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EFFECT OF TIME YIELD IN CONCRETE UPON
DEFORMATION STRESSES IN A REINFORCED
CONCRETE ARCH BRIDGE

I. InTRODUCTION

1. Object and Scope of Investigation—The stresses in a statically
indeterminate structure are of two kinds: (1) load stresses, which are
due to the direct effect of the loads that the structure carries, and
(2) deformation stresses, which are due to a movement of the supports.
Stresses essentially the same as deformation stresses are also produced
if the lengths of certain members change, due to a change in tempera-
ture or other causes, even though the supports remained fixed.

The length of a reinforced concrete arch rib changes (a) because
of the immediate strain accompanying the application of a load,
usually designated as rib shortening, (b) beecause of the time yield in
the concrete, (¢) because of temperature changes, and (d) because of
the shrinkage in the conerete that takes place as the concrete dries. All
changes in the length of the rib of an arch with fixed abutments
change the shape of the rib, thereby producing flexual stresses similar
to the flexual stresses that are produced by moving the abutments
without changing the length of the rib. Since the stress is due to a
change in shape and not due to a load, it is a deformation stress, and,
since the changes, except rib shortening, take place slowly, it would
appear possible that the time-yield property of the concrete might
enable the rib to assume its new shape without incurring the stresses
that would be produced if the same changes in length occurred quickly.

In view of this possibility, tests were made to determine the change
in reactions at the springings of an arch due to the shrinkage of the
concrete, due to the combined effect of shrinkage and time yield due
to dead load, and due to changing the span by an amount equivalent
to a change in temperature of 100 deg. F. In order to simulate the
gradual temperature trends throughout a season, the change in span
was made in five equal increments; each increment was equivalent to
a change of 20 deg. F. and the changes were made at intervals of ap-
proximately 30 days. Readings were taken just before and after each
change in span to determine the immediate change in the reactions.
Subsequent readings were taken at intervals of approximately one
week to determine the change in reactions due to time yield.

A series of tests was also made to determine the effect of the
gradual yielding of the abutments upon the load-carrying capacity of

5



6 ILLINOIS ENGINEERING EXPERIMENT STATION

the arch. The initial readings were taken when the design dead load
was on the structure and when the abutments were in their normal
position relative to each other. Subsequent readings were taken after
each of a number of live loads had been added, and after each of a
number of movements of the abutments. In general, a period of one
week was allowed to elapse between successive abutment displace-
ments to permit time yield of the concrete to occur.

The temperature of the laboratory remained very constant, seldom
varying more than one degree F. during a single set of observations.
The temperature of the air was recorded for all tests, and a standard
temperature was designated at the beginning of each series. Subsequent
tests were made on days when the temperature of the air in the labo-
ratory was found to vary by not more than one or two degrees from
the standard temperature. Moreover, the ventilation of the building
was controlled so that the temperature of the air did not vary by
more than one or two degrees for a period of two or three hours im-
mediately preceding a test. It is believed that there are no appre-
ciable errors in the results due to temperature changes.

2. Acknowledgments.—The tests described in this report are a part
of the research work sponsored by the Committee on Concrete and
Reinforced Concrete Arches of the American Society of Civil En-
gineers. They also constitute a part of the investigation resulting
from the codperative agreement entered into by the Engineering
Experiment Station of the University of Illinois, of which Deax M. L.
ExGER is the director, and the United States Bureau of Public Roads,
of which TroMmas H. MacDonawp is Chief of Bureau. The tests were
planned by the authors in consultation with Mg. E. F. KeLLey, Chief
of Division of Tests, and A. S. GEMENY, Senior Structural Engineer,
both of the United States Bureau of Public Roads; and with Provr.
Grorce E. Brees, E. H. Harper, A. C. Jamwmi, and Pror. Crype T.
Mogris, members and chairman, respectively, of the Committee on
Concrete and Reinforced Concrete Arches of the American Society
of Civil Engineers. The experimental work was done by RavLrH
Kruee and Narnan NewMArk, Research Assistants in Civil En-
gineering.

The tests were made in the Materials Testing Laboratory of the
University of Illinois. The direct expenses of the tests were paid
from funds provided by United States Bureau of Public Roads,
American Society of Civil Engineers, Engineering Foundation, Uni-
versal Atlas Cement Company, Illinois Steel Company, American
Bridge Company, Jones and Laughlin Steel Corporation, Interstate
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FiG. 1. DETAILS OF ARCH

Sand and Gravel Company, Fairbanks, Morse and Company, Lincoln
Sand and Gravel Company, and Neal Sand and Gravel Company.
II. SpEciMENS AND TESTING APPARATUS

3. Description of Specimen.—The specimen consisted of an open-
spandrel reinforeed concrete arch with a deck =o low as to be integral
with the rib at the erown. The dimensions of the arch, given in Fig.
1, were the same as for one span of the three-span arch bridge with a
deck which was previously tested.* The span was 27 feet, and the
rise 6 feet 9 inches. The aggregate and the mix were as nearly as
possible like the aggregate and mix used for the three-span structures.
The mix was 1:3:3 by volume with a 1.2 water-cement ratio. The
quantities for a batch were determined by weight, correction being
made for the moisture content of the aggregate. Each batech was
mixed at least four minutes, and eight 6-in. by 12-in. control cylinders
were made, one from each of eight batches.

The arch was poured June 24 and the forms were removed July 5
and 6, 1933. The surfaces of the conerete were wet when the forms
were removed, and the concrete probably had not shrunk an appreci-
able amount at that time.

The stress-strain diagrams for the control cylinders are given in

*See Bulletin 270, Engineering Experiment Station, University of Illinois.
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Fic. 2. Stress—-Strax Dricrams ror CoNTRoOL CYLINDERS

Tig. 2, and the physical properties of the concrete are given in Table 1.
Figure 3 shows the general appearance of the arch.

4. Description of Control Specimens—Four control specimens
were made for use in studying the magnitude of shrinkage and time
vield in a straight rectangular block of concrete. Each specimen
was four feet long and had a transverse section 9 in. by 12 in., which
is the average of the sections at the crown and springing of the
arch rib. Each control specimen was reinforced with eight %-in.
plain round steel rods, the same as the reinforcement in the arch rib.
The control specimens were poured on the same day and of the same

TasLe 1
PuysicaL PropErTIES OF CoNCRETE FROM CONTROL CYLINDERS

Modulus of

Cylinder Ultimate Stress Elasticity E
No. lb. per sq. in. 108 Ib. per sq. in.
1 3860 4.3
2 3810 4.0
3 3180 3.3
4 2780 3.1
5 3540 4.2
6 3080 3.4
7 3640 3.4
8 3350 3.5

.
-

w
-
8
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F1a. 3. GExeranL VIEw oF ArcH

concrete as the arch, and they were stored in the laboratory near the
arch where the atmosphere was dry and warm. Two specimens were
unloaded throughout the tests; the other two were subjected to an axial
thrust of 240 Ib. per sq. in., approximately the average dead-load
thrust on the arch rib. The change in length of these control speci-
mens was measured on four reinforcing bars, two on the top and two
on the bottom, with a 24-in. Berry strain gage.

5. Description of Apparatus—Figure 3 shows the general appear-
ance of the specimen. The apparatus was designed and built for the
three-span arch bridge that had previously been tested.®

The load upon the structure was produced by suspending concrete
blocks of known weight at the load points immediately over each
gpandrel column. For each load point there was one large concrete
block suspended by four steel rods, as shown in Fig. 3, which served
as a loading platform on which to place smaller blocks that, in com-
bination with the loading platform, constituted the total load to be
applied at a particular point. When the arch was unloaded, the

*See Bulletin 269, Engineering Experiment Station, University of Illinois.
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Fic. 4. WEIGHING APPARATUS AND SUPPORTS FOR ABUTMENTS

loading platform rested upon supports provided for the purpose, and
the loading beam was carried on the steel suspension rods acting as
struts. To apply the load the turnbuckles in the suspension rods were
turned, shortening the rods, until the loading beam came into contact
with the loading shelf. The turnbuckles were then turned, successive-
ly, by small amounts in order, back and forth from one end of the
structure to the other, thereby transferring the weight of the loading
platforms gradually from the supports to the arch. Each load point
on the arch was capped with a steel plate containing a %;-inch steel
ball located in its top surface and at the point of application of the
load. The loading beam had a small steel block attached at the
center of its bottom flange. A depression in the bottom of this block
fitted over the top of the ball in the steel plate on the loading shelf,
thus accurately locating the point of application of the load.

The load at a given load point for a particular test was obtained
by placing conerete blocks of known weight upon the loading plat-
form until the desired load had been obtained. Each abutment was
supported on two vertical-load scales, as shown in Fig. 4. The load
was transmitted from the abutment to the scales by means of jacks,
two for each scale, one on the north and the other on the south side
of the abutment. The contact between the abutments and jacks was
through knife-edges embedded in the abutment, so that the line of
action of the vertical forces weighed by each scale was accurately
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known. An abutment could be raised or lowered without rotation by
extending or depressing all jacks by the same amount; or an abut-
ment could be rotated about a horizontal north-and-south axis by
extending both the east jacks and depressing both the west jacks, or
the reverse. The vertical-load scales were mounted on carefully-ma-
chined steel rollers 10 inches in diameter that ran upon a carefully-
machined track, so the vertical scales offered practically no resistance
to horizontal motion.

The horizontal reaction of each abutment was measured by means
of a horizontal-load scale, as shown in Fig. 4. This scale consisted
of two right-angle levers (bell cranks), one on the north and the
other on the south side of the abutment, that received the horizontal
thrust through links, and converted it into a vertical force that was
delivered to a platform scale. The bell erank had a nominal multi-
plication ratio of 10 to 1, the actual multiplication ratio being de-
termined for each. The link connecting an abutment and horizontal
scale had knife-edge contacts at both ends. The link was maintained
in a horizontal position, and the line of action of the horizontal re-
action was determined from the position of the knife-edge embedded
in the abutment. An abutment could be moved horizontally by turn-
ing the link since it had a right-hand thread at one end and a left-
hand thread at the other.

The strain in the concrete was measured with an 8-in. Berry
strain gage. Readings were taken on two gage lines on the intrados
and on two on the extrados at the section midway between each
pair of adjacent load points.

The angular position of the abutments was determined by means
of extremely sensitive level bubbles, one for each abutment. Fach
bubble was attached to a steel rod embedded in the concrete in the
longitudinal eentral plane of the rib, and normal to the axis at the
springing.

The vertical movement of the abutments was measured with two
hook gages, one at each abutment, connected to the same pipe line
in such a manner that the water surface was at the same level for
both gages at any instant. The vertical movement of the points in
the rib immediately below the spandrel columns was measured with
reference to two steel I beams, one on each side of the arch, supported
on pins projecting from the sides of the rib at the springings. A %4-in.
vertical rod embedded in the concrete, and projecting below the rib
on its center line directly below each spandrel column, had a small
hole in the lower end. The tops of the I beams were connected with
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steel battens directly beneath each spandrel column, and each batten
had a small hole at its center, and directly below the rod projecting
from the bottom of the rib. An instrument, consisting of an Ames
dial having a conical point on its plunger and mounted on a rod
having a conical end, was used to measure the distance from the
lower ends of the projecting rods to the top of the battens, thereby
giving the movement of the points on the arch rib relative to the I
beams,

The I beams from which the deflection was measured were also
used to measure changes in the span of the arch. The beams were
attached to the arch at the east springing, but they were supported
on rollers at the west springing. An Ames dial was attached to the
west end of each beam in such a manner that its plunger bore upon a
steel pin projecting from the side of the arch at the west springing.
This dial indicated changes in the span of the arch.

The apparatus that has been described made it possible to give
the abutments any movement that was desired. That is, each abut-
ment could be given separately each of the three components of move-
ment (X, Y, or ). Moreover, each component of movement could
be measured. Also all three components of each abutment reaction
(H, V, and M) could be determined in magnitude and position from
the scale readings.

III. Resvrts or TESTS

6. Tests to Determine Abutment Reactions Due to Shrinkage.—
Previous to erecting the forms for the specimens, the scales supporting
the abutments were read when they carried only the steel supporting
the abutments. These readings were used as a base in computing the
reactions at the springings of the arch from subsequent readings of
the scales.

The arch was poured June 24, and the forms were removed July
5 and 6. After the forms had been removed and the apparatus at-
tached to the arch, the abutments were brought to their normal posi-
tion relative to each other. In making this adjustment, the span
was changed until the horizontal thrust at the springing, as indicated
by the horizontal scales, was equal to the value of .the thrust as
computed from the weight of the structure. This was approximately
3075 1b. Likewise, in making the adjustment for the angular posi-
tion of an abutment, the abutment was rotated until the moment at
the springing, as indicated by the vertical scales, was equal to the
value of the moment at the same point as computed from the weight
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of the structure. This was approximately 16 000 in. Ib. The bubble
tubes attached to the arch at the springings were then adjusted so
as to bring the bubbles to their mid-position, thus preserving the
normal angular position of the abutments. The readings of the dials,
indicating the normal span, and of the hook gages, indicating the
normal relative elevation, were recorded and used, together with the
bubbles, as a basis for maintaining the abutments in their normal po-
sition relative to each other during the subsequent tests,

These basic readings were taken July 8 when the arch was 14 days
old, and two days after the forms had been removed. Inasmuch
as the surface of the concrete was wet when the forms were re-
moved, the volume of the conecrete had probably changed very little
at the time the basic readings were taken.

The arch carried no load except its own weight during the period
from July 7 to August 11. The abutments were retained in their
normal position and the scale readings were recorded at frequent
intervals to determine the change in the reactions at the springings
due to the shrinkage of the conerete. The results of the observations
are presented in the left-hand portion of Fig. 5. These diagrams in-
dicate that, for the period of 34 days beginning when the arch was 16
days old, the horizontal thrust fell off 540 lb. and the moment fell off
23 600 in. Ib. at the springings. During the same period the control
specimens shrank 0.00010 in. per in., the average value shown by the
diagram of Fig. 6. The shrinkage of the concrete in the arch rib, as
determined from strain-gage readings at sections midway between the
spandrel columns, at the intrados and extrados, was 0.000092 in. per
in., the average of the values for all seetions. This corresponds to a
change in the length of the 324-in. span of 0.0298 in. Using this value
as the change in span that was prevented, the observed changes in re-
actions are equivalent to a horizontal thrust of 18 100 lb., and a
moment at the springing of 800 000 in. lb. per inch change in span.
These observations cover a period from the time the arch was 16 days
old until it was 50 days old. The tests made to determine the imme-
diate change in the reactions due to a unit change in span, described
in Section 8, gave a change in thrust of 25 400 1b., and a change in
moment of 1 313 000 in. Ib. per inch change in span. These observa-
tions covered a period from the time the arch was 216 days old until
it was 415 days old. The ratio of the latter value of the thrust to the
former is 1.40, and the ratio of the latter value of the moment to the
former is 1.64. The fact that these ratios exceed unity may have been
due in part to the low value of the modulus of elasticity of the con-
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Fie. 5. Cuance 18¥ Reacrion CoMPONENTS ACCOMPANYING
SHRINKAGE AND TiME YIELD

crete during these tests when the concrete was green, or it may have
been due to the fact that the time yield in the concrete reduced the
flexural stress due to shrinkage. But, whatever the cause, the unit
stress due to shrinkage was much less than the stress due to a sudden
change in span equivalent to the unit shrinkage and based upon a
value of E for the aged concrete.

The deflection of the arch rib due to shrinkage of the concrete
is shown by the broken lines of Fig. 7. Inasmuch as a deflection dia-
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gram is an influence line for horizontal thrust, there should be a
definite relation between the lines representing the deflection due to
shrinkage, the influence line for horizontal thrust, and the unit shrink-
age of the concrete in the rib. These relationships will be indicated
for load points 4 and 5, the two adjacent to the crown. The experi-
mentally-determined influence ordinate for horizontal thrust for these
points is 0.88.*

The vertical movement due to shrinkage is made up of two parts.
One part is due to the direct vertical shrinkage and is equal to the
product of the unit shrinkage and the vertical projection of the portion
of the arch considered.f The other part is due to the flexural effect
of changing the length of the arch axis without changing the span,
and is equal to the influence ordinate for the horizontal thrust at the
point considered, 0.88 for load points 4 and 5, multiplied by the change

*See Table 9, Bulletin 270, Engincering Experiment Station, University of Illinois.
1" Temperature Deformations in Conerete Arches,” by Professor Hardy Cross, Engineering
News-Record, Feb. 4, 1926, p. 190,
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in span that would have been produced by the shrinkage if the
abutments had been free. The sum of these two parts should be
equal to the vertical movement of load points 4 and 5. The average
unit shrinkage at the end of the 34-day period, as determined by the
strain gage, was 0.000092 in. per in., corresponding to a deflection in
the 324-in. span of 0.0264 in. To this should be added the vertical
movement due to direct vertical shortening, which for this case is
0.000092 X 80 = 0.0075 in. The total computed value of the vertical
movement is therefore 0.0264 4 0.0075 = 0.0339 in.; the measured
value, the average for the points 4 and 5, was 0.0380 in. The com-
puted and the measured values, respectively, of the vertical move-
ment, at load points 4 and 5 at the end of 2-day, 9-day, and 18-day
periods are 0.003 in. and 0.01 in.; 0.014 in. and 0.026 in.; and 0.032 in.
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and 0.035 in., respectively. The measured value exceeds the computed
value in every instance; the difference is about 10 per cent for the
18-day and 34-day periods, the only ones for which the values are
great enough to be measured satisfactorily. This difference between
measured and computed values is large, relatively, but the quantities
themselves are so small that the absolute differences are not greater
than the probable tolerance in the measurements, and they are not
considered as having any significance.

7. Tests to Determine Effect of Time Yield and Shrinkage of
Conerete Upon Abutment Reactions; Dead Load on Structure—After
the tests to determine the effect of shrinkage in concrete upon the re-
actions, described in Section 6, had been completed, the same struc-
ture was used in a series of tests to determine the effect of combined
shrinkage and time yield of the conerete upon the reactions at the
springings when the arch carried the dead load. The dead load used in
this test, No. 1, Fig. 8, was purposely chosen so as to produce a large
moment at the springing.

Preliminary to the tests, the abutments were brought to their
normal position as indicated by the instruments provided for the
purpose. The scales, the strain, and the vertical position of the
points on the arch rib below each spandrel column were read when
the structure carried no load except its own weight. The dead load
was then applied to the arch, the abutments returned to their normal
position, and the readings were again recorded. The changes in the
reactions at the springings due to the application of the dead load
are shown in Fig. 5, and the vertical movement of points on the arch
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axis is shown in Fig. 7. The application of the dead load changed the
moment on the east abutment from — 5000 in. lb. to 4 120 000*
in. Ib., and on the west abutment from — 10 000 in. lb. to 4 106 000
in. Ib. The resulting change in moment at the springing, the average
of the two ends, i 113 000 in. lb. The horizontal thrust at the
springing increased from 2500 lb. to a little over 35 500 lb. The
stress across the section at the springing, computed from the weighed
reactions on the basis that concrete takes tension, varied from 44 Ib.
per sq. in. tension at the intrados to 620 lb. per sq. in. compression at
the extrados.

The dead load remained on the arch for a period of 167 days, and
observations were made at frequent intervals during this time. For
these subsequent readings the abutments were returned to their normal
position relative to each other so that, insofar as it was possible to
bring it about, the only factors acting to change the abutment re-
actions were the time yield and the shrinkage of the concrete. Both
of these act to shorten the axis of the rib. The shrinkage, by
shortening the axis when the abutments are fixed, reduces the hori-
zontal thrust and introduces a bending moment at all sections. The
time yield of the concrete also shortens the arch axis. In addition
to this direct effect of shortening the axis, some engineers hold that
time yield reduces the dead-load flexural stress at sections where this
portion of the stress is large. It had been hoped that the test would
throw some light upon this question, but, if time yield did reduce
dead-load flexural stresses, the reduction was so small that it could
not be detected.

The diagrams of Fig. 5 show that both the horizontal thrust and
the moment at the springing decreased as the test continued. The
question of interest is, are the reductions in the reactions as great
as they would have been if the shortening of the arch axis had oc-
curred in a few hours instead of extending over a period of several
months?

The change in length of the control specimens, described in Sec-
tion 4, is given in Fig. 6. Two of the specimens, represented by the
lowest curve, remained unstressed, and the changes in length are
attributed to the shrinkage of the concrete. Two other specimens,
represented by the middle curve, were loaded axially by means of
calibrated springs to a unit stress equal, approximately, to the average
unit dead-load stress in the arch rib. The change in length of the
specimens is thus due partly to shrinkage and partly to time yield.

*A plus ( 4+ ) moment is one that produces tension at the intrados.
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The upper curve represents the change in length of the rib of the arch
as determined from strain readings on four 8-in. gage lines at sections
midway between each pair of adjacent spandrel columns. The upper
and the middle curve indicate that the control specimens and the
arch rib shortened by nearly the same amount during the period of this
test. The unit shortening of the arch axis was 0.00031 in. per in.; this
is equivalent to a shortening of 0.100 in. for the 324-in. span. The
tests reported in Section 8 indicate that a quick change in span of 0.10
in. without any other movement of the abutments and without any
change in load, produces a change in moment at the springing of
131 300 in. Ib. This is comparable to the reduction in the moment
of 33 000 in. 1b. which actually did take place as determined from the
weighed reactions. The tests of Section 8 also indicate that a quick
change in span of 0.10 in. produces a change in the horizontal thrust
of 2540 1b. This is comparable to the reduction in thrust of 640 lb.
which actually did take place. That is, the change in the length of
the arch axis that oceurred in a little less than six months, beginning
when the arch was a little over one month old, caused a change in
both the horizontal thrust and in the moment at the springing only
one-fourth as great as would have been produced if the change in the
length had taken place quickly. As in the tests of Section 6, it is
not clear whether the reduction in stress is due entirely to time
vield or partly to time yield and partly to the fact that the wvalue
of E for the concrete was less at this time than later when the
elastic constants were determined by a quick change in span. But the
arch had been in a warm dry atmosphere for more than a month when
the tests of this series were begun. Moreover, the tests from which the
change in thrust and moment due to a quick change in span were de-
termined were made immediately after this series was completed. It
would therefore appear safe to assume that E did not vary greatly
between the time of the tests of this series and the time when the
elastic constants were determined by a quick change in span.

8. Tests to Determine Effect of Time Yield Upon Reactions Ac-
companying Change in Span.—After the tests described in Section
7 had been completed the load upon the structure was changed as indi-
cated in Fig. 8 by removing 4000 lb. from each of load points 4 and
5, the resulting load being designated as Dead Load No. 2. This
change was made so that the dead-load moment at the springings
would be small when the abutments were in their normal position,
thereby making possible a considerable change in span without crack-
ing the rib of the arch.
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The abutments were brought to their normal position relative to
each other and a complete set of readings was recorded. The span of
the arch was then reduced 0.036 in., which is equivalent to a rise in
temperature of 20 deg. F., and a second set of readings was recorded.
Subsequent readings were taken at intervals of approximately a week
for a period of about a month, the span, load, position of the abut-
ments, and the temperature in the laboratory being the same for all
readings. The span was then reduced another 0.036 in. and the ob-
servations were repeated. Five reductions in span were made in this
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manner, each equivalent to a rise in temperature of 20 deg. A com-
plete set of readings was recorded immediately after each change,
and at intervals of approximately a week during the periods between
changes, which were about a month apart.

The changes in the reactions are shown in Fig. 9. The straight
vertical portions of these diagrams represent the changes that oc-
curred immediately when the span was changed; the portions of the
diagrams that slope downward to the right represent the changes
that occurred during the period between the changes in span. The
latter changes in the reactions are attributed to time yield and shrink-
age in the conerete. The conerete was 206 days old when the series
began. The unstressed control specimens contracted 0.000025 in. per
in. during this period, and this shortening is attributed to shrinkage.
The stressed control specimens contracted 0.000059 in. per in. The
corresponding free contraction of the arch rib would shorten the span
0.02 in.

The diagrams of Fig. 9 indicate that a quick change in span
of 1 in. is accompanied by a change in the horizontal thrust of
25 400 lb. and a change in the moment at the springing of 1 313 000
in. Ib. The total shortening of the span in the period of the test was
0.18 in., of which 0.02 in. may be considered as being due to the free
contraction of the rib. The remainder, or 0.16 in., would produce
flexure. If this shortening had taken place quickly it would, accord-
ing to the values just given for unit change in span, have been ac-
companied by a change in horizontal thrust of 4060 lb., and a change
in the moment at the springing of 210 000 in. lb. The actual change
in the thrust was 2350 lb. and in the moment was 136 800 in. 1b. That
is, for this test, the effect of time vield in the concrete upon the
horizontal reaction and the moment at the springing due to a change
in span corresponding to a change in temperature of 100 deg. F. in a
period of 230 days was as follows: The horizontal thrust was de-
creased 42 per cent and the moment at the springing was decreased
35 per cent. The fact should be noted, however, that if time yield in
concrete decreases with age and with repeated applications of load,*
then the fact that time yield caused an appreciable reduction of the
deformation stresses in this arch does not necessarily mean that it
would have an equal effect in an arch several years old.

*“Flow of Concrete Under Action of Sustained Loads,” by Raymond E. Davis and
Hurmnr E. Davis, Proc. Am. Con, Inst,, Veol. 27, 1931, p. 837.

“Flow of Conerete Under Sustained Compressive Stress,”” by Raymond E, Davis, Proe.
Am. Con. Inst., Vol. 24, 1928, p. 303.

“Flow of Concrete Under Sustained Compressive Stress,” by Raymond E. Davis and
Harmer E. Davis, Proe. A.S.T.M., Vol. 30, 1930, p. 707
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9. Tests to Determine Effect of Time Yield Upon Reactions Ac-
companying Combined Live Load and Abutment Movements—After
the tests described in Section 8 had been completed the abutments were
returned to their normal position preliminary to a series of tests
planned to determine the combined effect of live load and abutment
movements, The arch was about 480 days old when this series of
tests began. Expansion joints were cut in the deck in the panels
adjacent to and outside of load points 4 and 5. This was necessary
as the apparatus was not strong enough to break the structure if the
deck remained continuous. After the expansion joints had been cut
in the deck the weakest section of the rib was at load point 4, where
the moment due to a change in span is large, and its sense the same
as the moment due to the live load when the latter is distributed for
maximum stress at the section. The design live load used in the tests
consisted of 960 1b. at load point 3 and 2760 1b. at load point 4. The
two loads together were designated as “one live load.”

The initial readings were taken when design dead load No. 2, Fig.
8, was on the structure, and when the abutments were in their normal
position relative to each other. The second set of readings was taken
after one live load had been applied to the arch and the abutments
had been returned to their normal position. The abutments were then
allowed to spread 0.10 in. without rotation or vertical movement and
without change in load. Readings were taken immediately after these
changes had been made, and again at the end of a week. Changes
were made in this manner, increasing the number of live loads and
the spread of the abutments, until the arch carried six times the
design live load and the abutments had been spread 2.0 in. Read-
ings were taken just before and after each change, and again in seven
days, and, for some changes, a third set of readings was taken two
weeks or more after the change in span or load. The reactions of
the abutments were determined from the scale readings, and include
the effect of the weight of the structure as well as the superimposed
load.

The relation between time and the moment at the springings is
shown in Fig. 10; and the relation between time and the moment at
load point 4, the point of maximum unit stress, is shown in Fig. 11.
In these figures the legend, 0.30 in. and 0.40 in., indicates that the
abutments have been allowed to spread 0.30 in. and 0.40 in., respec-
tively; the legend, 2 LL and 3 LI, indicates that the arch carried two
times and three times the design live load, respectively.

The moment at the east abutment was negative (compression at
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the intrados) and at the west abutment was positive, except in two
instances. The effect of the time yield was to reduce the negative
moment at the east abutment and increase the positive moment at
the west abutment. The rate of change was approximately 19 000 in.
Ib. per week, and had about the same value at the end as at the
beginning of the 80-day period covered by this series. It should be
noted, however, that the magnitude of the moment was much greater
near the end of the period than at the beginning. The total change
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in the moment at the springing due to time yield was about 170 000
in. lb., and the absolute moment on the morning of the 80th day,
when the arch carried the design dead load and six times the live
load and the abutments were spread 1.00 in., was 240 000 in. lb. for
the east abutment and 320 000 in. lb. for the west abutment.

The time yield in the conecrete produced a smaller reduction in
the moment at load point 4 than at the abutments. The total reduc-
tion during the 80-day period was 52 000 in. lb., whereas the abso-
lute moment on the morning of the 80th day was 356 000 in. lb.
The increase in moment at load point 4 due to each live load de-
creased as the load and the spread increased, the increase in mo-
ment for each additional design live load from 1 to 6 being, in 1000
in. lb., 49, 37, 36, 23, 31, and — 9, respectively. Likewise the increase
in moment due to each 0.10 in. increase in span decreased, somewhat
irregularly, as the load and spread increased, the increase in moment,
for each additional increment in span from 0 to 1.1 in. being, in 1000
in. 1b., 25, 18, 27, 13, 11, 13, 14, 6, 11, 10 and 6. The moment at
load point 4 actually decreased as the spread increased beyond 1.1 in.,
due to the fact that the conecrete had spalled so badly that the section
functioned as a hinge.

If each increment of live load had produced the same moment
and thrust as the first increment, then the application of six times the
live load in addition to the design dead load and the weight of the
structure would have produced a unit stress equal to 4535* 1b. per sq.
in. If each 0.10 in. of spread had produced the same moment and
thrust as the first inecrement, the spread of 2.0 in. would have produced
a maximum unit stress at the section through load point 4 of 5075*
Ib. per sq. in. This added to the hypothetical value of 4535 due to
load would make a total of 9610 Ib. per sq. in., a value greatly in ex-
cess of the strength of the concrete. Nevertheless the arch carried
six times the live load for several days after the abutments had been
spread 2 in. It is true, however, that there were several large
cracks in the rib, deck, and columns, and the concrete in the rib at load
point 4 was badly spalled. The behavior of the arch under these ex-
treme conditions was of interest, primarily, as demonstrating the
punishment that a concrete arch can sustain and still carry a large
load.

The condition of the structure when carrying four times the de-
sign live load with the abutments spread 0.60 in. is of interest. The

*The unit stress was determined from the thrust and moment on the basis that concrete

takes tension. The authors realize that this method is not satisfactory but, in their opinion,
no other method is any more satisfactory for a badly cracked section.
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stress due to load, based upon the assumption that each live load pro-
duced the same increment of stress as the first live load, is 3640 lb.
per sq. in.; and the stress due to the spread of the abutments, based
upon a corresponding assumption, is 1520 lb. per sq. in., a total of
5160 Ib. per sq. in., which is considerably in excess of the strength of
the control cylinders. Nevertheless the structure was not seriously
cracked.

The maximum stress at load point 4 as computed from the meas-
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ured abutment reactions occurred when the abutments were spread
1 inch and the arch carried five times the live load in addition to the
design dead load and the weight of the structure. The maximum
unit stress under these conditions, computed from the measured re-
actions on the basis that concrete takes tension, was 4480 lb. per sq. in.

The vertical movements of the load points on the arch rib are
shown in Fig. 12. The various deflections are due to changes in load
and changes in span as indicated. The deflection represented by the
difference between a full line and the adjacent broken line is due to
time yield.

The strain in the concrete was measured on two gage lines at the
intrados and two at the extrados on a section midway between each
pair of adjacent load points. For most sections there were cracks in
the conerete that made the strain gage readings of little value, but
there were no cracks across the gage lines at section 4 in the panel
just east of load point 4 at any time during the test, and the strains
on these lines are reported.

Figure 13 shows the deformation in the concrete at section 4 dur-
ing the 80-day period covered by the capacity test. The upper part
of the figure shows the total deformation relative to conditions July
10, 1933; and the lower part the deformation that occurred during the
capacity tests, from Oct. 16, 1934 to Jan. 4, 1935. The deformation at
the beginning of the period was — 0.000536 in. per in. at the extrados
and — 0.000567 in. per in. at the intrados. This deformation is due to
shrinkage, dead load, and time yield. It is interesting to note that,
on Oct. 16, when the arch was approximately 16 months old and car-
ried the design dead load in addition to its own weight, the average unit
deformation in the concrete at section 4 was 0.000552 and nearly uni-
form over the section. Assuming that the deformation in the steel was
the same as in the adjacent concrete, the compression in the steel due
to shrinkage, dead load and time yield was 16 500 lb. per sq. in.

1V. ConcLusIONS

10. Summary of Conclusions—A single test has little statistical
significance and has value primarily in that it may indicate the man-
ner in which a structure functions and direct attention to phenomena
that affect its behavior. The fact that time yield in concrete quickly
eliminates a large part of the stress in the concrete of an arch that
would otherwise accompany early volume changes (shrinkage, initial
drop in temperature, and time yield), has been anticipated by ration-
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al methods.® This test supports the results of analysis, and it would
appear safe to conclude that a considerable part of the early volume
changes have little effect upon the stresses in the conerete of an arch
rib.  Although time yield of concrete reduces deformation stress in
the concrete of an arch, it increases the stress in the steel, a phe-
nomenon that is recognized in the design of reinforced concrete
columns. It is believed that the high compression in the steel is not
a serious source of weakness, providing the rods are supported against
buckling. If time yield in concrete diminishes with age and the
number of applications of a load,} it is possible that temperature
stresses in the concrete of arches a few years old may not be greatly
relieved by time yield.

The fact that the large gradual change in the span of the arch did
not greatly affect its load-carrying capacity has been attributed to the
fact that near the ultimate load a large gradual increase in strain is
accompanied by a small inerease in stress.

*Plastic Flow in Concrete Arches,” by Lorenz G. Straub, Assoc. Mem, A.S.C.E., Trans.
ASCE, Vol. 95, 1931, p. 613, ;

“Plain and Reinforeed Conerete Arches,” by Charles 8. Whitney, Mem. A.S.C.E., Proec.
Am, Con Inst., Vol. 28, 1932, p. 479.

1 “Flow of 'Concrete Under Sustained Compressive Stress," by Raymond E. Davis, Proe.
Am. Cone., Inst., Vol. 24, 1928, p. 303.

“Flow of Conerete Under Sustained Compressive Stress,”” by Raymond E. Davis and
Harmer E. Davis, Proc. AST.M., Vol. 30, 1030, p. 707.

“Flow of Concrete Under Action of Susmmed Loads,” by Raymond E. Davis and Harmer
E. Davis, Proc. Am. Cone. Insi., Vol. 27, 1931, 7.
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Aggregates, by Frank E. Richart and Vernon P. Jensen. 1931. Forty-five cents.

Bulletin No. 238. The Catalytic Partial Oxidation of Ethyl Aleohol, by Donald
B. Keyes and Robert D. Snow. 1931. Twenty cents.

Bulletin No. 239. Tests of Joints in Wide Plates, by Wilbur M. Wilson, James
Mather, and Charles O. Harris. 1931. Forty cents.

Bulletin No. 240. The Flow of Air through Circular Orifices in Thin Plates, by
Joseph A. Polson and Joseph G. Lowther, 1932. Twenty-five cents.

Bulletin No. 241. Strength of Light I Beams, by Milo S. Ketchum and Jasper
O. Draffin. 1932. Twenty-five cents.

Bulletin No. 242. Bearing Value of Pivots for Scales, by Wilbur M. Wilson
Roy L. Moore, and Frank P. Thomas. 1932. Thirty cents. )

Bulletin No. 243. The Creep of Lead and Lead Alloys Used for Cable Sheathing,
by Herbert F. Moore and Norville J. Alleman. 1932, Fifteen cents.

Bulletin No. 244. A Study of Stresses in Car Axles under Service Conditions,
by Herbert F. Moore, Nereus H. Roy, and Bernard B. Betty. 1932. Forty cents.

Bulletin No. 245. Determination of Stress Concentration in Screw Threads by
the Photo-Elastic Method, by Stanley G. Hall. 1932. Ten cents.

Bulletin No. 246. Investigation of Warm-Air Furnaces and Heating Systems,
Part V, by Arthur C. Willard, Alonzo P. Kratz, and Seichi Konzo. 1932. Eighty cents.

Bulletin No. 247. An Experimental Investigation of the Friction of Screw
Threads, by Clarence W. Ham and David G. Ryan. 1932. Thirty-five cents.

Bulletin No. 248, A Study of a Group of Typical Spinels, by Cullen W. Parmelee,
Alfred E. Badger, and George A. Ballam. 1932. Thirty cents.

Bulletin No. 249. The Effects on Mine Ventilation of Shaft-Bottom Vanes and
Improvements in Air Courses, by Cloyde M. Smith. 1932. Twenty-five cents.

Bulletin No. 250. A Test of the Durability of Signal-Relay Contacts, by Everett
E. King. 1932. Ten cents.

Bulletin No. 251. Strength and Stability of Concrete Masonry Walls, by Frank
E. Richart, Robert B. B. Moorman, and Paul M. Woodworth. 1932. Tweniy cents.

Bulletin No. 252. The Catalytic Partial Oxidation of Ethyl Alcohol in the Vapor
Phase. The Use of a Liquid Salt Bath for Temperature Control, by Donald B. Keyes
and William Lawrence Faith. 1932. Ten cents.

tCopies of the complete list of publications can be obtained without charge by addressing the
Engineering Experiment Station, Urbana, 111
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Bulletin No. 253. Treatment of Water for Ice Manufacture, Part II, by Dana
Burks, Jr. 1933. Forty-five cents.

Bulletin No. 254. The Production of Manufactured Ice at Low Brine Temper-
atures, by Dana Burks, Jr. 1933. Seventy cents.

Bulletin No. 255. The Strength of Thin Cylindrical Shells as Columns, by
Wilbur M. Wilson and Nathan M. Newmark. 1933. Fifty cents.

Bulletin No. 256. A Study of the Locomotive Front End, Including Tests of a
Front-End Model, by Everett G, Young. 1933. One dollar.

Bulletin No. 257. The Friction of Railway Brake Shoes, Its Variation with
Speed, Shoe Pressure and Wheel Material, by Edward C. Schmidt and Herman J.
Schrader. 1933. One dollar.

Bulletin No. 258. The Possible Production of Low Ash and Sulphur Coal in
Illinois as Shown by Float-and-Sink Tests, by D. R. Mitchell. 1933. Fifty cents.

Baulletin No. 259. Oscillations Due to Tonization in Dielectries and Methods of
Their Detection and Measurement, by J. Tykocinski Tykociner, Hugh A. Brown,
and Ellery Burton Paine. 1933. Sizty-five cents.

Bulletin No. 260. Investigation of Cable Ionization Characteristics with Dis-
charge Detection Bridge, by Hugh A. Brown, J. Tykocinski Tykociner, and Ellery B.
Paine. 1933. Fifty cents.

Bulletin No. 261. The Cause and Prevention of Caleium Sulphate Scale in
Steam Boilers, by Frederick G. Straub. 1933. Eighty-five cents.

Bulletin No. 262. Flame Temperatures in an Internal Combustion Engine
Measured by Spectral Line Reversal, by Albert E. Hershey and Robert F. Paton.
1933. Fifty-five cents.

Reprint No. 2. Progress in the Removal of Sulphur Compounds from Waste
Gases, by Henry Fraser Johnstone. 1933. Twenty cents.

Bulletin No. 263. The Bearing Value of Rollers, by Wilbur M. Wilson. 1934.
Forty cents.

Circular No. 22. Condensation of Moisture in Flues, by William R. Morgan.
1934. Thirty cents.

Bulletin No. 264. The Strength of Serew Threads under Repeated Tension, by
Herbert F. Moore and Proctor E, Henwood. 1934, Twenty-five cents.

Bulletin No. 265. Application of Model Tests to the Determination of Losses
Resulting from the Transmission of Air Around a Mine Shaft-Bottom Bend, by
Cloyde M. Smith. 1934. Thirty cents.

Circular No. 23. Repeated-Stress (Fatigue) Testing Machines Used in the Ma-
terials Testing Laboratory of the University of Illinois, by Herbert F. Moore and
Glen N. Krouse. 1934. Forty cents. )

Bulletin No. 266. Investigation of Warm-Air Furnaces and Heating Systems,
Part VI, by Alonzo P. Kratz and Seichi Konzo. 1934. One dollar.

Bulletin No. 267. An Investigation of Reinforced Concrete Columns, by Frank
E. Richart and Rex L. Brown. 1934. One dollar.

Bulletin No. 268. The Mechanical Aeration of Sewage by Sheffield Paddles and
by an Aspirator, by Harold E. Babbitt. 1934. Sixty cents.

*Bulletin No. 269. Laboratory Tests of Three-Span Reinforced Concrete Arch
Ribs on Slender Piers, by Wilbur M. Wilson and Ralph W. Kluge. 1934. One dollar.

*Bulletin No. 270. iaboratcry Tests of Three-Span Reinforced Concrete Arch
Bridges with Decks on Slender Piers, by Wilbur M. Wilson and Ralph W. Kluge.
1934. One dollar. )

*Bulletin No. 271. Determination of Mean Specific Heats at High Temperatures
of Some Commercial Glasses, by Cullen W. Parmelee and Alfred E. Badger. 1934.
Thirty cents.

*Bulletin No. 272. The Creep and Fracture of Lead and Lead Alloys, by Herbert
F. Moore, Bernard B. Betty, and Curtis W. Dollins. 1934. Fifty cents.

*Bulletin No. 273. Mechanical-Electrical Stress Studies of Porcelain Insulator
Bodies, by Cullen W. Parmelee and John O. Kraehenbuehl. 1935. Seventy-five
cents.

*Bulletin No. 274. A Supplementary Study of the Locomotive Front End by
Means of Tests on a Front-End Model, by Everett G. Young. 1935. Fifty cents.

*Bulletin No. 2756. Effect of Time Yield in Concrete upon Deformation Stresses
in a Reinforced Conerete Arch Bridge, by Wilbur M. Wilson and Ralph W. Kluge.
1935. Forty cents.

*A limited number of copies of bulletins starred are available for free distribution.
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COLLEGE OF LIBERAL ARTS AND SCIENCES. —General curriculum with majors in the hu-
manities and sciences; specialized curricula in chemistry and chemical engineering;
general courses preparatory to the study of law and journalism; pre-professional
training in medicine, dentistry, and pharmacy.

CoLLEGE OF COMMERCE AND BUSINESS ADMINISTRATION.—Curricula in general business,
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CoLLEGE OF PHARMACY,—Professional curriculum in pharmacy.
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