leave. This water is more viscous and hence creep rate is

further reduced and is more linear.

:
z

FIGURE 2-1 Rheological model for creep.

2.3 TFactors Affecting Creep

Neville(lg) has written an extensive summary of the affects of
constituents, proportions, curing, storage, section dimensions,
loading, temperature, humidity, and stress level on creep and shrinkage.
His work indicates the enormous complexity involved ip creep problems
and the necessity of isolating specific variables in order to find

useable solutions.

Lyse(lé) also investigated the effects of stress level on
creep and presented an empirical method for relating sustained locad and
cement céntent of the mix with creep and shrinkage.

Ross (27) studied creep under a stress gradient and presented
an evaluation of methods for computing creep strains fof increasing
and decreasing s:tresses. The work of Ross is mentioned in more detail

in Chapter 7.
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2.4. Investigations of Creep in Structures

Considerable work has been done on the affects of creep
on concrete components and structures.

A number of investigators have studied the effects of
sustained load on slender reinforced concrete columns. In 1958,
Gaede(g) tested pin-ended columns under sustained eccentric load

and compared experimental results with a theoretical prediction

based on the work of Krieg(l3)- Gaede noted a definite decrease in

the buckling strength of columns as a result of creep.

In 1964, Breen and Ferguson(z) investigated the effects of
sustained load on columns in a closed rectangular frame and found that,
for the case studied, the increase in concrete strength during the time
under test more than balanced the detrimental effects of the increased
column deflection due to creep. A similar test by Furlong and Fer-
guson(s) indicated an overall decrease in strength due to creep.

In 1966, Manuel and MacGregor(l7) investigated creep of
restrained long columns analytically and éompared their predicted

results with the experimental findings of Green(12). Manuel and

MacGregor presented a method of analysis for columns in frameworks

which applied discreteness to cross-sections, member lengths and

duration of sustained load. They also utilized numerical integration

and iterative techniques to obtain framework equilibrium configurations.
Good correlation was obtained between their analysis and the experimental

findings of Green.

Drysdalu(s) performed tests on slender pinned-end columns

under sustained eccentric loading for uniaxial and biaxial bending.



11

He developed an analytic procedure using numerical integration,
sectioning and iterative methods. The present study utilizes the
work of Drysdale on concrete stress-strain formulation, shrinkage
and creep under varying stress.

In 1968, Lehman(l4) presented test results on the short-
term behaviour of long columns in frames subjected to sidesway, and
showed that elastic distribution of moments gave poor correlation
with experimental data beyond working loads. A series of tests on
model frames both single and two~bay provided considerable data on
concrete frame action. The single bay frames tested by Lehman were
approximately twe feet square with column section 2%' x 2%' and
beam section 2%" x 3%'". Longitudinal reinforcement consisted of four
number 2 bars. The large variety of data included load-moment
interaction curves, frame deflections, variation in reactions with
loading and crack propagation. Ball joints were used to provide a

pinned~end support for the columns.



Chapter 3

FRAME SELECTION, FABRICATION AND MATERIALS

3.1. The Concrete Frame

In selecting a test frame a number of factors were considered.
These included the size, the end conditions, the loading, the cross
section, and the material properties.

The size of the frame was limited by-the dimensions of the
lateral loading bay used for sustained load tests. The largest frame
which could be accomodated easily, with allowance for loading systems
and instrumentation, was about ten feet wide. Since the anchor bolt
holes in the test floor were spaced on three foot centres, it was
decided to locate the columns nine feet apart. The final outside
dimensions of the frame were 9' - 0 in height by 9' ~ 8 in width.

By using a large scale model it was hoped that errors due to dimen-
sional tolerances could be minimized and that the frame behaviour would
be indicative of that encountered in engineering practice.

It was decided to use fixed column bases. Since one phase
of the objective of the investigation was to study moment redistribution
under sustained load, fixing the bases provided the maximum number of
high moment regions at which changes could occur. Also, with rigid
bases, two more plaétic hinges were required for collapse in sidesway,
and hence the amount of information on plastic deformation in concrete
gained from each frame was increased.

The loading arrangement was designed to simulate both lateral
and gravity loads on the frame. In order to simplify the loading

systems required, point loads were used. One point load was applied
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horizontally at.the top of the left column. A vertical point load
of twice this magnitude was applied at midspan of the beam.

The member cross-sections were selected on Lhe basis of
providing realistic loads for the frame size. The same section was
used for the beam and columns in order to simplify construction of
the reinforcing cage and to provide approximately the same moment
capacity at eaéh hinge location. The section dimensions were 8
inches by 8 inches. Longitudinal reinforcement was provided by four
number six Bars, spaced on a square pattern with one inch cover from
each face. This provided an under-reinforced section with the
percentage of tension steel 1.667%. The cover was considered sufficient
to provide bond between the concrete and steel. Use of an under-
reinforced section was consistent with normal design procedure.

For the purpose of analysis, the properties of the concrete
and reinforcing steel had to be known. Steel with a stress-strain
relationship as close as possible to the ideal elastic-plastic case
was required.

3.2. Concrete

The concrete mix used, as shown in Table 3.1., was identical
to that used in the University of Toronto columﬁ test series,(s) and
in other concrete work at McMaster. Cylinder tesf results were included
in Appendix A.

Twelve cylinders and either two or three shrinkage prisms
were cast with each frame. One of the prisms containedvreinforcing
identical to that of the frame; while the other was not reinforced.

Concrete components were prepared by weight and mixed in

a horizontal drum mixer in batches of about six cubic feet. A slump
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of 2% to 3% inches was sought. Three lifts were required to cast the
frame, prisms and cylinders; and these were placed in such a manner as
to provide uniform layers of concrete throughout all the specimen.

The forms were overfilled to allow the layer with excess
moisture to be trowelled off. The concrete was allowed to set for one
hour before surface finishing. Demec gauge points as described in
Section 4.2.3. for shrinkage measurement were cast in the concrete of
the prisms.

The sides of the forms were removed eighteen to twenty-four
hours after pouring. Then the specimen were moist cured on the casting
bed using damp burlap for seven days before being moved to the test
areas. The frame for sustained load testing was placed in a controlled
atmosphere tent and was maintained at 75°F and 50% relative humidity
for the balance of the test period. The short-term frames were moist
cured in their testbposition for an additional seven days. All frames
were loaded twenty-eight days after casting. Cylinder tests were
performed at seven, fourteen and twenty-eight days; and at the conclusion
of testing for the sustained load frame.

TABLE 3.1.

CONCRETE MIX DATA

COMPONENT PERCENT BY WEIGHT WEIGHT PER BATCH
Portland Cement Type I 14.0 127.4
Water 9ol 82.6
Fine Aggregate (washed pit run sand, 46.6 424.0

fineness modulus = 2.51)

Coarse Aggregate (3/8" maximum size 30.3 2095
crushed limestone)

100.0 909..5

Slump for standard 12 inch high slump cone = 24"

Volume per batch = 6.0 cubic feet (approx.)
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3.3. Reinforcing Steel

The stress— strain relationship for representative samples
of the reinforcing steel was included in Appendix C. The behaviour
was ideally elastic-plastic up to a strain of 0.005. Then strain
hardening caused stress to increase with strain.

Local heating with an acetylené torch was used in beunding the
longitudinal.steel for the first cage. Bending of the bars was
accomplished by gripping a section with two pipe wrenches and then
turning one wrench to produce a 90° corner. A very small radius of
curvature resulted. Because of brittle failure of the reinforcement
during the first frame test, a number of tensile tests on reinforcement
subjected to various degrees of heat treatment were performed. The
results of these tests were presented in Appendix C. It was concluded
tﬁat although the heat treatment used in bending the bars for the cage
did not likely affect the strength of the steel or its behaviour, the
deformation caused by bending around a small radius could have produced
micro-cracks on the tension side of the corner. This condition was
probably the cause of the premature failure.

From the heat treated tensile specimen, the yield strength
of the reinforcing steel was found to be 59,800 * 500 psi, and the
ultimate tensile strength was 109,500 * 700 psi. These strengths
applied to steel bars heat treated in a manner similar to the conditions
imposed during bending of the reinforcing for the frame corners. A
series of bars were bent 45° and then straightened. Tensile tests
on some of these produced strengths close to those above, while others
fractured at considerably lower stress levels. It was concluded that

the micro-cracking caused by bending around a small radius rather than
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the heat treatment was responsible for premature steel failure in the
frame.

Further tensile tests were performed in order to determine
the yield strength, ultimate strength, and modulus of elasticity of
non heat treated number six bars. The results of these tests were:
yield strength 59,000 * 500 psi, ultimate strength 108,500 * 1700 psi,
and modulus of elasticity (29.6 % 0.6) x lO6 péi. The stress-strain

curve presented in Appendix C was based on this series of tests.

3.4. Forms

The forms for casting frames are shown in Figure 3.1. They
were constructed of nine inch angle sections bolted to a plate back
which was drilled to accomodate a number of specific section depths.
In order to provide a section width of eight inches, a one inch thick
plywood bottom was placed in the forms.

Tﬂe forms were designed to accomodate a single bay or two bay
frame. By using vertical plywood inserts, they could be used to cast
columns, beams or prisms.

The steel forms provided durability, strength, and accuracy.
The allowable dimensional tolerance was * 1/8 inch. They could be
easily cleaned and produced a smooth surface finish on the concréte.
Each section of the forms was light enough that it could be handled by

two men.

3.5. Cage

With the exception of the bars for the first cage, mentioned
in Section 3.3., the number six bars which made up the longitudinal

reinforcing were bent cold around a five inch diameter pipe. Continuous
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bars were provided from the base of one column around the frame to the
base of the other column. Plywood templates were used to hold the bars
on 5% inch centres until the stirrups were installed.

Stirrups were fabricated from plain % inch diameter bars
using the barlbending device shown in Figure 3.2. to a tolerance of *
1/16 inch., Spacing of the stirrups was 6 inches in the columms and 3
inches in the beam. Wire ties were used to fasten the stirrups to
the longitudinal reinforcing. In this manner the steel was located
accurately and the cage was strong enough to be handled as a unit.

The corners were made extremely stiff by the inclusion of additional

reinforcing as shown in Figure 3.3.

3.6. Fabrication

Prior to installation of the cage, the forms were lubricated
with mineral‘oil. The cage was held in position in the forms by small
spacers fabricated from % inch diameter bars.

For attaching the frames to the test floor, steel bases were
fabricated from 8 inch wideflange sections. These were 8 inches long
with four holes drilled through the webs to accomodate the longitudinal
reinforcing.

The bases were placed in the forms at the correct locations so
that the flanges would be in line with the inside and outside surfaces
of the columns. Then the reinforcing bars were cut off so that they
protruded about % inch through the web. The reinforcing was welded
to the wideflange on both sides of the web. The column bases were
stiffened up to the edge of the wideflange flanges by welding hooks

made from number three bars to the web and by welding cross—ties between

the flanges.
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Chapter 4

TEST APPARATUS

4.1. Introduction

Two separate sets of apparatus were used. The first was
designed for short-term loading. The éecond was designed to provide
a means of maintaining a sustained load on the frame over a long
period of time. Several components of the test equipment were similar

for both tests.

4.2, Instrumentation
4.2.1. Bases

Rigid bases were constructed as shown in Figure 4.1.
Originally; the bases were designed so that the reactions could be
measured using electric reéistance étrain gauges. These bases were to
be stiff enough to resist significant motion of the conérete column
bases while undergoing sufficient strains so that the reactions could
be determined to a reasonable degree of accuracy.

Horizoatal strain was registered by a cantilevered section
held rigidly at >ne end and supported on rollers along its length.
Several désigns were attempted, the final choice being a solid steel
block three inchas high, eight inches wide and sixteen inches long.
Between the rigiil support and the concrete coélumn base, a section of
this block was machined out leaving an upper and lower flange each one
quarter inch thick. On these flanges, electric resistance strain
gauges were moun:ed to monitor horizontal strain of the base. By
considering equilibrium of forces through this section, the moment

and horizontal reaction could be determined. The large mass of this
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section was to absorb heat from welding the vertical portion of the

base in place so that warping could be avoided. The rigid end
connection was provided by two rows of %" diameter bolts which connected
the horizontal block to the one inch thick lower base plate.

Vertical strain was registered by electric resistance gauges
mounted on the wideflange column bases described in Section 3.6. The
gauges were mounted at half the distance from the web to the outside
of the lower flanges. From them, the vertical reaction and moment at
this section could be determined..

Base rotation was considered acceptable if it did not cause
a reduction in base moment greater than 15% of the fixed end moment.
Despite considerable refinement, rotation of the bases described above
could not be restricted to tolerable levels. Since most rotation
occurred in the cantilever block, the means of correction used was to
fasten‘it rigidly to the lower base plate. This was accomplished by
welding stiffening plates between the cantilever block and the base
plate. Although this alteration greatly restricted rotation, it made
it impossible to use the strain gauge readings from the horizontal
block to determine the horizontal reactions.

The lower base plate was stiffened with eight inch channel
sections as indicated in Figure 4.1. The entire assembly was bolted
to the tést floor using two 2 5/8 inch diameter anchor bolts which
were prestressed to sixty kips.

For the short-term tests, the arrangement of anchor bolt
holes in the test floor and the location of other testing apparatus

made it necessary to mount the bases with their stiffer axes at right
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angles to the plane of loading of the frame. This configuration also

placed the anchor bolts very near the axis of rotation for each column.
For the sustained load tests, the bases could be positioned with their
stiff axes parallel to the plane of the frame. Hence, greater support

rigidity was obtained in the sustained load tests.

4.2.2, Dial Gauges

Frame deflections were recorded by dial gauges mounted on a
framewérk as shown in Figure 4.3. This system was fastened directly
to the test floor and was independent from the load system or frame

supports. Dial gauges were also used to record movement and rotation

of the column bases.

4.2.3. Demec Strain Measurement

Concréete strains were measured using a Demec gauge, a
mechanical device with an eight inch gauge length.

The gauge points used to indicate strains consisted of %"
diameter brass discs drilled with a number 60 centre hole. These were
attached to the frame with sealing wax or epoxy cement. Demec points
were placed for two gauge lengths at the base and top of each column,
at each end of the beam, and to either side of the centre of the beam.
At each location, they were installed 3/8" from the compression face,
2" from the compression face, and at the level of the tension steel.

From the Demec readings in the compression zone, the strain
distribution at a section was determined as an average over the gauge
length. ‘

Using the Demec gauge, it was possible to repeat readings
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to * 5 microstrain. The precision of strain determination was limited
by the accuracy in location of the gauge points, by creep in the wax
or cement, and by cracking of the concrete. These errors are discussed

in more detail in Chapter 9.

4.2.4. Load Cells

Loads were measured using a variety of load cells. Although
they varied in size and physical appearance, these were all similar in
principle and function.

The load cell usually was a spool—shaped steel cylinder with
four electric resistance strain gauges, two vertical and two horizontal,
mounted on its outside surface midway between the ends. These gaugés
were wired as a full Wheatstone bridge and therefore were temperature
compensating. Strains were registered by a switch and balance unit
and a Bu&d Model P—350'étrain indicator. The strain gauges on the
load cell were protected by a wax coating.

Most of the load cells were prepared by lathe turning and
centre boring round steel stock. They were sized so as to provide the
full loads required for strains in the elastic range (usually between
300 and 700 microstrain). In one case, the piston of a hydraulic jack
was used as a load cell by mounting strain gauges on it,

Prior to each test, the load cells were calibrated in a Tinius-
Olsen universal testing machine. Loads and strains were recorded in
increments up to the maxima required. Readings were made for several
cycles of increasing and decreasing loads. Any load cell for which
readings could not be repeated was discarded. Graphs relating applied
loads to measured strains were prepared for use during frame tests.

After each test, the load cells were immediately re-calibrated.



4.3. Short-Term Test Apparatus

The concrete frame was transported from the casting area by
overhead crane, and was positioned on the bases. Then the eight inch
wideflange column ends were welded to the lower base assembleges.

Two fourteen inch wideflange columns were mounted on the
test floor, one on each side of the frame at the centre of the beam as
indicated in Figure 4.2. The énchor bolts for‘these columns were
prestressed to 60 kips. The vertical load mechanism was placed between
the columns using channel cross-members. This load system consisted of
a 50 ton hydraulic jack mounted on a mechanical slide which allowed 8
inches travel from the centre of the beam in the direction of sidesway.
The jack for the vertical load system had a six inch stroke, but because
the piston was used as a load cell, only three inches of this could be
utilized in loading. This jack was of the push to load, spring return
type. Load was transferred to the frame through a ball joint and a set
of three 3/4" diameter roller bearings placed on the beam.

A fourteen inch wideflange column was placed at one end of the
frame to accomodate the horizontal load system. The jack for this system
was of the push-pull type and had a nine inch stroke. It was mounted on
a mechanical slide which allowed vertical travel up tc 8 inches. Load

was transferred to the frame through a load cell and ball joint.

4.4. Long Term Test Apparatus
~4.4.1. Introduction

For the long term test it was necessary to maintain a constant
load on the frame for a long period of time. Springs were used to store

the energy required to accomplish this. The other primary requirement
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for the sustained load study was the preservation of constant
temperature and humidity.
4.4.2. Controlled Atmosphere Tent

The long-term test was performed inside a polyethylene
controlled atmosphere enclosure located in a lateral loading bay of the
Applied Dynamics Laboratory. This "tent" had a floor area approximately
eighteen feet square and a height of fifteen feet. On three sides there
were walls fitted with vertical wideflange sections which could be used
to apply horizontal loads.

It was desired to maintain a constant temperature of 759F and
a humidity of 50% during testing. To accomplish these requirements,
the tent contained a humidifier, a dehumidifier, two electric heaters,
and four fans. The atmospheric conditions were controlled by two
thermostats mounted on opposite walls, and by a humidistat. These
instruments were electronically coupled to the appropriate equipmént.

Because there was no cooling system in the tent, it was
impossible to control temperatures over 75°F as encountered during the
summer months, but sustained periods of high temperatures were not
encountered during the long-term test which commenced'on September 13th.
Relative humidity was adequately controlled except for occasional
periods, particularly during the transition from hot, humid summer
weather to cooler dryer winter conditions. During the sustained load
test, the average daily humidity maximum was 50.447 with a standard
deviation of 0.667%. The average daily mimimm humidity was 48.227 with
a standard deviation of 1.38%. The averége daily temperature was 75.0°F

with a standard deviation of 1.5°F.
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FIGURE 4.1, COLUMN BASES

FIGURE 4.2, SHORT-TERM TEST APPARATUS
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4.4.3. Sustained Load Systems

The sustained load mechanisms were as shown in Figure 4.4.
Both the systems utilized coil spfings to maintain loads on the frame.
4.4.3:1. ‘Springs

Thé spring specifications called for a low spring constant
so that frequent adjustment of the loads wéuld not be required. As
supplied, the vertical load springs were each.guafanteed to deliver
4,900 pounds of force at a three inch deformation. This provided a
spring constant of 1633 pounds per inch at the given load. The.
horizontal load springs were each guaranfeed to deliver 1600 pounds
at a deformatioﬁ of three inches.
4.4.3,2. Vertical Load System

The four vertical load springs were stressed by pulling
downward on four tension rods which extended from a plate on top of
the springs to a base bolted to the test floor.

Tﬁe base consisted of a figid box with a slide plate
located under the top. The temsion rods passed through the top of
this box and.the slide plate. Both ends of the tension rods were
threaded to accomodate adjusting nuts. The slide plate was held
against the underside of the top of the box by nuts on the tension
rods.

A one inch thick plate was supported by the tension rods
about 1' - 2" below the top of the box. On this plate, a 50 ton
hydraulic jack was placed to load the springs. Load was applied by
jacking against the top of the box, thereby pulling downward on the
tension rods and compressing the springs. With jacking pressure applied,

the nuts holding the tension rods against‘the slide plate were tightened
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thus maintaining the displacement of the springs. Then the jack was
removed. The decrease in load caused by deflection of the concrete
beam with time was corrected by adjusting these nuts. Loads were not
allowed to decrease by more than 27 without adjustment. Making this
correction once daily was usually sufficient. |

The underside of the top of the box and the upper surface of
the slide plate were machined to a smooth finish and were lubricated
with graphite. The load was kept vertical by moving the slide plate.
This was accomplished by turning a unut which rested against the side.
of the box vn a threaded shaft that passed through the side of the
box and into the slide plate. Horizontal movement of the slide plate
was assisted by an upward inclination of the top of the box of two
degrees in the direction of motion. The coefficient éf friction of
the machined and lubricated surfaces was about 0.16. The slide plate
allowed horiéontal motion up to eight inches.

The working capacity of the vertical load system was thirty
kips.
4.4.3.3. Horizontal Load System

The horizdntal load system was mounted on one of the wideflange
columns of the lateral loading bay. Four 3/4" diameter rods were
threaded into a one.inch thick plate which was clamped onto the flanges
of the column at the required elevation. The rods were threaded
throughout most of their length. They passed through a one inch plate
about fourteen inches from the wall. This plate rested against nuts
turned onto the wall side of the rods. The horizontal load springs

were placed between this plate and another which bore on the frame
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through a load cell and ball joint. Load was applied to the springs
by turning the adjusting nuts. Although it was not required, a

hydraulic jack could have been accomodated between the wall and the

spring retainer plate.

The working capacity of the horizontal load system was

fifteen kips.



'Chapter 9

TEST PROCEDURES AND GENERAL OBSERVATIONS

5.1. Introduction
In this chapter, the test procedure is described for each
of the frame tests performed. Some observations of the general

behaviour are included.

5.2; Frame R1
5.2.1. Introduction

The first frame was used in a preliminary test to evaluate
the apparatus, instrumentation and procedure.
5.2.2. Test Procedure

The test proéedure consisted of incrementing the horizontal
and vertical loads proportionately‘to predetermined levels up to
collapse. At each load stage, readiﬁgs were made on the base electric
resistance guages, the Demec points, and the dial gauges. Crack
formation in the frame was also noted. Collapse was defined by the
inability of the frame to sustain a further increase in load. This
was indicated by the fprmation of a sufficient number of plastic
hinges to form a mechanism. A hinge was said to have formed when
the strain at the level of the tension steel exceeded yielding.
Crushing of the concrete at the compression face denoted the limit
of the constant moment relationship for the section. The order of
formation of hinges was recorded as well as their location.
5.2.3. Observations

It was observed that the base rotation encountered was
considerably greater than tolerable. Also the electric resistance

strain gauges on the bases yielded conflicting readings which could
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not be used. A third problem éoncerned‘the lack of stiffness in the.

corners and the method of bending of the feinforcing. The longitudinal

bars of this freme had been hot deformed and hence were subject to
tensile cracking as mentioned in Chapter 3. Also there was no
additional reinforcing includedfto stiffen the corneré. Because of
these conditions, the first hinge occurred in the corner between the
beam and unloaded column.* Cracks proéeeded diagonally across tﬁe
corner from the outsidebahd at a horizontal load of 8200 pounds and

a vertical load of 16,400 pounds, the tension steel in the corner

fractured. Finsl collapse occurred without appreciable increase in

load by the failure of one ofithe welds holding the frame to the
horizontal cantilever section of the base.

5.2.4. Resulting Modifica;ions

As a result of thiS'ﬁest, the following changes were made

in subsequent frames:

(1) Electric resistance gauges were attached to the bases Qsing heat
cured epoxy rather than centact cement in an attempt to improve
strain measurementé.

(2) Longitudinal reinforcing was bent cold around a five inch diameter
pipe rather than hot bending as'pérformed previously. This was
done to avcid cracking and brittle fracture of the steel at cornmers.

(3) The cofners of the frame were stiffened by the addition of extra

reinforeing to improve frame behaviour and simplify analysis.

- * The column at which the horizontal load is applied is referred to as
the loaded column or the left hand columm. The right hand column is
also referred to as the unloaded columm.
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(4) The horizontal cantilever part of the steel bases was redesigned

to provide 3reater resistance to rotation.

5.2.5. Conclusions

As well as indicating problem areas in the model, this test
provided an opportunity to develop pfécedures for loading and retrieving
data from thg frames. The jacking method which required constant
monitoring of independent hydraulic systems during loading, worked
well as did the load cells and ball joints. It was found that the
screw mechanism >f the slide on the vertical load system could be
operated rapidly enough to keep the loaﬁ over the beam centre during
. sway; however, the threa&ed‘bluck on the slide was not strong enough
near ultimatg load. This problem was later corrécted'by manufacturing
a stronger slide. The demec points and the epoxy used to mount them

performed well taroughout the test as did the dial gauges.

5.3. Frame L1
5.3.1. Iﬁtfoduction.

The-sustained load test incorporéted thé modifications
recommended as a result of the first short term test. These chénges
included corners stiffened with additional reinforcement, electric
resistance gauges mounted using heat cured epoxy, improved bases which
utilized a cantilever section of solid three inch thick steel, and cold
deformed reiﬁforcemént.

5.3.2. Test Procedure

The first phaée of the test consisted of short-term loading

to a horizontal load (H) of 6.0 kips, and a vertical load (V) of 12.0

kips. From an approximate solution using the mechanism method of
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plastic analysis, the ultima;e loads were predicted to be H = 11.0 -
kips and V = 22.0 kipé. Anélysis using slope—dgflectién equations
indicated that the first hinge would oécut at a horizontal load of
9.5 kips. Hence the épplied loads (H = 6.0 kips, V = 12.0 kips)
represented about 55% of ultimate load or 637% of the load required
to form the firsﬁ hinge; therefore, this could be considered a
working load ievel.

The atove load leﬁel was maintained until creép deformations
became nearly static. After 53 days, Che.loads were increased to
H= 7.5 kips and V = 15.0 kips (68% of predicted ultimate or 79% of
‘the load required to form>the first hinge). This new level was held
for an additional 28 days, then the frame was quick loaded by incpeménts
to failure.
' 5.3.3. Observations

The first hinge formed at thevupper right hand corner (the
top of the unloaded column) aﬁ loads of H = 11.0 kips and V = 22.0
kips. This was followed almost immediately by a second hinge at the
centre of the beam. As the loads were increased further, severe
deformation occurred. At loads H = 12.6 kips and V = 25.2 kips, a
| third higgeAformed at the right base (the lower end of the unloaded
| column). With further jacking, the loads dropped back gradually to
H = 12.0 kips and V = 24.0 kips. The last hinge formed at the left
base. Subsequent jacking caused the loads to decrease continuously.

Based on the test results, the first sustained load level
fepresented 47.5% of final ultimate load or 54.5% of the load required
to form theAfirst hinge. .The second sustained load level represented
39.57% of ultimate load or 68.2% of the load required to form the first

hinge.
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During the initial short-term loadingbphase, the column
bases underwent Seve:e rotations due to distortion of Ehe thin part
of the cantilever. The loads were removed and plates were welded
between the sides of the cantilever and the bottom base plate. This
restricted the rotations to an acceptable level (a maximum of 0.005
radians at ultiméte load and 0.001 radians at the second sustained
load level). However,.welding the cantilever block down prevented
use of the electric resistance gawges mounted on it. But, despite the
use of heat-aured epoxy, tﬁe other electric resistance'gaﬁges still
yielded conflicting results, so that the loss of thé horizontal

cantilever instrumentation was not a severe loss in itself.

5.3.4. Resul;ing Modifications

Asla result'cfifréme test Ll,_the following'chaﬂges were
made in théusystem:
(1) Electric resistance strain gauges were oﬁitted from the baéié
since they did not previously produce useable readings.
(2) The steel column bases were welded,directly to the lower base

vplate since use of the cantilever block had allowed too much rotation.

5.3.5: ‘Cbnclusions

- Despite the above mentioned difficulties, other facets of
the system such as the load cells, springs, ﬁemec points, and dial
gauges performed well.

The detailed results of frame test L1 aré'presented in Chapter
8. | |
5;4. Frame R2
5.4.1. Introduction

The second short-term test was performed without the horizontal
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cantilever blocks on the bases. The wideflange column bases were
welded directly to the lower baseplates. Also, the electric resistance
strain gauges were omitted. |

Frame R2 also incorporated the improvements made in frame LI,

~such as stiffened corners and cold-bent longitudinal bars.

5.4.2. Procedure
The procedure for this test was the same as that used for

frame Rl. Loads were applied proportionateiy to collapse, with strain

and deflection readings taken at various levels.

5.4.3. Observations

According fo Demec readings; the first hinge formed in thé
upper right hand corner (the top of the unloaded éolumn) at H = 9.0 kips
and V = 18.0 kips. Spaliing occurred at the inside corner and severe
crackiqg extended to both the top of the beam and the outside of the
column,.with the result ;hat, although the aétual corner block remained
rigid, it was impossible to determine whether the actual hinge occurred
primafily in ghe beam or in the column. After additional deformation
 due to jacking, Hut with no measurable increase in load, the second
“ hinge formed at the centre of the beam. Formation of this hinge resulted
in crushing of tiie concrete adjacent to the metal loading plate. At
H = 11.0 kips and V = 22.0 kips, the third hinge formed at the right
base.

Finally, at H = 11.5 and V = 23.0, the ultimate capacity of
the frame was reached. Completion of the collapse mechanism by
formation of the final hinge at the right base occurred following

continued deformation, during which the applied loads decreased slightly.
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After the development of the mechanism, the load carrying capacity

of the frame decreased continuously with increasing deformation.
As a result of this test, and the others in the series,

further modifications were proposéd for_fu;ure frames. These are

discussed in Section 10.2.

5.4.4. Conclusions

As in the case of frame Rl, the column bases were mounted
with their stiffvaxes at right.angles to the load plane, and the |
anchor bolts almost on the axes of rotation. Thus, although rotétion
was greatly improved as compared to ;hat encountered during test RI1, -
it was much more severe than that which occurred dufing test L1 which
was performed in the tent with bases aligned in the direction of lqading.
Rotation of the right base reached 0.01 radians at H = 11.0 kips and
V = 22.0 kips, while the left base had turned through 0T0047 radians
at the same load level. From an elastic analysis a rotation of 0.001
radians was found to cause a reduction in moment at the right base of
about 3%. Hence, prior to formation of the hinge at the right base,
the moment was expected to be up to 30% lower than that which would
have occurred if the base had been completely rigid. For a rigid
base, elastic solution predicted the third hinge to form at 92,57
of ultimate load, indicating the effect of rotatibn.' It was feit that
the elastic reduction factor overestimated moment decrease substantially
at these high load levels, This was confirmed by thé result thét
formation of the expected mechanism occurred in a predictable manner

"~ despite fairly severe base rotations.
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5.5. Sources of Error in Testing
5.5.1. Introduc:ion

This scction discusses a number of factors which affected
the experimental results. These included the.material properties,
geometry and seci:ion variations; the behaviour of the bases, cracking
of the concrete, and the loading systems.

(i) Concrete .

The precision in knowing the actual concreté strength
affected the analysis rather than the e#perimental results. However,
the test daté was influenced by variations in concfete properties ‘at
different locations, particularly since three batches were required to
cast each frame. This error was minimized by pouring the frames in
three 1ifts each of which provided a uniform layer of concrete through-
out the entire frame, prisms and cylinders.

(ii) Steel |

Since all of the steel was from the same heat, the strehgth
of the bars was considered uniform. The behaviour caused by heat
treating and severe bending encountered during frame test Rl was a
major problem. However, the cold bending around a 5 inch diameter
pipe used in subsequent tests eliminated.brittle fracture. S$tiffening
of the corners also helped alleviate error caused by bending the
reinforcement. 1t was felt that negligible error in testing was
caused by the steel.

(iii) Geomeﬁry end Section Variations

Dimensional variations in the concrete section, frame positioning

and location of the cage were sources of experimental errors. As

mentioned previously in Chapter 3, the steel forms provided a tolerance -
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in section dimeunsions of * 1/8 inch. This allowed an error in concrete
area of 3%, and a possible error in moment capacity of about 0.6%.

Using the bar bending device to fabricate the stirrups and
by careful checking of dimensions, it was possible to keep the cage
within a tolerance of * 1/16 inch. This allowed a possible error in
moment capacity of 1%.
(iv) Bases

Rotat:on and displacement of the steel bases were computec
from dial gauge readings. The dial gauges recorded vertical and
‘horizontal movement of the column bases relative to the test floor.
The accuracy of most of the dial gauges was i 0.0005 inches, but
some had a precision of * 0.0001 inches. Because the displacements
were very small (usually 0.001 to 0.01 inches), the relative error
was quite large. However, the effect on frame behaviour of these
errors was not severe. The resulting error in base moments was about
2% at a load level of H = '6.0 K and V = 12.0 K.
(v) Cracking

Cracking of the concrete caused variations in stress
d;stribution at various sections, particularly at high loads. Demec
readings were szverely affected by cracking in two ways. First,
cracks in some regions loosened the concrete at the location of gauge
points. Second, the variations in stress at different sections caused
by cracking led to Demec readings which were not indicative of the
strain which related to the average moment over the gauge length.
However, since the strain computations were based on readings from
the compression zone where cracking did not occur, only this second
condition had anv significant effect because of the influence of bond

between the steel and concrete.
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For analysis, the corners were coﬁsidered rigid. Cracking
in the corners affected the validity of this assumption. The extra
reinforcing provided to solve this préblem appeared adequate although
cracking in the cormers was not complétely eliminated once hinges
had formed.
(vi) Loading Systems

A possible critical source of error in testing involved use
of the load cells. A faulty load cell would have meant that the load
on the frame.was not known correctly, and this could have led to a
complete misinterpretation of results frqm the other iﬁstrumentation.
Therefore, premature loading to failure or loading in the wrong
proportions could have resulted. Although there was no way of directly
checking the furction of a load cell, the gauge pressure of each hydraulic
jack was noted curing short-term testing as a precaution. Immediately
following a test, the load cells were removed and recalibrated without
altering the balance setting of their‘étrain gauges.

For the sustained load test, spring deflections of the loading
systems were recordéd to be used in the event of a load cell failure.

During this test series there was only one load cell failure.
This occurred during initial loading of frame Rl, and was revealed when
the gauge pressure of the horizontal jack indicated disagreement with
the load cell. The load cell was removed, recalibrated and found to
be faulty. All sther load cells performed well with strain differences
always less than 1% for the full load range before and after each‘test.
5.5.2. Summary of Testing Errors

In summary, despite a large number of systematic errors, these

were independent of each other, and hence were not cumulative in effect.
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Every effort was made to control errors in the materials, dimensions,
and systems for loading and instrumentation. Becaﬁse the experimental
errors were not large, most of the inaccuracy encountered would be due
to tﬁe inability of the analysis to properly simulate the actual frame
and/or materials. Discussion of these errors as applied to analysis

is contained in Chapter 9.
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Chapter 6

METHODS OF COMPUTING CREEP

6.1, Introduction

There are basicaliy three methods for computing creep
under varying stress. These are:

(1) the effective modulus method.

(2) the rate of creep method.

(3) the method of superposition.
All these procedures express creep as a function of time and stress
only; therefore, all other influential factors have to be taken into
account separately.

Expressions have been developed by L'Hermite (15) relating creep,
- shrinkage and humidity, and by Lyse(lé) relating creep, shrinkage, stress
and cement content of the concrete. Thus, it is possible to analyze
situations involving a number of variables, but this develops into a very
complex process. Attempts to inter-relate several creep influencing
factors leads to confusing results which are difficult to separate as
to cause and effect. Hence, it is advisable to question results obtained
from investigations which did not control the variation of all boundary
conditions. This is not because the data is invalid, but because it
cannot be separated into relationships between creep and its parameters.
The effects of most of these factors are sufficiently large that they
cannot be ignored.

It is concluded that the most useful expressions relating
creep, stress and time can be obtained by testing prisms of the same
section properties as the structure in question. Sustained load should

be applied to the prisms under conditions of constant temperature and



44

humidity. From these tests, creep can be expressed as a function of
time for a number of stress levels, using least-squares or other curve
fitting techniques. A similar procedure may be used to correlate these
curves to obtain creep as a function of time and stress.

This procedure was used by Drysdale(s) to develop expressions
for creep as a function of time and stress level. Since a similar concrete
mix and the same conditions of temperature and humidity were maintained
it was assumed that these relationships could be used in the present
investigation on frame behaviour. However, the section used in this
investigation was eight inches square compared with a five inch square
section used by Drysdale. For this reason, the creep expressions
would tend to slightly overestimate the creep which occurred in the
test frames.

The percentage of reinforcement used by Drysdale was greater
than that used in the frame tests. For a given shrinkage strain, the
stress in the concrete would be greater with more reinforcing. However,
because of the greater restraint, it would be expected that less shrinkage
would occur over a given time interval for the more heavily reinforced
section. Upon loading, the specimen would be free to shrink, and
shrinkage would be less for the larger section. Because of the inter-
relationship between creep and shrinkage, these factors would have some
influence on the validity of the creep expressions, but this was not
considered severe.

The creep-time expression used was linear with respect to
the logarithm of time, It had the form:

C= =k & B login t

where C was the creep strain, t was the time after loading, and A and



B were functions of stress determined by a least-squares fit of

: o . /A
experimental data. This was similar to the expression C =,Btl’

(22)

presented by Shank
6.2. Effective Modulus Method

This method requires calculation of the "specific creep"
or the creep strain per unit stress. Since creep and stress relate
linearly only up to 40 to 50% of ultimate strength, according to
Ross(zoz the specific creep is limited to working load studies.

The effective modulus method uses normal structural
mechanics techniques, but replaces the elastic quulus Ec by a

"reduced" modulus Ecl defined as follows:

Ecl LIS
1 + C1Ee

In this expression, C; is the specific creep under one psi, at the
appropriate time. Hence, both elastic and creep strains are included.
Although the reduced modulus method is easy to use, it is
theoretically incorrect since it disregards stress histofy. Also it
erroneously predicts a complete recovery of creep upon removal of stress.
6.3. Rate of Creep Method
The slope of the specific creep-time curve at any time t
gives the rate of creep dcj/dt. For a stress f, the increment of creep
over interval dt is fdcj. Hence, creep under variable stress after
time t is:

t .
c =~f f decj dt
0 dt

To some degree, this method includes stress history because

it integrates incremental creep elements over the time of loading.



46

However, since fdcl/dt is zéro for zero stress, this method predicts

no creep recovery upon unloading. Also étress history is not correctly
included since this method does not concider previous stress levels,
but mefely assumes that the concrete will creep at the rate £ dclldt
regardless of how it was stressed ét an earlier time.

(1) used a similar procedure to predict creep under

' Gray
varying stresses, but instead of considering a constant rate of creep
over a time interval, he developed an expression for creep as a function
of time aﬁd elastic strain. Gray included previous stress history byA
the use of superposition of the effects of creep over discrete time
intervals. This procedure became increasingly complex with the number
of time intervals considered. The major limitation of this method was
that it was daveloped only for the case where the entire section acted
in compressioa.

6.4. Method »f Superposition

This procedure involves superposing the creep strains for
different strzss levels at diféerent times assuming stress remains
constant over each time interval.

With reference to figure 6.1., consider a specimen loaded

from time t, to t and then loaded to stress t, from

to stress 01, 0 1° 2

time t1 to t2. One part of the creep is taken as that which occurs

from t0 to t2 under stress o1 when loaded at tO. The other part is the

creep due to v, minus that due to o, for the time interval t, - t. using

2 1 2 1

creep curves or specimen loaded at time t Total creep is the sum

1
of the two conponents.
* .Alrhough the method of superposition does not,prbvide a

general algebraic solution as do the other methods, it can be readily

used in a numerical procedure, and it does take account of stress
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history. As presented above, this method predicts almost complete

creep recovery on unloading. Also it overeétimates creep for increasing
stresses, and underestimates creep for decreasing stresses.

6.5. Modified Method of Superposition

5)

Drysdale( presented a revised procedure which more accurately
compensated for previous stress history.

This metliod assumed negligible error occurred through the use
of constant stress creep curves to predict creep with a stress gradient.
It was realized that this procedure would overestimate creep recovery
upon removal of stress, but it was felt that since the stress change
was gradual ;here would not be significant error.

In the present study, creep recovefy could be important because
of moment redistribution in the frame. Hence, despite the lack of
experimental data, it was decided that some account éhould be taken for
the amount éf creep recovery. Based on test results presented by

Ross (20)

, i1t wvas assumed that creep‘recqvery would be two-thirds of
the creep which would occur for a corresponding increase in stress.
Although itis undoubtedly an oversimplified assumption, it was felt
that it would vield a much more accurate result than provided by
straight superposition, and hence would reduce the error in analysis
considerably. Further study of the creep recovery phenomenon would
be essential before attempting a more comprehensive solution.

The superposition method presented by Drysdale, utilized creep
versus time curves for various values of "elastic" strain (the "elastic"

strain being the equivalent short term cylinder strain). Creep

equation parameters were strain functions obtained by a least-squares
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-fit of experimental data. Because of lack of further results for

the frame sections, and because of similarities between this test

(5), the same

series and the University of Toronto column tests
expressions were considered adequate for use without serious error.
The reason for using strain rather than stress in the creep expressions
was that the increase in concrete strength and modulus of elasticity
with time could be taken into account.

Figure 6.1. illustrates the method. Consider a specimen stressed
to "elastic" strain El from time ty to ty and 52 from t, to t,. The

first part of the creep was that which would have occurred for an

"elastic" strain for time interval t_  to t The second part,

pX
1 0 1

CREEP 2, was that which would have occurred for an "elastic' strain

T . . . o
o over time tl to tZ wlth first loading at to.

The third part, CREEP 3, was that which would have occurred for

elastic strain %

)2—21, over time t

z—tl, for a specimen loaded to that

strain at tl' Total creep over the interyal was the sum of the three
components.

-:Using this method, creep was computed as the sum of the strains
which occurred over successive time intervals up to the time in
question. Creep recovery was computed in the same manner but was
reduced by one~third and was subtracted from thé previous strains for
increments in which "elastic"Astrains were reduced.

This method slightly underestimated creep for increasing stress.
Its accuracy in following stress decreases was not knéwn becaluse of the

constant factor used for creep recovery, but the error was not

considered siznificant.
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6.6. Evaluation of Methods of Computing Creep

(20)

Ross performed a number of tests to determine creep under
conditions of severe variations in st;ess: He found that the effective
modulus method zave very poor results for large stress fluctuationé,
underestimating the strain fof decreasing stress and overestimating the
strain for increasing stress. The effective modulus method predicted
total creep recovery on unloading.

For increasing stresses, the rate of creep method gave
surprisingly good results considering its theoretical inadequacy. It
underestimated :reep for increasing stresses to a degree that became
worse with time and higher stress levels. Upon complete removal of
load, this.method yielded a horizontal straight line asymptotic to
observed recovery. Under decreasing stresses, the rate of creep
method overestinated strain.

Using the conventiénal superposition method, Ross found that
the correct shape of the curves was obtained, but the magnitude of
strain was no more accurately determined than by the rate of creep
method. The sﬁperposition method overestimated strain for both
increasing and decreasing stresses, but gave a much closer approximation
than the effective modulus. |

Ross corcluded that, for general design use, the effective
modulus method was preferable for conditions of relatively constant
stress because of its simplicity and because, for these conditions, it
yielded results comparable to the other methods. For use in practice,
under severe stress gradients, he recommended the rate of creep method
.because of its simplicity and because it yielded reasonably accurate

results without the necessity of experimental data.
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The modified superposition method reduced the error by taking
into account the length of time that the preceeding stress h;d been
imposed on the element. The previous method incremented creep by
taking the difference in the amount of creep which would occur for
the two strésses considering them to have been applied at the beginning
of the time inter&al under consideration. The modified method used the
same time interval but considered it to commence at the beginning of
loading and used a time dependent concrete stress—strain relationship
in calculating the "elastic" portion of the strain to account for the

(5)

increased age of the concrete. Drysdale found that the modified
superposition method underestimated creep for increasing stresses
and overestimated creep for decreasing stresses, but with less error
than in previous methods.

Hence, it is concluded that the modified superposition method
yields the most accurate results for creep under stress gradients where

creep can be detzrmined as a function of time and "elastic" strain.

-



Chapter 7

METHODS OF ANALYSIS

7.1, Introduction

The following five types of analysis were performed on the

rectangular portal frames:

(1) plastic analysis by the mechanism method

(2) elastic sloje-deflection equations

(3) plastic slove-deflection equations

{4) numerical integration using the moment-curvature relationships for
short-term loads

(5) numerical integration using cross-section elements to includebcreep
effects for sustained loading.

The first three procedures were termed "linear" since they did
not consider secondary moments produced by deflections. These were the
methods commbnly used in structural analysis. They included a number of
simplifying assumptions particularly as applied to problems in reinforced
concrete which exhibits significant "nonideal behaviour. Also these
methods could not take into account accurately the influence of a
number of factors such as abrupt section changes, unusual characteristics
of the structure (such as the bases), or secondary effects such as creep.

The last two procedures wefe developed to study accurately the
behaviour of reinforced concrete frames and particularly those used in
the tests. The aim was to éredict the real behaviour by a mathematical
model which would include secondary moments, the influence of particular
characteristics such as the steel bases, nonlinear aspects of the
concrete and, in the_iast method, the effects of creep under sustained

load.
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No attempf was made to formulate these techniques as general
design procedures, although the theories involved could be applied to
a large number of! general problems.

~Since the ﬁethod of superposition, which provided the most
accuraﬁe means of analyzing the effeété of creep, required a numerical
proce&ﬁre énd elemental approach, these techniques appeared to be the
most suitablé means of étudying creep under conditions of variations
in stress.
7.2. Mechanism Method
7.2.1. Assumptions

A numbar of asSﬁﬁptions had to_be made in adopting this
procedufe.

Since 10 provision was made for the inclusion of the effects
" of base movement, it was assumed that both bases were fixed.

The section was considered to act in‘an idealized elastic-
plastic manner. This implied a moment-curvature relationship similar
to figure 7.1, When ultimate moment (equated to ;he plastic moment
capacif& Mp) was reached, further attempts to incréase the load
resulted in rotation without an increase in moment.

Failure by buckling prior to collapse was ignored. Since the
axial forces caused by the particular loading configuration used were
small, this was not considered a problem.

Deformation and_ioading were confined to the plane of the
structuré. Alsc, deflections were considered sufficiently small that
secondafy moment.s could be neglected. The effect of axial force on

moment capacity was likewise disregarded.
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7.2.2. Effective Member Lengths

Figure 7.2. shows the frame model used in analysis. To use
the mechanism method, it was necessary to assume equivalent member
lengths so that joint rotation could be consideréd to act at a point.

Three choices were made for effective member lengths.

One approximation assumed member lengths to be determined by
the location o the neutral axis. A beam length of 105.33 inches aﬁd a
column length of 92.67 inches were'derived by considering the neﬁtral
axis to lie 6ne third of the section depth from the compression face.

A second choice followed the provision of the Code (3) which
recommended using clear spans. This yielded a beam length of 100 inches
and a column length of 90 inches.

A third means of defining effective meﬁber lengths was to use
the clear span plus the depth of ;he section for tﬁe beam, and plus half
the depth of the section for the columns. This provided a beam length of
108 inches and a column length of 94 inches. These longer spans were
intended to take into account rotation within the corner sections.

7.2.3. Results

The upper bound theorem provided a solution by satisfying
equilibrium and the formation of the collapse mechanism. By investigating
all possible mechanisms, the lowest upper bound solution was found thereby
obtaining the true mechanism and the collapse load. |

Possible mechanisms for the rectangular portal frame loaded
as in figure 7.2. were:

(1) beam
(2) sway

(3) combination beam and sway.
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The combination niechanism gave the lowest collapse load:

Pu = 0.0316 Mp
The units of Mp and Pu were inch-kips and kips respectively. This result
was for effective member-iengths based on the clear épan. Using member
lengths based on the neutral axis, Pu = 0.0303 Mp. For a beam span
increased by the section depth, and column lengthé increased by half the
section depth, Pu1 = 0,0297 Mp.

The moment capacity of the section was determined using
conventional ultimate strength design with a Whitney stress block, and
was found to be 308 inch-kips for a concrete cyliﬁder strength of 4850
psi with no axial load. Using the asgumption of ideal elastic - plastic
behaviour, the plastic collapse moment Mp was equated to the ultimate
moment capacity Mu, Figure 7.3, indicates the shear force and bending
moment diagrams for this analysis,

Since_éhe moment capacity of a reinforced concrete section is
dependent on the axiai force, the ultimate moment computed above was
realized to Se in efror.' Bésed on an ésﬁimate of axial forces in the
memsers, and-ﬁsing the moment—curvéture relationships déscribed in Sectién
7.5.2., the moment capacity of the members was found to be in the range
320 to 350 inch~kips. The variation in ultimate moment at each hinge
location indicated a discrepancy in the. computation of Pu. However, on
the basis of the plastic ah#lysis, Pu was estimatedvat between 10.0 and
11.0 kips.
7.2.4f Discussion

.Although acceptable for general design work, the mechanism method
did not accurately account for the behaviour of reinforced concrete, and

was not readily adaptable to long-term studies.
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Since this method did not consider the effects of axial
forces, it tended to underestimate ultimate moment for low axial
loads and»overestimate uitimate momentvfor high axial loads. In the
frames studied, it underestimated the momeﬁt capacities of the members
by not includirg the influence of axial forces.

By ccnsidering the affect of axial force oﬁ the moment, it
was possible tc estimate more accurately the capacity of each section.
However, since the member capacities were different, the original
assumption that each hinge was similar was violated. An iterative pro-
cedure could be used to‘successiveiy recalculate the mechanism, the
moment and shear force distributions, and the section capacities. This
would be necessary in using this method as a design précedure,
particularly if there were high axial loads on the columns.

There was no realistic provisionkin the plastic analysis for
creep and shrinkage, and hence moment redistribution'due to sustained
load could not be determined.

Because this procedure was unable to account for the effects
of secondary moments or buckling, it was not adaptable to frames with
very slender columms.

Movenent of fhe supports was another important factor not
included. |
7.2.5. Coﬁclusion

In conclusion, great care must be taken in examining the
assumptions involved before using the mechanism method for the design
of reinforced concrete structures. In the’present study, this procedure

was used only to obtain an estimate of the anticipated short-term
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collapse load for the frames. This was ﬁsed in establishing equipment
requirements such as the capacity of jacks, loading mechanisms, supéorts,
and instrumentation. The mechanism method élso indicated the mode of
failure of the structure.
7.3. Elastic Slope-Deflection Equations
7.3.1. Assumptions
This method waé generaliy limited to working load levels

since it contained the:basic assumptions of elastic theory. The section
was considered to behave in a linear-elasfic manner for all load levels.
Plane sections were assumed to remain plane, and deflection was
considered small enough that secondary moments could be neglected.
7.3.2. Procedure

| Using slope-~deflection equafions, it was possible to trace
the formation cf hinges in the frame in a step-by-step procedure. This
was accomplished by first pérforming analysis on the rigid frame, then
locating the point of highest moment, and declaring this the location
of thg first hinge.' The moment at this point was set equal to Mp and_
all other moments andbfbices were adjusted accoraingly. Next, unit
loads were applied, and the frame was an#lyzed with a hinge at the '
previously located‘point. Once agéin, the highest moment was declared»
the plastic moment increment. A factor, obtained by taking the amount
by which the previously determined moment at this point should be
increased to reach the plastic moment and dividing by the increméntal
moment, was multiplied by all the incremental moments.and forces. These
were.then added to their previous values. Should any moment thus
obtained exceed Mp, its. location was declared the true hinge and the

procedure was raepeated. These steps were iterated until the collapse
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mechanism was obtained;
The :oncrete modulus of elasticity was computed using the

Code formula (3).

Ec = w > 33/f—1—:

for w = 145 pcf and flc = 4000 psi
To include crezp, a reduced modulus Ecl was compﬁted assuming creep
strain equal to 80% of the elastic strain. The reduced modulus
expression was

1

Ec = Ec
1.8

Using the broad assumption that Ecl and the moment of inertia could

be considered ronstant for all sections of a member, the member
stiffnesses were calculated. These were based oﬁ a cracked section.
7.3.3.. Use of Slope-Deflection Equations to Determine the Effects

of Base Movements
Slope-deflection analysis was used to determine the effects

of base defleci:ion and rotation. Since the elemental procedure
described in Section 7.5. resulted in erroneous boundary conditions at
the right base, it was necessary to re-adjust the moment distribution
and repeat the calculations until geometrical compatibility was obtained.
One means used to obtain convergence was to re-adjust the boundary
conditions at rhe left base by amounts indicated by slope-deflection
-analysis for the error at the right base. Also, the effect of residual
deflections and rotations at the right base, on moments and reactions
in the frame, as determined by slope-deflection equations, was used

to determine acceptable limits for convergence. The results of this

analysis were as indicated in Figure 7.5. and Table 9.1.
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7.3.4. Results

Using slope~deflection equations with assumed member lengths
to the neutral axes, for Mu = 308 inch-kips, the ultimate load was
found to be 9.0 kips. As indicated in Figure 7.4. the order of
formation of hinges was as follows:

(1) wupper right hand corner

(2) right base

(3) midspan of the beam

(4) left base

Deflections werre computed by this method as a comparison with other
procedures. However, it was realized that the assumptions of constant
moment of iner:ia and reduced modulus were not very realistic and hence
these deflections were not considered accurate. The calculated
sidesway was included in Figure 7.4.

Moments and shear forces for boundary conditions compatible
with iest framz L1, were as shown in Figure 7.6. This analysis
considered the effect of movements in the bases to act entirely at the
right base. Since the rotation of the right base was considerably
greater than tnhat of the left base, this was not considered a sevére
source of error.

7.3.5. Discussion

For elastic circumstances, slope-deflection equations may
be used to determine the deflection of a frame, but since thisvrequires
a knowledge of member stiffnesses, its applicability to concrete
structures is limited. Because of cracking, a concrete member may
exhibit a different stiffness at every section along its length for

every different load.
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Another limitation is the fact that reiﬁforced concrete
does not have a linear-—elastic stress-strain relationship. Although
this does not greatly restrict the use of slope-~deflection equations
in determining moments, since here only relative stiffnesses are
required, it does prevent accurate calculations of deflections.

This procedure is subject to the same limitations as plastic
analysis. It does not contain provisions for the inclusion of the
effects of axial forces on moment capacity. The ultimate moment could
be adjusted to give a more realistic approximation, but the problem
of different relative stiffnesses and changes in section capacity would
produce severe errors in analysis of the moment distribution on the
frame.

Slope—defleétion equations also cannot accurately account
for the influence of secondary moments or creep.

7.3.6. Conclusions

The slope-deflection equations were considered inadequate for
accurate analysis of the short-—term or sustained load behaviour of
reinforced concrete frames. However, they were uéed in the numerical
integrafion procedures described in Sections 7.5. and 7.6. to correct
the moment distribution for errors in geometric boundary conditions.

When used as a plastic analysis this method satisfied
equilibrium, the collapse mechanism, and the requirement that yield
nowhere be exceeded. Therefore, it complied with both the upper
bound and lower bound theorems, and hence automatically provided the
collapse load. Within the limitations imposed on the mechanism methods,

the slope-deflection equations were considered adequate for the

design of frames similar to those studied in this research.
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7.4. Plastic~Slope Deflection Equations
7.4.1. Introduction
This procedure was similar to elastic slope-deflection

(18)

equations and is not presented in detail here. Neal gives a
compreﬁensive déscfiption of the metﬁod and its application.

The primary feature of the plastic slope—deflection analysis
was that it took into account inelastic rotation at assumed plastic
hinges, whereas, the elastic method assumed that corners remained
right angles during deformation.

7.4.2. Procedure

Basically, plastic slope-deflection analysis involved the
selection of a mechanism, and formulation of inelastic rotation equations
at each hinge in terms of the moment capacity and unknown deflection.
Just prior to collapse, one of the plastic hinges would have zero
"inelastic" ro:ation. A suitable hinge was selected and its inelastic
rotation expression was equated to zero. This gave deflection in terms
of moment capacity. This deflection was substituted into the rotation
expressions forr the other hinges and they were solved. Thus obtained,
the inelastic 1rotations were tested for correct sign, and if they were
all acceptable, the displacement was assumed correct as calculated.
Otherwise, it was concluded that the hinge selected as last was not
the true final hinge and others were tried until the correct answer
was obtained.

7.4.3. Results

Although also limited by the necessity of estimating a

stiffness for zn entire concrete member, this procedure gave a reasonably

realistic value of deflection for the test frame. Using a reduced
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modulus of 2.02 x 106 psi and a moment of inertia of 235 in.4 at
ultimate load based on a cracked section, the predicted sidesway
just prior to formation of the collapse mechanism was 1.97 inches.
This analysis did not include provision for boundary condition variations.
The bases were considered fixed.
7.4.4. Conclusions

The plastic slope-deflection equations provided a more
realistic approximation of the inelastic behaviour of hinges. However,
like the mechanism method, and elastic slope~deflection equations, they
did not take account of the variation of moment capacity with axial
force, the non--ideal properties of concrete, secondary moments due to
deflections, and the influence of creep. Hence, it was concluded
that the.plastic siope-deflection equations were not adequate for
accurafe ahalysis of frame behaviour under sustained loads.
7.5. Numerical Procedure Using the Moment-Curvature Relationships

for Short-Term Loads.

7.5.1. Introduction

This was the first of two procedures developed to study the
behaviour of thie reinforced concrete test frames, although they could
be adapted in principle'for use on other structures. This method,
also referred to as the first stage element method, or the element
method using moment-curvature, was used to predict response of the
frame to short-term loading.
7.5.2. Assumptions

It was assumed throughout that the concrete stress-strain
relationship was consistent, that plane sections prior to loading

remained plane, that all deformation was in the plane of loading
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which was defined by the centroidal longitudinal axis of the members,
and that buckling of individual members did not occur.

The primary objective was to devise a computer model which
would closely approximate the behaviour of the actuél test frame.
Hence, aséump:ions had to be evaluated on the basis of how they would
affect the precision in obtaining this goal.

The effect of ties was ignored. Other investigators have
shown that ties do not appreciably affect the strength of a section
before initial failure. As mentioned previously, the corners and
bases were stiffened with additional reinforcing. In the bases,
this steel extended to ﬁhe edge of the wideflange flaﬁges. Hence,
it was assﬁmed in the frame model that the effective column length
was from the extremity of the upper flanges of the base to the top
inside corner of the frame and the effective length of the beam was
taken as the distance between the inside surfaces of the columns.

The concrete stress-strain relationship used was an

(5)

expression developed by Drysdale for concrete cylinder strengths
of approximately 4400 psi. It was developed by a least squares fit
of test results from a large number of standard 6 inch diameter
cylinders.

For strengths other than 4400 psi, it was assumed that
linear proportioning was applicable. The concrete strength used in
this research was determined by cylinder tests performed at designated
times. A comparison was also made between the stress—strain character-
istics of the concrete and the analytic expression. This relationship

was shown in Appendix A, Figure Al.

The reinforcing steel was considered as an elastic-plastic
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material. Tensile tests were performed in order to determine the
elastic modulus and yield strength for use in the analysis. Results
of thesg tests were presented in Appendix C. The stress-strain was
linear up to 59,000 psi. The modulus of elastiéity was 29.6 x lO6
péi. Up to a strain of 0.005, fully plastic deformation occurred.
For greater stirains, strain hardening occurred at a relatively constant
rateAQf-4000 psi per 1000 microstrain. Since the analytic procedure
did not make allowance for strain hardening of the steel, the precision
of this aspect of the method decreased for high strains beyond yielding.

The self-weight of the frame was not included in the analysis.
This caused significant error at low load levels, but the effect at
high loads was small. The maximum dead load moment was about one
percent ofkthe ultimate moment capacity. To improve precision of this
method, particularly in the treatment of secondary moments, the dead
load.should be included.
7.5.3. The Frame Model
7.5.3.1. 1Introduction

The computer model of the frame consisted of a number of
elements of equal length which made up the columns and beam. The
columns were taken as 90" long and the beam as 100". Although a
thorough quantitative study of the effect of element size on accuracy
was not made, several configurations were tried in order to determine
trends. Based on a consideration of computer time required against
accuracy gained, twenty-eight elements, each ten inches long, gave
satisfactory results.

The lateral load was assumed to be applied at the top of the

column and the vertical load at mid-span of the beam.
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The model cross-section and longitudinal reinforcing were
identical to those of the actual frame.

The column bases consisted of a lower section, four inches
long, which was capable of rotation similar to the lower flanges of
the wideflange sectiom, and an upper stiff section, 4 inches long,
which represented the upper flanges of the wideflange and the heavily
reinforced concrete between them. This upper portion of the base
was considered completely rigid. No rotation took place along its
length. The origin of coordinates was taken as the bottom centré of
the left column base.

Deflections, curvatures, and strains were calculated from
a line running through the centre line of each member. Since the
member lengths were to the inside upper corners, this eliminated the
stiffened ébrner sections from analysis.
7.5.3.2. Procedure

The following sfepé were used in developing the frame model
to solve for th2 moment distribution and deflected shape of the frames.
(1) Based on tha elastic analysis, assumptions were made for the

reactions and moment at the left base.
(2) The rotation and displacement of the left base were calculated.
(3) From fhe momentfcufva;ure relationship and the assumed moment,
the curvature acting over the first element was calculated.
N.B. Frame elements were numbered from 1 to 28 starting ét the left
base. The interfaces between the elements were numbered similarly
starting with 0 at the left base and proceeding to 28 at the right
base. The moments acting at the interfaces were numbered from 1 at

the left base to 29 at the right base. Hence the moment at the top
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of the left base was M., and that at the top of the first element was

l’
MZ‘

(4) Using the curvature for M., considered to act over element one,

l’
M2 was calculated from equilibrium. This computation included
the secondary moment caused by the deflection and axial forces.

(5) The curvature for M, was averaged with that for M

9 Using this

1°
new curvatire, a new M2 was calculated. This step was iterated
until the change in curvature was less than 1% or 1 x 10—6 radians.

(6) Starting with the moment at the upper end of the preceding element,
steps (3), (4) and (5) were performed successively on all the
elements of the frame. At the corners and the load point on the
beam, equilibrium was used to determine the appropriate changes
in shear and axial forces.

(7) Upon completion of the last element, the rotation and displacement
of the right base were calculated;

The ajove procedure provided a solution for the forces and
moments acting in the frame which satisfied static equilibrium.
However, this method did not assure geometric continuity. Unless
the solution ob:ained was correct, the boundary conditions at the
right base were erroneous. Hence, it was necessary to iterate the
procedure until both equilibrium and geometry were satisfied. The
following steps were used to systematically alter the moment dis-
tribution in order to find the correct geometry.

-(8) Based on the errors in displacements and rotation at the right
base, slope-deflection equations were used to estimate new

moments at the left base.
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(9) Steps (1) to (7) were repeated until the geometric errors at
the right base cﬁnverged on an acceptable residual. If changing
the reactioas at tﬁe left base using slope~deflection equations
did not éroduce convergence after a reasonable number of cycles,
they wefe altered by fixed amounts.

A fortran program was written using the moment-curvature
element method. The program was used to solve for the short-term
behaviour of reinforced concrete frames with allowance for base
moveménts, shrinkage, and secondary moments, but without the inclusion
of creep. It was applicable in the present form only up to formation
of the first hinge.

7.5.4. Moﬁent—Curvature Computation
7.5.4.1. introduction

An important requirement of the elemenf method described
above was an expression relating moment, curvature and axial force
for the cross-section.

A fortran program was written to determine the relationship
between moment znd curvature for various axial loads on the section.
This procedure ezdhered to the assumptions used in the numerical
integration procedure. Input consisted of the section geometry,
‘elastic modulus and yield strength of the reinforcing steel, concrete
cylinder strength, and the shrinkage recorded from casting to the
time of loading.
7.5.4.2. Shrinkage

The recorded shrinkage to the time of loading was used to
obtain the compressive force in the steel. This was equated to the

tensile force in the concrete. Using a constant elastic modulus,
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which was sufficiently aecurate because of the low strains involved,
the tensile strain in the concrete equivalent to the shrinkage was
calculated.

7.5.4.3. Procedure

For a given axial load; the strain at the compression fibre
wes set at 0.0C3 and a neutral axis was assumed. Then the forces
acting on the section including the effects of shrinkage for these
conditions were calculated. The neutral axis was varied in an
iterative procedure until equilibrium was obtained. Tension in the
concrete was assumed to be effective up to a tensile strain of
0.00015-using a stress strain curve which mirrored that for compression.
Figure 7.7. iﬁdicates the free body diagram for a section used to
determine the moments and curvatures which were determined for axial
forces from zero to 14 kips.

Using a least-squares technique, functions of curvature in
terms ef moment for each axial force wefe derived. Then, in a
similar manﬁer, using a eeparate program, the coefficients of the
independent variable (moment) in the moment-curvature expressions
were used to obtain a function relating them to axial force. In
this way curvature was obtained as a function of moment and axial
force.

Although not included in this study, an estimate of creep
behaviour could have been made usipg the moment-curvature method by
deriving a concrete stress~strain relation which included creep
deformation. This would have been an effective modulus type of
procedure and wyuld be limited by its disregard for stress history

as mentioned praviously in Section 6.
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7.5.4.4. Results

Moment-curvature curves were developed for different values of
axial force and shrinkage. Some of these curves were presented in
Figures 7.9., 7.10. and 7.12.

As shown in Figure 7.11, the variation in the moment-curvature
relationship with axial force for moments greater than one hundred inch-
kips, for the range of axial forces encountered in the analysis,

ultimate moment increased with axial force.
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As indicated in Figure 7. 8., the importance of considering
the tensile strength of the concrete was significant for the variation
of moment-curvature with axial force at moments less than 110 inch-kips.

With no concrete tension included, the moment-curvature
relationship was linear above the low strains where shrinkage has a
significant effect. When tension was included, the curves had a constant
slope about three times as great as that without tension, up to a moment
of approximately 257 of ultimate. Then there was a downward sweep with
decreasing slope to a minimum point, followed by an upward curve which
gradually approached that without tension considered.
7.5.4.5. Tensile Stress in the Concrete

The tension phenomenon may be explained as follows:

When the strain at the extreme tension fibre of the section
was less than that required to produce cracking, the entire section
acted to resist moment and the moment-curvature relationship was linear.

When the critical strain, in this case assumed to be 0.00015,
was reached, a cracking moment capacity for the concrete section was
reached. Further loading caused cracks to run from the tension face.
Movement of these cracks produced unstable equilibrium points indicated
by the downward and then upward curves of Figure 7.8. These points
could not be obtained experimentally by a system which stored energy.
What was observed was that, when tensile failure was reached at the
extreme fibre, cracks shot across the section almost instantaneously
until the next stable equilibrium position was reached. This occurred
as shown in Figure 7.9 . At both stable equilibrium positions, the
moment was the same, but the curvature of the cracked section was two to
four times greater, with the curvature change varying inversely as the

axial force.
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Once the cracked equilibfium position was reached, the
influence‘of tension in the cdncrete was greatly reduced, since, because
of the greater curvéture, it affected .a much smaller area of the section;
and, because of the greatef proximity of its centroid to the centre of
the section, it contributed less to the moment. AThe curves wi&h aﬁd
witﬁout concfete tension gradually approached each other as the moment
was‘increésed further. At two thirds of ultimate moment, the influence
of concfete tension was negli#ible.
7.5.4.6. The Inflqence of Shrinkage

The iafluence of shrinkage on the moment-curvature curves
was as éhown in Figurevf.lo. ﬁefore cracking occurred, with concréte
tension considered, shrinkage had very little effect.

With no external axial forcé on the section, the neutral
axis was in the centre of the section. Since the concrete stress-strain
curve for teﬁsion was assumed to be a mirror image of that for compression
the forces in tte concrete on either side of the neutral axis were equal
andvopposite,‘as were the forces in the steel. Because shrinkage
caused equal coﬁpressive stresses in all the bars and equal tensile
stresses in the concrete throughout the section, it decreased the moment
contribution of the tension steel and compression concrete and increased
the moment contribution of the compression steel and tension concrete
by almost equal amounts. Hence, the total moment changed only slightly.

As the applied axial force was increased, the neutral axis
deviated from the centre of the section and there was no longer a
balénce between opposite forces in the steel and opposite forces in
the concrete. Hence, the influence of shrinkage was more evident for

high axial loads.
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Once cracking had occurred, the influence of shrinkage was
more important. The éreater the shrinkage, thelhigher was the tensile
étress in the concrete at any point on the sectién. Hence, an increase
in ghrinkage caused a reduction in the moment at thch cracking strain
was)reached at the extreme fibre.

This effect was carried through the unstabieAequilibrium
positions and did not lose significance until the stfesses over most of
the section were much greater than.thevequivaient shrinkage stress.
Once stable equilibrium of the cracked>section had been obtained,.the
influence of shrinkage decreased with increasing moment and could not
normally be obs2rved beyond two thirds of the ultimate moment.

'7.5.4.7. Model for the Momenthurvature Curves

For computer énalysis of the test frames a model for the
moment-curvaturea curves was devised.

FQr moments ub té first cracking, a linear expression
independent of axial force or shrinkage was used. It was assumed that

for the range of axial forces encountered this would not lead to
significant error. The moment and curvature at which first cracking
occurred, and the curvature at which the lowest cracked equilibrium
position was reached, were expresséd as functions of shrinkage and
(axial force. It was assumed that a line of constant moment joined the
two equilibrium states. Above two thirds of ultimate moment, and below
90% of ultimate moment, the slope of the moment-curvature curve for
a given axial fcrce was constant and independent of shrinkage.

| ‘This line was produced té meet a horizontal line at the level

of the ultimate momeﬁt for each force considered.' The points thus

obtained were expressed as a function of axial force. From these points
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straight lines were extended to the lowest cracked equilibrium position.
These lines were formulated in terms of axial force and shrinkage.
Ultimate moment was expfessed as a funétion of axial force.
| The moment-curvature expre;sions thus developed were
incorporated in the program for analysis of the éhort«terﬁ behaviouf
of the test frames by the element method.
7.5.5. The Influence of Concrete Temsile Strength on Frame Behaviour
" Two ex>ressions were used for moment-curvature in the first
stage element program. The first, as described above, included the
discontinuity caused by concrete tensile strength; the second used
the moment-curvarure cﬁrves without concrete tension. The effect
of concrete tens;le strength on the moment distribution of the frame
was as indicated in Figure 7.12. Since including'tension gave
greétér stiffness to the section, there was a tendency for moments
to ¢istri5u£évmore to the loaded side of the frame. This caused lower
moments'on Ehe UHloaded.column and highef moments on the loadedvcolumn.
v Since‘fhe.first hinge formed at the top of the unloaded column,
including concrete tension resulted in the prediétion of a slightly
highetnload for formation of the first hinge. However, since the
influence of concrete tension became insignificant at two thirds of
ultimate moment, it did not affect the overall capacity of the frame.
The most significant influence of concrete tension was in
frame deflections particularly at low load levels. Frame deflections
predicted by the moment-curvature elemenf method with and without
concrete tension were as shown in Figure 7.13. At a horizontal load
of 1.5 kips and a vertical load of 3.0 kips, the frame sidesway

deflection with concrete tension included was about one quarter the
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FIGURE 712 Influence of concrete tensile strength on
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sidesway predicted with concrete tension omitted. At a horizontal
load of 6.0 kips and vertical load 12.0 kips (about:52% of ultimate
load) the difference was ohly 7%, Hgnce,_iﬁ'was apparent that the
tensile strength of the concrete had a significant efféct on frame
behaviour prior to cracking, bﬁt once cracking has occurred at regions
of higher mopént, concrete tension had little influence.

7.5.6, Comparison Between the Moment-Curvature Element Method and

| Slope—Deflection Equations

Frame R2 was analyzed by élastic slope—defléction and the
moment-cufvapure element method. The slope deflection'analysis
assumed all base movement and rotation to bé concenfrated at the
right'base. The error in this assumption was reduced by the fact
that oniy relative displacements were important and the rotation
at ghe right base was mﬁch greater than the rotation at the left
base. The moment diagrams obﬁained by both methods for H = 8.0 kips
and V = 16.0 kips were gs shown in Figure 7.14, Cood correlation was
obtained, particularly in the beam ana right column,

The major difference in the results of the two methods was
in the.calculation of sidesway.

The slope~deflection analysis used a cracked section at
ultimate load to determine the momenﬁ bf inertia and the A.C.I. Code
formula(3) to de:etﬁine'é secant modulus of elasticity. Horizontal
sidesway predicted by slope-déflection equations for H = 8.0 kips
and V = 16,0 kips was 0.463 inches.

The moment-curvature element method predicted sidesway of
0.880 inches. The deflection observed at the inside cornmer during

the test was not recorded, but from observed dial gauge readings
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40 inches and 80 incheé above the column base, it was estimated that
sidesway was 0.75 * 0.05 inchgs.

Hence, the moment-curvature method overestimated deflection
by about 177, wiile slope-deflection underestimated deflection by
about 397.

Because axial forces in the frame were not large, secondary
moments weré no: significant. H§wever, in frames subjected to high
column loads, the influence of secondary moments would be significant
particularly where sidesway occurred. Hence, the moment-curvature
method had definite preference over the slope-deflection analysis.
7.6. Numerical Integration Using Element Slices and Creep Data for

Sustained loads.
7.6.1. Introduction

This proceduré had many similarities tovthe moment-curvature
element method. The frame model, and method of convergence to obtain
geometric compatibility were the same for both analyses. The primary
difference was ihat while the moment-curvature element method used
the curvature of each element to determine the internal moment
directly, the sustained load analysis uéed the strain distribution
across each section.

The numerical procedure with element slicing and creep data
was used to analyze both the short-term and sustained load behaviour
of the test frames. It was also referred to as the second stage
element method cr sustained load element method. Since the procedures
for summing the effects of the elements and changing the boundary
conditions to obtain convergence were the same as for the moment-
curvature element method, they are not described in detail in this

Section.



87

7.6.2, The Solution of Forces, Moments, Rotation and Displacement
for Each Element

7.6.2.1. Introduction

In the sustained load element method, the basic concept was
that each element would be subject to strains due to "elastic" loading
and strains due to creep. The forces and coordinates at the lower end
of the element were known (by assumption for the first element, and
by calculation for the others). The objective of this procedure was
to compute the change in moment which occurred over the element length,
and the displacement of the upper end relative to the lower end.

7.6.2.2. General Procedure

The following steps were used for the solution of the moment
and displacément for each element:

(1) For initial loading, before creep had taken piace, an "elastic"
strain distribution was assumed across the upper section of the
element |

(2) The element was divided into a number of slices perpendicular to
the piane of loading.

<3) The internal force (théc due to stress) acting at the centroid
of each slice was calculated from the "elastic'" strain distribution.
The total internal force was computed by summing the contributions
of the slices.

(4) The calculated internal force was compared with the external force
(the external force was the axial force in the member due to the
applied loads). If these forces differed by more than 1%, the
strain distribution was shifted by a constant amount based on the

difference in them.
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(3 Using this new strain distribution, the internal moment at the
centroid of each slice was calculated. The total internal moment
was obtained by summing these contributions.

(6) The external moment including that due to deflection was computed
using equilibrium of the external forces and the moment at the
lower end.

(7) The external and internal moments were compared. If‘they differed
by more than 1%, the slope of the strain distribution was changed
so as to correct the internal moment.

Steps (3) to (7) were then repeated until the internal force
and moment differed from the external force and moment by less than 1X%.
7.6.2,3. The Inclusion of Creep Strains

For time after initial loading, creep strains were present.
Using the expression developed by Drysdale(s) for creep as a function
of "elastic" strain, the creep strain on each slice was.computed. For
the first time interval, creep strain was calculated directly using the
"elastic" strain and the time under load. For subsequent time intervals,
the modified sup=rposition method was used to include the effect of
stress history. As used in the analysis the modified method of super-
position may be 2xplained as follows:

Consider the present "elastic" strain as 52 and the elastic strain
at the end of the previous time interval as €;. The present time is Ty
and the time at the end of the last interval was T;. The first part
of the creep is that which existed at T} under strain £ (computed by
direct substitut:ion if Ty was the end of the first interval or by

superposition fo: other intervals). The second part is the creep which

would occur for an elastic strain equal to €9 - &7, for the period
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The third part is the creep which would

T, - T, for loading at Tl'

2 1

for the period T, - T. considering

occur for an "elastic" strain & 2 1

2
this condition to exist since the beginning of loading. For increased
stresses, these components are added directly to obtain the total creep.
Fof decreasing stresses, that is for £2 less than El’ allowance is

made for the irreversible portion of creep recovery. In this case the
second part of the creep is reduced by one third and is substracted
from the first and third parts. Creep recovery of two thirds was
derived from the experimental results of Ross(zo).

To solve for an element with creep present, the total strain
distribution was assumed. The rotation of the element and the dis-
placement of the upper end relative to the lower were calculated from
the total strain at the top. The "elastic" strain was obtained by
subtracting the computed creep strain from the total. Some error was
introduced by the fact that creep was based on the "elastic" strain
at one end of the element rather than at its centroid. This also applied
to the deflection and rotation. However, because the iterative procedure
averaged strains on the section, this error was small, and the amount of
additional computer time required to correct it was not justified.

Once the "elastic" strain distribution had been obtained, the
internal moment and force were calculated as described previously, in
Section 7.6.2.2. The total strains were adjusted to equalize the
internal force and moment with the external force and moment. After
several cycles convergence was obtained and the total, elastic and
creep strains for the element were stored. These were used as the

starting point for the next element, and the procedure was continued

around the frame as in the moment-curvature method of Section 7.5.
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7.6.3. Concrete Strength

The influence of time on concrete strength was included in
the sustainéd load analysis. The éoncrete sfrength was assumed to
vary linearly frcm the time of loading for 120 days and then remain
constant. The ircrease in strength was determined byAcylinder tests
the results of which were included in Appendix A. .

7.6.4. Shrinkage |

Shrinkage strains prior to loading and during the sustained
load period were'required.

Shrinkﬁge strain at the time of 1oading|ﬁas determined from
the teinforced prrism cast with the test frame. The stress in the concrete
was célcuiatéd by the method'described in Section 7.5.4.2.

Duying the sustained‘load ﬁébt, shrinkage strains were based
on an.expréssion developed by Drysdale (5) from thé.results of a number
of'tesﬁs on plaian concrete prisms. This analytic function, which had
time as the dependent variable, wasAcompared with data obtained from
ﬁlain concrete prisms cast with test frame Ll. The results of this
comparison were presented in Figure 7.15. The scatter in experimental
data for-;he,two priéms was very severe, mainly because of difficulty
encountered in cbtaining adhesion between the Demec points and the
concrete during curing. However, it was evident that the expression
overestimated shrinkage somewhat. This was not unexpected, since the
section used by Drys&ale was épaller than that of the frames used in
this investigation. The efror associated with ghrinkage is discussed

in more detail in Section 9.3.4.
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7.6.5. Changes in Load
There ware four load conditions possible:
(1) short-term load to a sﬁstained load level
(2) ’sustained load for a period of time
(3) short-term load from one sustained load to another sustained load
(4) short-term load to failure

The method was developed in such a way that the loads could
be varied to coincide with the test conditions. For sustained load
test L1, the loading program consisted of a short-term ioad phase to
sustained loads ¥ = 6.0 kips and V = 12.0 kips, followed by a
sustained load period of 53 days. This was followed by a short-term
increase to H = 7.5 kipsvand V = 15,0 kips. These loads were
maintained for an additional 28 days. Then the frame was loaded to
failure. |

By varying the iﬁput\data, this loading program or almost
any other could he accomodated.

For frame L1, a solution.was first obtained for short-term
loadipg to H = 6.0 kips and V.= 12,0 kips. Sustained load calculations
were made for times of 11, 18, 30 and 53 days after loading. Then the
~frame was énalyzed for short-term loading to H = 7.5 kips and V = 15.0
kipé. This was followed by sustained load solutions at 66 and 81
- days. At 81 days, short-term calculations were performed for horizontal
forces 8.0, 8.5 and 9.0 kips with vertical forces twice these magnitudes.
The first plastic hinge was obtained at H = 9.0 kips and V = 18.0 kips.

The main limitation of the analysis as developed for this
investigation was that it did not appiy beyond formation of the first

hinge.



Chapter 8

COMPARISON AND EVALUATION OF RESULTS

8.1. Introduction

The data recorded from all frames tested was in the form of
concrete strains from Demec readings and defiections obtained from dial
gauge§¢ For initial short-term tests prior to sustained loading, the
strains were converted to moments using a similar procedure as that used
in determining the moment-curvature relationship. Concrete strains
obtained from sustaiﬁed loading and subsequent quick loading to failure
were used to obtain extreme fibre strains. These formed the basis for
comparison between the test and theory. In all cases, the deflected
shape of the freme was predicted for vérious loading conditions, and
was compared with the dial'gauge readings.

,Somé éources:of érror which dixectly effected the presented
resUlts'ére discussed iﬁ this Chapter. A further study of the precision
in results obtained is contained in Chapter 9. |
8.2. Moments Calculated from Demec Readings

The procedure for calculating moment from strains obtained
from Demec readings used a strain distribution across the section based
on the gauge points in the compression zone. As in the analytic moment-
curvature method, stress~strain relations for concrete and steel were
assumed. Using these relationé and the developed strain distribution,
the axial force and moment were computed at each gauge location for
each loading condition.

Shrinkage measurements on reinforced prisms from the time
of casting to testing were used to compute the unloaded condition at

each section.
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Shrinkage measurements from the reinforced prism were
considered as compressive strain in the steel. From this strain,
the total compressive force in the steel was computed and set equal
to the tensile force in the concrete, from which an equivalent teﬁsile
strain in the concrete was calculated. This shrinkage strain was
considered constant throughout the test. This procedure was the same
as that described in Section 7.5.4.2.

A fortran program was written to convert Demec readings to
moments by this process. Input consisted of the section properties,
steel yield stress, concrete cylinder strength, shrinkage strain and
the Demec readings with their locations for all sections and loadings.
Moment, curvature, location of neutral axis and axial force were
output. Since the axial force at each section could be approximated
from an eléstic solution, the values calculated in the program
provided a means of evaluating the relative accuracy of the strain
distributions from Demec readings. The precision of this procedure
is discussed in detail in Section 9.4. A listing of this computer
program is included in Appendi# B
8.3. Extreme Fibre Strains from Demec Readings

Because of the influence of creep, moments could not be
computed from Demec readings obtained from sustained load testing.
Hence, under these conditions, predicted extreme fibre strains were
compared with those obtained from the Demec gauge points. Using
readings from the compression zone, a linear strain distribution
across the section was computed. Although it was not used directly,
the strain at the level of the tension steel was obtained from Demec

measurements and was compared with the computed strain at this point.
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In order to process the large quantity of data obtained from the
test, a short fortran program was written. This is included in
Appendix B,

The precision of this procedure is discussed in Section 9.6.
8.4. Frame R2
8.4.1. Introduction

For thz short term test, predicted moments were compared
with those obtained from Demec readings, and the predicted deflected
shape was compared with member displacements at dial gauge locations.
8.4.2. Moments from Testing and Analysis

AThe moment distribution on the frame from Demec readings
and as computed using the moment-curvature relationships and elemental
procedure was as shown in Figure 8.1. It should be noted that Demec
gauge points were located only at critical sections (i.e., the column
ends, corners ard beam centre). Experimental curves were derived by
passing straight lines through the calculated points; hence, over the
large spans betwveen critical sections, a linear moment variation was
postulated. Another important factor in evaluating results was the
fact that the error in reading the Demec was generally within % 5 micro
strain. Hence, the error in moment calculated from strains of 50
microstrain . was 10 times that for strains of 500 microstrain.

A thi::d source of error concerned the column ends. The
lowest Demec point was located just above the wideflange base and
was therefore vilnerable to any unusual cracking or other influences
produced by the behaviour of this base.

Comparison of moments acting on the loaded column indicated

the effect of the various sources of error. The Demec reading four



96

inches above the bottom showed a sharp increase in moment. This sharp
increase was probably caused by the wideflange base. There was
generally close agreement between the prediction and experimental
value for the gauge location twelve inches above the steel base. The
deviation presenf at the top of the column was probably due to the'
error in Demec reading which had considerable influence in this low
moment regioﬁ.

Predicted values were computed up to the formation of the
first plastic hinge, since this was the limit of the ahalytic method.
Beyond the first hinge only experimental results were presented;

Because the analytic frame model could be made to closely
approximate the actual structure of the upper part of the frame, and
because the strains were large enough to reduce Demec error, the
correlation.between predicted and experimentally derived moments in
the beam was fairly close. Some of the discontinuous appearance of
the curves was attributed to true non-linear behaviour of the structure,
particularly as plastic deformation was produced, but much of this was
more likely caused by Demec errors. The results were represented by
drawing lines through points determined directly from the experimental
data. There was no attempt to adjust the data or to produce smooth
curves.

The difference between predicfed and experimental moments
was greatest in the unloaded column. A possible reason could be due
to the steel base both as it effected the bottom Demec réading and
caused uncertairty in determining accurately the magnitude and influence
of its rotation. Also, since plastic deformation occurred first at

the upper right corner (unloaded column) inelastic strains there
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developed at relatively low loads. The influence of cracking on Demec
errors could be observed at this corner. Even at the working load level
there appeared to be a decrease in moment very near the corner where
moment would be expected to be a maximum. This could be attributed to
the dévelopment of a crack pattern at the corner which produced
apparent strain between’the Demec ﬁoints which was not indicative of
the true configuration. As shown in Figure 8.1., this condition
worsened as loac. increased and cracking became more intensive.
8.4.3. Deflections - Predicted and Experimenfal

The rela;ionship between deflection‘and load at the dial gauge
locations as deﬁermined by the moment~curvature element method and by
the test was as indicated in Figure 8.2. Predicted deflections were
ébtained oniy up to formation of the fifst hinge which occurred at H = 9.0
kips and V = 18.0 kips according to the analysis (because of the beam
defiection, the deflection at the top of the loaded column, ﬁad to
exceedithat at che top of the unloaded columﬁ). However, the deflecﬁion
at iocation E, 30 inches above the baée of the unloaded column, was
greater than the deflecﬁion at B, 80 inches above the base of the
loaded column. This condition was explained by the greater reverse
curvature of th2 unloaded column. Good correlation was obtained
between theoretical and observed deflection of the loaded column. The
moment-curvaturz method underestimated the vertical displacement at the
centre of the beam particularly at higher loads. This could probably
be attributed to the condition imposed that corners of the frame remain
right angles during loading which caused a negative curvature at the

right corner. This negative curvature reduced the positive curvature
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at midspan thus reducing the beam defléction. During the test it was
observed that soﬁe inelastic deformation of the right corner occurred
at relatively lcw léads (about H = 5.0 kips and V = 10.0 kips) so

that the corﬁer did in fact undergo rotation:which increased.with load.
This rotation hsd the effect of reducing thé negative curvature at

the corner which allowed greater deflection of the beam. It was
concluded that the difference between theory and experiment in this
case was cauwed by deviation of the real frame from the analytic model,
a condition which could be improved by further stiffening the corner.

Fairly good éorreiation was obtained for the upper deflection
point of thé unloaded column. However, it appeared that the deflection
recorded at‘D; 40" above the base of the unloaded column was in error.

Figure 3.3. shows the predicted deflected shape of frame R2
for various loal levels. As in all analyses, the midspan vertical
ioad was double the horizental load.

Reversal in curvature was almost negligible for the loaded
column but was significant in the beam and unloaded column particularly
at higher loads. Maintenance of 90° corners by the analysis may have
been unrealistic at high loads since the actual test frame, even with
heavily reinforced corners, did uot adhere to this condition. The
error in this assumption was not severe up to the formation of the
first hinge, but following hinge development, the corner rotation
became significant and the moment capacity dropped considerably. The
fact that the ceflection of the top of the unloaded column was almost
identical to that at the top of the loaded column, which indicated

almost no decrease in beam span, was as indicated in Figure 8.3.
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8.5. Frame L1
8.5.1. Introduction

For frame L1, both an initi#l short-term test and a sustained
load program were provided.

The predicted moments and deflected shape for the short-term
test were compared with experimental results as was done with frame
R2.

For the sustained load test, the predicted extreme fibre
strains and deflected shape were compared with thé experimental‘results.
8.5.2. Short-Term Test
8.5.2.1. Introduction

The'résults of the short-term test on Frame L1 wefe compared
with both analytic procedures, the moment-~curvature method and the
sustained load elemeht method. Expérimental moments were calculated
from Demec gauge readings as described in Section 8.1.

A comparison between moments énd deflections obtained by
the two ﬁethods of analyéis was made as shown in Figure 8.4. The
moment curvature procedurerpredicted slightly greater member flexibility
than the sustained load method since the former indicated greater
changes in member cﬁrvature. There wés very close éorrelation between
deflections calculated by the two methods. Because of the greater
ptedicted stiffness, the sustained load method yielded slightly;lower
deflections than the moment-curvature analysis.
8.5.2.2. Moments from Demec Readings and Predicted by Moment-Curvature

Method
The short—term moment distribution on frame L1 was as shown in

Figure 8.5. for H = 6.0 kips and V = 12.0 kips. Good correlation was



MOMENT-CURVATURE METHOD | SUSTAINED LOAD ELEMENT METHOD
CATIO :
Lo ‘ N MOMENT(IN-K) | DEFL'N (IN) | MOMENT DEFLECTION
LEFT BASE ()| -123-35 . -120.06
UPPER LEFT COR. (2) 18-83 0-486 —= 25-70 0-472 —
BEAM CENTRE  (3)| 9816 o173 | 20434 o157 |
UPPER RIGHT COR. (4) -223:86 0485 — -218-22 0-450 —*
RIGHT BASE (5) 17971 174-06
lV=2H
H > 73 4 location key
Horizontal force = 60 kips
5 Vertical force = 12-0 kips
! . arrow denotes direction of deflection
Y %

FIGURE 8-4 Frame L1 - short term moments and deflections.
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obtained between the prediction from the moment-curvature procedure
and the experimentally derived moments; It appeared that the
analysis slightly underestimated the moment at the upper right
corner and overestimated the moments in the bases. The effect of
crack patterns on the Demec readings may have caused an experimental
overestimate of moment at the upper right corner. The error in
determining base rotati;n from the two dial gauges on each base
could have contributed significantly to the difference im base
moments.
8.5.2.3. Deflected Shape Predicted by the Moment-Curvature Method
and Recorded by Dial Gauges

- The deflected shape for the short-term test on frame L1
was as showﬁ in Figure 8;6. The prediction was very good for the
loaded column and the beam; and was fairly good for the unloaded
éolumn.
- 8.5.3. Sustéined Load Test

Since, under sustained load, there was no way of computing

"elastic" strairs from the total strains obtained from the Demec
readings, without knowing the creep, moments could not be used as a
means of comparison. Instead, total strains obtained experimentally
were compared with total strains calculated by the sustained load
element method. The point taken for comparison was the extreme
compression fibre. Member deflections from dial gauge readings and
the predicted deflected shape were also investigated. Frame moments
predicted by anzlysis for the load sequence performed on frame L1
were computed ard evaluated on the basis of the correlation between

experiment and theory for total strains and deflections.
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8.5.3.1. Moments by the Sustained Load Element Method

The mcment distribution on frame L1 was.as indicated in
Figure 8.7. for the susﬁained load tést, The.moment diagram for
the loaded column indicated a decrease in moﬁent at the base with
time for the éustained loads H = 6.0 kips and V = 12.0 kips. The
rate‘of change :n moment decreased rapidlybwith time., Similar
behaviour was observed for moment at the second sustained loéd level
of H= 7.5 kips and V = 15,0 kips.

Under sustained load of H = 6.0 kips and V = 12.0 kips
from the start of testing to 53 days, the base moment at the left
column decreased by 9%Z. For sustained loads of H = 7;5 kips and
vV = 15.0 kips,from‘53 days to 81 days, the moment atlthe left
colﬁmn ba;e decfeased by 47Z. The figure also included moments
calculate& for 1 = 8.0 kips and V % 16.0 kipé as well as H = 9.0
Kips and V = 18.0 kips.‘ |

There was very little change in momenté in the beam during
the tﬁo.sustained load periods. How;ver, a very slight increase
(about 1%) in both the positiye and negative moments was noted wifh
time.

Moments in the unloéded column also changed very little
during the periods of sustained loading. Ultimate moment was
reached at the top of the unloaded column at H = 9,0 kips and V =
18.0 kips. The loads at which the first hinge occurred were in agree-
ment with those predicted.
8.5.3.2. Extreme Fibre Commpressive Strains from Demec Readings and

from the Sustained Load Element Method

The sitrains at the extreme compression fibre computed from
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Demec readings ty the method described in Section 8.2. and as
determined analytically were as shown in Figure 8.8. The best
agreement was e¥pected at high strain regions since the error in
Demec readings was of relatively constant magnitude except where
cracking occurred.

Good correlation was obtained for strains at the base of
the loaded colunn and at all points invthe unloaded column. Fairly
good agreement occurred in the beam. Because of the large error
associated with Demec readings for small strains,‘the correlation
at ﬁhe top of the loaded column was not goéd. Part of the reason
for this difference was due to the method of computing extreme
fibre strains from the bemec readings. The Demec points indicated
compfession at both sides of the section as shown by the analytic
procedure, but the computer program for processing Demec data could
calculate the condition at one surface only.

Under a sustained load of H = 6.0 kips and V = 12.0 kips
for the first 53 days of the test, the strain predicted at the
compression fibre of the left base increased 200%. During the same
period the predicted compressive strainbat the top of the beam
increased 1867%. Other increases in predicted compressive extreme
fibre strains were: 200% at the right end of the beam, 193% at the
top of the right column and 223% at the right column base.

The rredicted percentage increases were consistent with
experimental results. In almost all areas, the predicted strains
were greater thtan the strains obtained from Demec readings. The

maximum differences between predicted strains and experimental strains
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for the first sustained load period were: 28%*at the left column
base, 187 at midspan of the beam, 38% at the right end of the beam,
2% at the top of the riéht column and less than 1% at the bottom
of the right column. Thege were the wbrst correlations; most of the
results gave better agreement between the theory and éxperiment.

The increases in predicted extreme fibre strain for a
sustained load cf H - 7.5 kips and V = 15.0 kips for the period
53 days to 81 days were: zero at the left columm base, 7% at
midspan of the team, less than 1% at the right end of the beam and
the top of the column, and 87 at the base of the right column,
Maximum differerce between predicted strains and experimental strains
for the second sustained load period were 6% at the left column base,
36% at midspan c¢f the beam, 30%Z at the right end of the beam, 15%
at the top of tte right column, and 12% at the right column base.

| The cempressive strains for the short-term load to failure

at 81 days after the start of the test were as indicated in Figure
8.8. The ultimete load capacity of frame L1 at 81 days was H = 12.6
kips and V = 25,2 kips. This was 8.7% higher than the ultimate load
for the short-term test frame 'R2., It was felt that this increase in
capacity waé partly due to the increase in concrete strength with time
and the fact thet, with the low secondary moments, creep did not have
adverse effects on frame behaviour.
8.5.3.3. Frame Deflections from Dial Gauges and Sustained Load

Elemernit Method.

Deflections at dial gauge locations from the theory and

experiment for the sustained load periods were as shown in figure

* Percentages were obtained by taking the differences in strain over
the lesser of the two strains.
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8.9. The deflections at E, 88" above the base of the right column,
exceeded the deflections at B, 89" above the base of the left column,
because of the greater curvature of the right column.

The experimental results were always greater than the
prediction exceét at the top of the left column up to 25 days after
the start of the test. The difference was particularly noticeable
during the éecond sustained load period from 53 to 81 days. Very
slight increases in deflection were predicted for this time interval.
Since there appzared to be very little change in strains over this
period, this woild seem to be a consistent result. It was concluded
that inelastic rotations at the forming hinge locations, particularly
the beam centre, right'column top and right base, were responsible for
the larger observed deflections.

Both -he analysié and test results indicated a considerable
increase iﬂ deflection for the first sustained load period, particularly
up to 30 days a’ter thé start of loading. From the starting point to
53 days, the de’lection 89 inches above the base of the left column
increased from ().45 to 0.60 inches - a change of 33%. During this
‘period, observed midspan deflection of the beam increased 407 from
0.29 to 0.41 inches and observed sway 88 inches above‘the base of
the right éolumn increased 557 from 0.45 to 0.70 inches. For the
period from 53 to 81 days, observed deflection- increases were 6%
near the top of the left column, 13% at midspan of the beam and 7%
near the top of the right column,

The deflections for the short-~term load to failure test
following sustained load were as shown in Figure 8.10, The sustained

load element method predicted deflections less than those which were
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observed probab’y because the frame waé subject to considerable
inelastic defornation prior to the formation of the first hinge.

The predicted deflected shape of frame L1 for the
sustained load test was.as shown in Figure 8.11. The point of
formation of the first hinge was at the upper right corner.
Although a significant increase in deflection took place during
the sustained load period from 0 to 53 days, there was no change
during the higher load interxrval from 53 to 81 days.

Mogt rcreep activity took place during the first month
under load. The rate of creep decreased with time as indicated by
Figure 8.9. Af:er 53 days very little change was taking place.
Increasing the loads at 53 days by 25% did not appear to cause
significant change. Even with the higher stress level, it would appear
that the rate ol creep Qas so low from 53 to 81 days that the creep
strain’dia not ‘increase as quickly as the growth in concrete strength.
8.5.3.4. C?eep€Collapse

A solution was obtained for the sustained load bebaviour of
the frame with i1 = 8.5 kips and V = 17.0 kips for times of 20, 60, 120,
240, 480 and 960 days. The applied load was 94.5% of the load
predicted to form the first hinge, and 67.5% of the experimental
ultimate load for frame Ll1. The predicted horizontal sway increased
from 0.585 inch2s initially to 1.108 inches after 960 days. During
the sustéined load period there was no significant redistribution of
moment, and no trend toward formation of the hinge.
8.5.3.5. Summary of Sustained Load Test L1

As pradicted by the analytic method, there was very little
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change in moment distribution for a load of 47.5% of ultimate%*

sustained for 53 days followed by a load of 59.57 of ultimate

sustained for an additional 28 days. MHowever, during the first
sustained load period compressive strains at high moment regions
increased about 2007 and sidesway increased by one third. During
the second sustained load period, compressive strains at high

moment areas increased less than 87 and sidesway increased by 77%.

8.6. Resume

Data from the frame tests was in the form of Demec
readings used to determine strains and‘moments, and dial gauge
readings for menber deflections. |

If was felt that the most valid comparison for evaluation
of the analysis was provided by the deflections. The following
reasons were given for this.

€9 ' The errors in reading diai gauges were much less than those
associated with Demec readingé.

(2) Data from dial gauges could be used directly, whereas Demec
inférmatiou had to be converted to strain distributions or
moments by calculations which introduced further sources of
error.

(3) The analyt:ic computation of deflection was accomplished with
the same accuracy as the calculation of strains and moments.

(4) Evén with ow secondary moments, and very little redistribution,

creep had a significant influence on deflections.

* The ultimate load referred to was the capacity of the frame at
81 days.
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(5) Since the rediction of deflections normally required cal-
culation o the member stiffnesses, the use of deflections
provided a realistic evaluatién of conventional methods such
as slope-deflection equations.

.For loads 11 7% less than required for formation of the
first plasgic h:inge, using member stiffnesses based on the provisions
of the Code (3), slope-dgflection equations predicted sidesway for
short-term load:ng about one half the observed deflection. For the
same case, the moment-curvature element procedure provided an
accurate prédiction.

The sustained load element method provided the only
predictioﬁ df deflection due to creep. ‘It slightly underestimated
member diéplacements due to creep and changes in the level of sus-
tained loads. 7This was probably caused by the inability of the
method to accourt fér inelastic rotation within the "joints" which
in this study ;ere at the corners, bases and midspan of the beam.

For short-term loads, the moment distributions on the
frames were predicted by both the moment-curvature and sustained
load element programs. Good agreement was obtained by both methods
with the experimentai results from Demec readings.

Extreme fibre strains computed by the sustained load
element method were generally in accord with those derived from
Demec readings within the precision of the tests. The analytic
procedure for the investigation of the influence of>creep also

indicated the following conclusions for the particular frame and
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sustained load program studied:
(1) Redistribution of moments due to creep was not significant.
(2) Member displacements increased substantially (as much as 40%)
during su;tained‘loading.
(3) Strains produced in the concrete by éreep were of the same
order of ﬁagnitude as the strains caused by the applied stresses.
These conclusions were substantiated by the test results.
Hence, it was concluded that the element procedures provided realistic
approximatibns for frame behaviour under short-term and sustained loads,

within the limitations imposed by the precision of testing and analysis.
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Chapter 9
SOURCES OF ERROk

9.1. Introduction

In this chapter, the sources of error affectingbthe results
of the tests and analyses are discussed. These includéd errors associated
with matérial properties, measurement and calculation of creep and
shrinkage, Demec recadings, convergence of iterative procedures, and thev
influence of differences between the computer model and the actual frames.

Along with the test precision described in Section 5.5., the
errors discussed in this chapter provided a basis for evaluating the
validity of the methods of analysis and test proceddres.
9.2. Errors in Coaventional Methods of Analysis

Thé convantional methods of analysis; such as slope-deflection
and the mechanism method, could be used as design procedures for the
short~term case. They provided a reasonable solution for frame moments
because the relative stiffnesses of members could be determined fairly
accurately. However, because of cracking, the reinforced concrete did
not exhibit a constant moment of inertia. Also, the non-linear nature
of the concrete stress—~strain curve above very low stresses made the use
of a constant elastic quulus very inaccurate. Since the conventional
methods required a constant memBer stiffness, a crécked section moment
of inertia and secant modulus of elasticity were used, but with sbmewhat
erroneous results for frame deflections.

Also, the conventional methods did not provide for the effects
of axial loads on the moment capacity, .or the influence of secondary
-moments produced ty deflections.

For sustained load analysis, a reduced modulus was used.
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However, this solution did not take accdunf of previous stress history
as well as secondary moments and the non-linear behayiour of the concrete.

Hence, tie conventional methods did not provide sufficiently
accurate results for deflections of the frame and moments under sustained
load conditions.
9.3. Errors Common to the Element Methods
9.3.1. 1Introduction

Because the coﬁventional methods could not accurately solve
‘either the short-term or sustained load behaviour of‘reinforced concrete
frames, the moment-curvature element method and susﬁained load element
method were developed. Since these procedures, particularly the latter,
relied to some extent on ekperimental results, they could accomodate
differen?es in material properties and other factors, but they were also
subject to experimental errors.
9.3.2. Concrete Stress-Strain Relationship

Drysdale(s) showed that the assumption that the stress-strain
relationship was linearly dependent on the concrete strength provided a
reasonable fit of test results for unloaded specimen.. Some error was
introduced because the effect of high sustained stresses was not included
in the stfess-strain relationship. Although it provided higher stresses
than usually accepted, the allowable tensile strain of 0.00015 was used
for concrete in an attempt to compensate for bond between steel and
concrete in the region between cracks. Reference should be made to
Drysdale's work and Appendix A for details on concrete strength.

The results of two cylinder tests were compared with the
analytic expression as indicated in Figure Al. Good agreement was
obtained up to 607, of ultimate strength, and at the peak of the curves.

Between these levels, the function overestimated stresses by a maximum
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of 8%Z. On the basis of these results, the concrete stress-strain
relationship was :onsidered adequate.
_9f3.3. Reinforcing Steel

0f the fourteen heat treated tensile specimen, six indicated
a well defined yicld point. The average yield for these samples was
59,800 psi with a standard deviation of 420 psi. The average yield
for the three tensile tests on non-heat treated bars was 59,000 psi
with a standard deviation of 390 psi. For analysis, a yield strength
of 60,000 psi was used.

The error in the modulus of elasticity based on the three
"cold" fensile specimen was 1.5%.

Most of the error assoéiated with the steel was due to the
assumption of idezl elastic-plastic behaviour. This was valid up to
a strain of 0.005, but for further deformation, strain hardening
occurred. At a strain of 0.01, the increase in stress above yield
_was 16.7%. Because the present analysis was applicable only to formation
of the first hinge which occurred at yielding of the steel, this error
was not severe. Also, tensile strains much beyond yield were accompanied
by crushing of the concrete at the compression fibre which reduced the
section capacity to a greater extent than the increase due to strain
hardening. However, it was decided to include the effects of strain
hardening, based on tensile test results, in future analyses.
' 9.3.4. Shrinkage

An important source of error in the analytic procedures was
the use of the expression for shrinkage developed by Drysdale. Because
the concrete mix and curing conditions were similar for this investigation
and the University of Toronto column tests, there was negligible error

in these factors. However, the sections used were considerably different.
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The shriﬁkage function and prism data for frame L1 were as
indicated in Figure 7.16. The scatter in results from tﬁe two prisms
was very severe. This was caused by difficulties encountered in
attempting to obtain firm adhesion between the Demec points and moist
concrete during curing. Sealing wax and several types of epoxy had
been used without success in prgvious tests. For the L1 prisms, the
Demec points were implanted in the freshly poured concrete. Due to
the accumulation ¢f moisture around the brass discé, the embedment
was not ¢ompietely rigid. However, it was felt that much better results
could be}dbtained ‘through further practice wifh this technique.

Despite the test scatter, the shrinkage measurements did
indicate two trends. First, the slope of the analytic expression
appeared in reasorable agreement with the experimental data, and, second,
.thé shrinkage for frame L1 was considerably less than that predicted
by the fuﬁctibn. This latter result was expected because of the larger
séction for the test frames. However, it waé not felf that the
experimentaliresults were sufficiently accurate to develop a new expression.

| Before loading, shrinkage from the reinforced prisms was used.
After load was apyplied, results were taken from the plain prisms. This
was valid because the loaded concrete was free to shrink without any
influence from the reinforcing. 1In this case, shrinkage caused the
concrete to lose some compressive stress.
9.4, Errors in Mument-Curvature Computation
9.4.1. Introduction

Errors cdue to the use of the shrinkage data and the concrete

stress-strain expression were present in this procedure. Since this
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method used iteration to obtain a solufion, there was also an error
introduced by the convergence criterion. Equilibrium of forces on the
section within an allowable residual of 0.1 kips was tge requirement
imposed. This meant that precision was determined by a fixed value
rather than a percentage. The maximum error in force based on the
absolute values of the various contributions for the lowest moment
.considered was 0.57%.
9.4.2. Tension in the Concrete .

In Chapter 7, the effect of omitting the tensile strength of
the concrete was‘indicated. For moments less than 257 of ultimate
this omissionlwould lead to a completely erroneous moment-curvature
relétionship. The error from ignoring concrete tension diminished
rapidly éhce crécking had occurred. Concrete tension‘had great sig-
nificance on the séction stiffness and on frame behaviour only prior to
cracking of the corcrete; it had practically no effect on ultimate capacity.
9.4.3. Moment;Curvature Expressions

Some error was introdqced by the mathematical model for the
moment¥curva£ure curves. It wasla8sumed that, once cfacking had occurred,
there would Ee an instantaneous increase in curvature without a change in
moment. This assumption ignored the unstable equilibrium states which
occurred during cracking, but was more realistic since the unstable
positions could nevar be obtained for the energy storing type of system
used in loading the frames.

The relationships between curveé for different values of load
and shrinkage were assumed linear or exponential depending on the best

fit of selected data. The largéét difference between the mathematical

model and the actual moment-curvature relationship, with the exception



of the unstable equilibrium positions, was 47.

Because it was only significant at relatively low moments,
the error due to shrinkage in formulating the moment-curvature
relationship was not severe.
9.5. Moment Calculation from Deﬁec Readings
9.5.1. Data from Demec Points

As mentioned in section 8.2., considerable error was possible
in obtaining strain distributions from the Demec gauge points because
of the influence of cracking and.through mis-location of the gauge points.
Curvature over the 8 inch section had to be determined from two géﬁges
only 1 5/8 inches apart beéause the large moments developed reduced the
compressionvafea ok concréte to a narrow band with the neutral axis only
about 2 inches from the compression face. The error in distance between
Demec gaﬁges was * 1/16". This could cause an error in curvature in the
order of 7%.
9.5.2. Calculations

The method for processing strains from Demec readings was
basically the same as thé énalytic solution used to obtain the moment-
curvature curves. However, in ﬁhis case since the strain distribution
for equilibrium was known, no iterative procedure was required. The
forces and moments on the section were computed using the concrete and
steel stress-strain relationship applied to the experimental strain
distribution. An estimate of the precision of a particular section
computatibn was obtained by comparing the axial force calculated by
this method with that expected. Because of the minimum Demec error of
"2 5 microstrain, the precision for low moments was not good. The axial

capacity of the cross-section was very large. For example, an axial
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compressive strzin of 10 microstrain represented a force of about
0.3 kips with zero moment, or 0.1 kips at ultimate moment., A 5%
error in a strain distribution ranging from 1000 microstrain in
compression to SOOOYmicrostrain in compression could cause an error
in "axial" strain of 200 microstrain, enough to indicate an error in
axial force of : kips.' Hence, it was not expecfed that this method
would yield accurate results for forces, its main use was to determine
the moment on a section for a given strain distribution.

Because the méthod of processing test data to obtain
-moments was the same as used in determihing the moment~curvature
relationship used in the frame analysis, it was concluded that a
realistic comparison was provided by this method. As with the sustained
load procedure, strains could have been used directly as the means of
comparing the ;heory and experiments. However, it was felt that
variation in the moment distribution on the frame prévided a more
useful result and a clearer picture of frame behaviour.‘ Also, the
applicability of the traditional methods such as plastic analysis or
slopé-deflectioﬁ could best be considered on the basis of moments
produced in the frame.
9.6. Extreme Fibre Strains from Demec Readings

Comparison of extreme fibre strains was used to correlate
test results and analysis for the sustained load program. The errors
associated with Demec readings were described in Sections 8.1. and 9.3.

This procedure used the Demec gauge results from the
compression zone to determine the curvature and extreme fibre strains.

A comparison was made between the calculated strain (at the level
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of tension steel) and the experimental strain. The difference was
generally in the order of 10 to 30 percent and increased with load.
Based on cccepted theory and on these results, there was
considered adequate justification for assuming that the strain
distribution‘was linear. At high loads severe cracking caused Demec
points‘in the tension zone to be shifted and dislodged in an unpre-
dictable manner so that extreme deviation from the calculated strain
distribution was common. Breakdown of bond between the concrete and
steel also caused severe inaccuracies in strain readings from Demec
gauge points in the tension zone.
9.7. Frame Analysis Using the Moment-Curvature Element Method
9.7.1. Calculations for each Element
The iterative procedure as described in Section 7.5.3. was
used to obtain equilibrium for each element. Calculations were repeated
until the average curvature converéed on an allowable residual of 1%
or 1 x 16_6 radians. Since some errof was inherent in assuming an
average moment to act over a finite element, accuracy depended.on the
number of elements in the frame. Based on the results of errors
presented by Drysdale(s), it was decided that elements ten inches
long would be subject to very small errors due to their finite length.
Because quite large changes in moment occurred over each
element, the number of cycles required for convergence was sometimes
considerable, particularly in the regions where reversal of curvature
occurred. Iterations ranged from three to about fifteen cycles. An
average of seven cycles per element meant 196 cycles per frame solution.
Since as many as 125 frame solutions were required to obtain an

accurate result, as many as 25,000 element iterations could be
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X=COORDINATE ERROR. AT RICHT BASE

AX =
AY = Y-COORDINATE ERROR AT RIGHT BASE
QD = ROTATION ERROR AT RIGHT BASE

MOMENTS (IN-K)

AX = 0.01" . AY = 0.01" 6p = 0,001
LOCATION  "YAGNTTUDE | #* | MAGNITUDE| %* | MAGNITUDE | %%
LEFT BASE 125 13381 - s0.87 |ewsl oi0e | 6ag
TOP LLFT COL. | =-0.68 |3.,78| =0.47 |2.61| =-0.38 |2.11
TOP RT, COL. 0,57 10,251 o7 le2t] -0.58 |o0.2
RIGHT BASE -1.25 |0.66 | -0.47 |0.25| 2.18 |1.15

REACTIONS (K)

HOR. FORCE L i i
g 0,021 |1.50 0.000 | 0.00 0,005 | 0.35
1P ) o e

PERTICAL TORCE ¢ _o'uny . lo.03 0.010 | 0.28] -0.010 |0.71

AT LEFT BASE

TABLE 9.1, MOMENTS AND REACTIONS TOR GEOMETRIC ERRORS AT THE RIGHT BASE

* Percentage of total moment for horizontal force of 6,0 kips and
vertical force of 12.0 kips.
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required at each load level. For 18 load levels this figure could

be multiplied to 450,000 cycles. Careful choice of initial conditions
reduced this figure by a factor of at least ten in the actual computer
runs. On the McMaster University CDC 6400 computer, the computation
time for 18 load levels was about 60 seconds.

9.7.2. Solution for the Frame

Summation of the contributions of each element in the frame
resulted in an error in geometry at the right base. The error in
coordinates and rotation was expressed as a sum, and was compared with
an allowable residual. For the moment~-curvature element method, the
allowable frame error was 0.03 and was made up of the sum of the
absolute coordinate errors plus one hundred times the absolute error .
in rotgtion. Table 9.l.>indicates the significance of these errors
based on an el:sstic solution. A constant allowable error, which meant
that accuracy increased with load, was used in order to reduce computer
time by attempting to keep iterative cycles within reasonable limits.
Because a large portion of the contributing error was relatively
constant throughout loading, a percentage residual would have lead to
an in