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INTRODUCTION




For many yesrs now it has been realized
that concrete 1s far from being a truly elastic
'material even within the range of stress allowed in
Igood practice. The phenomenon of plastic yield,
time yield, flow, or creep as it is variously termed
has been recognized for some time but it is only
recently that any adequate investigation of the
subject has been madse.

In this country, Fabeél)in 1927 gave the
results of a series of time tests on reinforced
concrete beams and suggested the use of a provisional
"Plasticity Factor" to allow for the effects of
creep in design. More recently, the Bullding Re=-

' Search Station published details‘ of a comprehensive
!series of experiments devised to arrive at an
abgsolute value of'creep, to determine the factors
by which it is controlled, and to investigate the
‘effects on the stress distribution in reinforced
concrete members. Much work has also been under-
taken by American experimenters, notably DaviéS)and
it is proposed to give here a very brief resumé of
the known facts regarding the creep of plain
ctoncrete before describing the sxperiments carried
out by the Author.

Creep has been defined as "the non-
elastic deformation which takes place with time
When conerete is subjected to stress”. Glanvillé

(1) Figures refer to bibliography, Appendix
No.4.



has shown that the curvature in the stress strain
graph for concrete is due to creep and by an in-
genious method for correcting back to zero time,

has obtained a linear relationship; or in other
words, the instantaneous deformation is proportional
to the applied stress.

(See authors' experiments under lodulus of
Elasticity.)

The deformation of concrete subjected to stress for
long periods at a constant temperature and humidity
is affected by creep, changes in the slastic strain,
and sarinkage, and by observing the two latter
movements in similar control specimens a true creep-!
time curve may be arrived at.

A study of the existing literature on

Creep reveals the following facts.

(1) The rate at which creep tekes place under con-
: . (1),(2);5(3)etc
stant conditions decreases with time
pointing to an eventual state of equilibrium.
Specimens under stress for five years evidenced

(10)
very slignt but still perceptible creep.

(2) Creep is approximately proportional to the
applied stress and this proportionality becomes
(1),(2)
more marked with increase in time.
(3

Davis )found that the cresp was proportionally
greater for high stresses than for low ones but
thouvght it reasonable to expect that the stress-

creep ratlio would become more nearly constant

Within the range of working stresses as the age

increased.



%(5) Creep decreases with the age at the time of

! loading and this decrease is due to a smaller

deformation in the early 1life of the concrete,

the final rates of creep being comparable

| independant of the age at the time of loadiné?)

(4) Creep increases with the quantity of the
aggregate used i.e. lean mixes show relatively
greater creep than rich ones under similar
conditioné?)(z) Glanville found that creep is
approximately inversely proportional to the

quantity of cement used.

(5) Creep increases with an increase in the quantity
(8)(3)

of the mixing water employed.
(8) When tested in air the creep of concrete de-
Creases with the rapidity of the hardening of
(2)
the cement used. Thus the creep is smaller with
Rapld Hardening Portland Cement than with Normal

Portland and still smaller with Aluminous cement.

(7) Por Portland Cements creep is reduced with an

)and is about 50°/¢ less

3
increase in the humidit§
for a concrete completely immersed in water than
for one stored in air with a relative humidity

(2)

of 659/¢. In general, the reverse holds for

Aluminous Cement Concretes.

' (8) 4 well graded aggregate results in less creep or,

the higher the fineness modulus the smaller is

(3)

the creep.



(9)

(10)

(11)

(12)

(13)

Creep 1s affected by the mineral character of
the aggregate being least for limestone and
increasing in the order quartz, granite, gravel,

basalt, and sandstone.

The magnitudes of creep under compressive and

(5)
tensile stresses are approximately equal.

In general, factors tending to increase the
strength and elastic modulus tend to reduce the
creep but no defined relatlionship has been

discovered,

Following the instantaneous elastlc strain
recovery on the release of load there 1s a time
recovery which gives a general shape of curve
similar to the creep-time curve but the mag-
nitude is relatively small and equilibrium is
3)

(
reached in a comparatively short time.

(2)
Glanville gives the following figures for the

creep of 1:2:4 concretes tested in air and
loaded at an age of 28 days. (In view of the
approximate proportionality of creep to stress
these may be quoted in inches per inch per unit
stress.)

Creep per unit length per

1b. per sg. inch at age of
one year.

6
6
6

Aluminous Cement 0«25 X 10-
Rapid Hardening Portland Cement 0°:39 x 10~
Normal Portland Cement 102 x 10



It will be seen from (6) and (13) above
that the influence of the type of cement employed
has been investigated; experiments have been per=-
formed with Normal Portland, Rapid Hardening
Portland, and apluminous Cements, three representative
types. It was felt that a fourth class viz:
Portland-Blast Furnace Cement merited an investiga=-
tion which might give an indication of its behaviour
under sustained stress, and which might yield also,
further data regarding creep generally.

With this object in view Portland-Blast
Furnace Cement was employed in the first series of
tests and thereafter comparative tests with Normal
Portland Cement were carried out under identical

conditions.



DESCRIPTION OF APPARATUS.




The invéstigations described were carried
out in the Strength of Materials Laboratory of the
Univefsity of mdinburgh.

Throughout the tests the temperature was
maintained at approximately 64°F by thermostats and
electric heating elements. Apparatus for the con=-
trol of humidity was not available but wet and dry
bulb thermometer readings were taken simultaneously
with all strain observations thus enabling local
variations in the curves of movement with time to be
explained and giving, also, an approximate mean
relative humidity for the perlod of the tests.

The use of beams at once suggested itselfl
as a ready method for obtaining the sustained stress
for a determination of creep but was abandoned
because of the uncertainty of the actual stresses
which occur in a reinforced concrete beam. The
number and the variety of the flexural theories for
; reinforced concrete were sufficient to prejudice the
investigator against such a method of stress pro-
duction. Axiel losding was considered to be imper-
ative and since the monopolisation of testing
‘machines for long perilods was impractlcable, possible
methods employing hydraulic and gravity loadlng were
considered. These were abandoned on the grounds of
cost or bulkiness and finally the spring loading
apparatus shown in Figs. 1 and 2 was designed.

Essentially, the loading device consists

O0f a rigid welded framework of rolled steel channels
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'with four levers which react on case-hardened steel
knife edges and which give a 7:1 magnification of
the spring loads agpplied at thelr upper ends. This
apparatus avolds the use of very heavy springs with
little sacrifice to accuracy and enables four speci-
mens to be stressed within a compact space. 2
square section brass collar fastened to the end of
each spring by grub screws passes through a square
hole in the web of the vertical channel thus
securing a direct axisl pull on the spring and ob=
viating any tendency to torsion when the load is
applied. A light brass strip attached to the lever
end of the spring registers the deflection on the
collar. Hach spring was carefully calibrated by the
manufacturers under gravity loading and the deflec-
tions corresponding to the desired loads were
scribed on the brass collars; these deflections were
checked in a low capacity testing machine in the

' laboratory prior to use;

The springs were designed to gilve a
deflection of approximately 2% inches under the
Working load. It was found possible to control the
deflections within about 002 in. of the desired
amount, involving a maximum error in the concrete
Stress from this cause of only 08 ©/g. With a lever
device such as described, the creep of the concrete
1s of course amplified but periodic checks were made
on the spring deflections, the loading nuts being

glven g fraction of a turn when it was found



Figv 25

Loading Device.



! necessary. The four springs were designed to give
stresses of 400, 600, 800, and 1000 1lb. per sg.in.
in the specimens but the actual stresses were
slightly higher owing to small differences in the

- lever distances.

At the conclusion of each time test the
springs were carefully checked for creep in the
steel. It was found that the reduction of load
under the prescribed deflection was small, varying
from 09 ©/, to a maximum of 1¢75 ©/,. Thus there
took place throughout the experiment a gradual
reduction in the concrete stress due to the creep
of the steel but this was not of such a magnitude
as to be of great importance. Each spring was, of
course, re=calibrgted before being again employed
for stress production.

The lever distances were carefully deter=-
mined to within 0.01 in. giving rise to a possible
error in the concrete stress from this cause of
about 0+4 9/5. 1In order to avoid eccentricity and
Lo insure a uniform stress across the section the
load was applied through steel balls and case-
Dardened steel platens and, in addition, this
feature provided a useful method of ad justment in
that, by varying the diameter of one or both balls |

Py 1/16 in. the lever was brought into a truly

Vertical position thus allowing latitude for slight

Variations in the length of the specimen.



The loading device was placed at one end
of a table in the laboratory and beside it an un-
stressed specimen for observation of shrinkage was
mounted in smooth V brackets which could offer no
appreciable resistance to movement. The shrinkage
specimen occupied a position of the same height and
lateral spacing as the battery of four stressed
specimens thus permitting the same treatment for
observations of movement. Also, the unstressed
specimen was thus subject to the identical con-
ditions of temperature and humidity.

The whole apparatus, including the
unstressed specimen, was covered by a light wooden
cabinet which could be raised or lowered vertically
by suitable 1lifting tackle attached to the roof of
the lsboratorye. By this means, the extensometers
in particular were protected from the deposition of
dust inevitable with long time experiments. A
hinged door was fitted to the side of the cabinet
enabling observallons to be made readily on all
five specimens. The general layout is 1llustrated
in Figs. 3, 4, and 5.

The weight of the massive welded frame .
prevented any movement and it was quite possible to
replace any particular specimen without disturbing
the remainder. jlso, no risk of error was incurred
due to changes in the scale distance of the extens-

ometers.

After congideration of the relative
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Figo De

General Arrangement.



merits and costs of marketed strain gauges the
optical instruments illustrated in Figs. 6 and 2
were designed and made up at a cost which repres-
ented a considerable saving on the commercial
products.

The extensometer, an adaption of the ILamb
roller mirror type, consists of two spring loaded
elements which grip on opposite sides of the
specimen. Kach element is made up of two steel
flats separated at one end by an 1/8 in. dia. ball
and at the other end by an 1/8 in. dia. silver
steel roller carrying a mirror. The contact sur-
faces are accurately ground and the pressure is
controlled by springs. Strain in the specimen is
imparted as a relative movement to the two flats
waich grip by means of knife edges at a gauge
distance of 8 in. The angular displacement of the
mirror is thus directly proportional to the strain.
The dual advantages of increased magnification and
particularly the automatic elimination of errors
due to rotary or translatory movement of the speci-
men a3 a whole predisposed the Author to use the
two elements conjointly 1lnstead of as two separate
extensometers on opposite sides of the specimen.
Certain modifications were introduced and the
instruments were used in the manner indicated in
Figs. g and 3. (When employing the instrument for
the determination of the elastic modulus it was

found more convenient to use the conventional lay-

out indicated in Figs. 8 and 7.)
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Fig- Te

Extensometer fitted to Specimen for Elastic
Test.
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Fig. 8. Conventional Layout of Extensometer.
(Diagremmatic)

Fig. 9. Layout of Extensometer as Used for Creep
Tests. (Diagrammatic)



A telescope with a vertical crosshair was
employed and this could be mounted directly opposite
the specimens on five vertical pins fitted to a
steel bridge which, along with the horizontsl scale,
was secured to the table at the requisite height by
means of wooden blocks. See Figs. 10, 5 and 4. The
line of vision was reflected back by the two mirrors
of the sxtensometer towards the source. The teleg-
cope was, of course, fitted temporasrily only to the
appropriate pin and to insure that the direction of
the initial 1line of signt was not varied, a vertical
line in the reflecting surface of No. 1 mirror was
scribed directly in the roller axis; also, the
mirrors were so mounted that their reflecting sur-
faces lay in the diametral planes of the rollers.
The vertical line in No. 1 mirror was thus directly
in the central axis of the roller.

In operation, the telescope was swung
until the crosshair coincided with the mirror line,
was locked in this positiorn, and then the scale
reflected through No. 2 mirror was brought into focus
and the readlng taken. 1In spite of the rotation of
the roller, the vertical mirror line maintained its
relative lateral position and, the telescope axis
being fixed, the 1line of vision entering the
instrument was directionally constant and thus the
observed difference of scale reading was a measure
Iof the angular deflection of the two mirrors which

was directly proportional to the strain in the

specimen. (See aspoendix W~ 1)



*8doo88eTe] pus o7sBOg JO Jutqunon

‘0T *S1a




! Some optical difficulties were encountered
I
'in obtaining a clearly defined scale image; teles-

|
cope apertures of varying diemeter were experimented

with until it wes possible to get a clear, sharp
'preflection of the scale. A movable inspection lemp,
with one side shielded, was placed on the table to

' provide for the illumination of the scele and the
derkness within the cebinet insured a bright image
thus enabling the mirror to be brought readily into
the fileld of the telescope. _

The scale was divided into 1/30ths of an
inch and was placed at = distance of 50+5 in. from
the extensometer rollers. With this arrangement,
scale readings of 1/60th in. which were quite possible
with the telescope used corresponded to 1 X 10-5 in.
strain on an 8 in. gauge length and thus per unit

length observations were made to 1.25 x lO"6

in. per
In. Actuelly it wes possible, with care, to obtain
readings to 0063 X lO“6 in. per in. by interpolating
'to quarter scale divisions but it was felt that such
refinement was not justified in view of the other
unavoidable experimental aspproximations.

' The magnitude of the maximum error arilsing
.from the fact that the scale was streight instead

of segmental was investigated; under the most un-
favourable conditions i.e. with the largest possible
rotation, the error was found to be of the order of
'1 o/o and since pormally it would be less than this
figure, corrections were not considered to be

essentisl.



With large deformations a tendency was
noted for the line of vision to be deflected out of

the field of No. < mirror owing to the rotation of

Nos 1, or to be screened by the vertical levers.

| This sometimes necessitated re-setting the mirrors;
the readings immediately prior to and subsequent to
the readjustment were noted (e.g. see Table 1) and
since the operation required only a short period no
appreciable loss of accuracy could result. It
should be noted also, that this adjustment was re=-

guired only after large deformations, l.e. when the

rate of creep was so reduced that the movement
occurring in a minute or two would be quite neglig-
:1ble.

The extensometers were lubricated with a
light oil of low viscosity which insured free move- |
ment and avoided corrosion of the rollers and plates.

Throughout the experiments the whole of the
apparatus functioned well and the Author feels that
'the layout described has much to recommend it. i
:Strain ocbservations were made simply and rapidly; theI
use of several telescopes and scales was avoided and
jmeaaurements with the accurascy required for this type
:of'work were made with quite a short scale distance
and within a limited space.

To study further the effects of time loading
on cements and mortars and to carry out comparative
tests on Normal Portland and Portland-Blast Furnace

Cements the simple beam tester indicated in Figs. 11
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i and lc was designed. The device consisted of a
framework or stool of light steel angles on which
two beams could rest supported at 24 in. span.
Centrally under each beam was pleced a micrometer
bolted to a steel flat carried by the frame. The
micrometers read to 1 x l()-4 in. and an electrical
tell~tale was arranged by securing a light brass
strip to each beam; a small lamp was illuminated
when contact took place between the ball in the
micrometer head and the brass strip thus giving
uniformity and accuﬁacy in reading. The beams were
1l in. square in cross-section and loading was
effected by a cast iron weight through rollers
placed centrally 6 in. apart. The whole apparatus
was placed in a cabinet in the laboratory and the

|

specimens were thus subjected to the same atmospheric

conditions as the cylinders under axial stress.



DESCRIPTION OF EXPERIMENTS.




‘For the first experiments hereafter
referred to as Series I, Portland-Blasi Furnace
cement was employed. Si1x specimens, 2-1—' in. in dia-
meter and 12 in. long were cast in split cylindrical

moulds. While 2% in. is small compared with normal
dimengions in practical concrete construction a
series of tests carried out at the Bullding Research
Statioéa)has shown that between the dlameters of 6
and 3 in. the creep is independant of the size of
the test piece. The mix was 1:2:4 by weight with
crushed whinstone and river sand as aggregates. (See
Appendix No. 2 for Mechanicel Analysis). A water/
cement ratio of 0.55 was employed resulting in a
' relatively dry but nevertheless a workable mix.
Six 3 in. cubes were cast from the same
'mix and these gave a mean crushing strength of 3735
:lb. per sq.in. after 28 days water curing. The
cylindrical specimens were placed in damp canvas for
two days after removal from the moulds and thereafter
were expesed to the air of the laborastory. At the |
Iage of 28 days four of the cylinders were placed in
the testing machine and loaded, the remaining two
being controls for the observation of shrinkage and
elastic movement.

The ends of the specimens were bedded on
'the platens of the loading device with neat cement to
avoid areas of concentrated stress. The test pieces

‘Were first merely held in position with no apprec-

lable load while the extensometers were fitted and
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' the mirrors adjusted.

After the initial reading had been taken

' the desired load was applied by rotating the loading
nut on the springe. The application of the load
required about 5 minutes and even in this short
period some creep took place evidenced by the differ-
' ence in the observed strain and that calculated on
the true elastic modulus as determined by the control
specimen. Observations were then taken every one or
two days initially and at longer 1lntervals thereafter
for a period of 162 days.

The results are shown graphically in Fig.
13. It will be seen that the rate of creep, large
' initially, was reduced with increase in time; also
that the creep and shrinkage were together more than
four times the initial loading strain after a period
of 162 days under stress. In Fig. 14 the elastic
Strain plus creep at different ages is plotted
against stress; the diagram indicates clearly that
creep is approximately proportional to the applied
' Stress and that this proportionality becomes more
Pronounced with increase in age, the curve for 160
days being more nearly a straight line than that for
shorter periods.

The specimen maintained at 840 1lb. per sq.
in. however, showed relatively less creep than the
remaining three and this gave rise to much specula-
tion. The cylinder was cast from the same mix and

the curing and storage conditions were identical. 4
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| slight variation in the quantity of water present at

| casting however, may have taken place owing to a loss
| at the base of the mould thus giving a drier con-

| erete which would be expected to evidence less creep.

This was corrected in succeeding experiments by
| securing an impervious diaphragm to the base of the
mould. It is felt however that an important factor,
which has not been taken account of in previous
: investigatlions of creep, wouldlexplain the difference
viz. the consolidation of the wet concrete. It is
possible that, in spite of precautions to obtain |
uniformity, the consolidation in this specimen was
' more perfect than in the others.
This explangtion is plausible in view of
| the theor§4)in which the change in the curvature of
the creep-time curve is partially due to the pro=-
gressive transference of the load to the inert
aggregate. In a well rammed and thoroughly consol-
idated concrete the aggregate would be cglled upon
to carry a higher load at an earlier date with a
'corresponding reduction in the rate of creep. The
curves indicate also that the proportionality of
creep to stress was good for the first few days i.e.
before large changes in the internal stress distrib=-
ution had taken place.
The remaining three specimens however,

| showed such similarity 1n the shape of the creep-time|

curves and such good proportionality of creep to

8tress that it was felt that undue weight should not
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Table 2 shows strikingly the results of
these tests in terms of an "effective" modulus or
the ratlio of stress to total strain, elastic plus
creep (shrinkage is deducted). On the assumption
that steel has an elastic modulus of 30 x 10° 1n.
per sq. in. the corresponding modular ratios at
different ages have been calculated and it will be
gseen that the ratio, commencing with the low initial
value of 10 for instantaneous loading, rises to the
snormous - from a design point of view - figure of
70 after one year of loasding. (The figures for 6
and 12 months were calculsted from the results of
the specimen at 1040 1lb. per sge.in. which was main-
tained under stress for 400 days).

The results given are in good qualitative
agreement with the published work of other experie
menters; the creep-time and creep-stress curves are

typical in shape for a Portland Cement Concrste but

quantitatively they are unique. The magnitude of

the creep evidenced by this concrete 1s about twice
that for a 1:2:4 Portland Cement Concrete W/C Ratio
0.7, tested in air of 65 /o relative humidity at
the Building Research Statioé22 The low W/C ratio
Of 0455 gave a high strength (3735 1lb. per sq.in. at
28 days) and would be expected to give a small creep;
an elastic modulus of 3.0 x 106 1b. per sq.in. was
Considered to be satisfactory; also, the mean density

Oof the specimens was 147 1b. per cu.ft. =- all

‘6vidence that the concrete was sound. The mean



TABLE 2.

Effective Modulus of Elasticity and
Modular Ratio at Different ages.

Portland-Blsat Furnace Cement, 1:2:4 MNMix (by
weight) 0+55 Water/Cement Retio tested in iir,
Ioaded at 28 Days.

Effective
Time im'ig%“ib' Modular Ratio

pPer sq.in.
At (Instantaneously 3+0 10
| [Loading %Including Creep 2.12 14
After 7 Days 095 32
= 38 * 080 38
* 1 Month 065 48
5 2 Months 0055 55
S 0.51 59
2 e Q47 64
el 0.43 70




! relative humidity during the period was 60 ©/g,
i slightly lower than that in the test referred to,
| but it 1is improbable that this would account for the
. great difference in results.
| That the large value of creep was due to
the character of the cement at once suggesied itself
and further ezxperiments were devised to confirm this.
. In visw of the good proportionality of creep to
| stress snown 1n the first test it was decided that a
single specimen would provide quantitative data for
. longer periods and would thus allow other tests to
' be carried out. The specimen at 1040 lb. per sq.in.
| therefore was maintained under load for 400 days and
' in Fig. 16 the total movement during this period is
shown graphically. The almost linear creep=~time
| relationship from 160 to 400 days is worthy of
notice and would lead one to expect that equilibrium
would only be attained after the elapse of a consid-
erable time.
The longer test of thls specimen enables

a figure to be quoted for the unit stress creep at

with the results of other investigations. After a

period of 357 days i.e. one year from casting the
‘total movement amounted to 2320 x 150 in. per in.
‘Which, after deduction of shrinkege gives a creep of
1499 x 1076 in. per in. per 1lb. per sq.in. This
ifigure represents a movement slightly greater than

that of g 1:3:6 NeP. cement concrete as found by

' the age of one year, a quantiiy useful for comparison
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Glanvilléz) and almost double that of a N.P. 1:2:4
concrete.

The removal of three specimens of Series
I after 162 days loading enabled a comparative test:
to be performed which has been called Series II.
5ix test pieces were prepared, three with N.P. and |
three with .-P.-B.F. Cement to give data regarding
creep, shrinﬁage, and elagstic deformatlion. 4s
before the mix was 1:2:4 by weight with the same
aggregates but the W/C ratio in this case was 0.65.
While it is admitted that an arbitrary choice of
W/C ratio may not give a truly comparative test,
it is felt that this would apply more particularly
to the case of, say, neat cements which are
relatively dry when mixed and that any smﬁll differ-
ences in the ratios for normal consistency as
defined by the British Standard Specification would
be of little account in practical mixes in which
the quantity of water is so much greater.

The specimens were cured in damp canvas
for two days after removal from the moulds, and
were then exposed to the air of the laboratory
until loaded at the age of 28 days. Crushing tests
from the same mixes gave 28 day cube strengths of
2555 and 2905 1lb. per sqg.in. for the P.-B.F. and
N.P. concretes respectively. Incidentally the
reduction in strength from 3750 1lb. per sg.in.
(Series I 0.55 W/C Ratio) to 2555 lb. per sq.in.

(Series II 0.65 W/C Ratio) gilves a good example



e e TS :

sAoT wr pBLPOOT ety 27 o7
ozs (24 00/ 06 o8 274 09 o5 ot os o as
_ A
[ 4087
DR Al e 010 SR e R o o T A
G
+ q O . 4 el+e © +
— X
s ettt
& o ertr o e '
G| g dikcd \.\
R
i
= ] s .\.«\._.
i a + \* ﬁ
P NI (€S ol A B E | e Q
+\ 3
A gl L 3
i | | i ,..M
e - ¢
& >
- :
k\ B oog N
) )
+\ i )
2 Z
\ﬂu%& |
_ a vy Bs.mloy cos  wrbssedey sooo s
AT O R S 1 dN 7 G
| (chog pe) syrbvers 2975
] - L A9)59.0 oo oy Aoz e so pepooy
h-\_v\ W EO wnfs 18N LOSLY LD UL PSS  $E/P4IOD tri) e
- | |
\ 7 v T €2
. _
5 | LI | Ll

ooy




TABLE 3

Comparison of Creep Values of Normal
Portland and Poriland-Blast Furnace
Cements under Comparstlve Conditions.

Percentage
= Greater Cree
NeP. | Po=B.F. i P__Bog.
Series II Conecrete
in.per in. x 10" 660 1100 87
Neat Cement Beams
(in. x 10~4
Deflection) 439 658 50

Mortar Beams:

(do) 160 315 97
Concrete Beagms

(do) 461 562 22

Average greater creep of P.=Be.F. specimens

59 o/o.
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above would apply to the concrete of Series I.
However, although no definite forecast caen be made,
the Author feels, bearing in mind the different
properties of the materials, that in this case tne
linear relationship would not be maintained up to
the age of four years as has been reported for an
Aluminous cement concreté%OJ Also, in view of the
very large movement which took place in the lst
year, it seems probable that further reducticn in
the rate of creep could not be long delayed. Thus,
although the use of Thomas' curve might not give
an exact prediction, it should give some indication
of the final eventual crecp of this concrete after

the elapse of a considerable period of time. For

Limiting Creep
Creep in 1 Year
is 1.3 and so for the concrete of Series I the

28 day loading the value of the ratio

probable final limiting creep will be 2:859 x 10"6

in. per inch per 1b. per sg.in.



BHAM EXPHERIMENTS.




A series of three tests was carried out
with the beam testing device described. 'The beams
were 25 in. long and one inch square in cross=-
section, and were cured in water after removal from
tée moulds until loaded at seven days old. Tests
were carried out on neat cement, mortar, and con-
crste beams and in each case two beuams were cast,
one with Normal Portland Cement and the second with
Portland~Blast Furnace Cement. The aggregates,
mixes, W/C ratios, storage conditions and applied
loads were ldentical and so the experiments were
good comparative tests.

: The following are the particylars of the
beams tested.

Neat Cement:= W/C Ratio 024, 15.6 1b. applied
at 7 days 0ld and maintained for 41
days.

lortar: = 1:3 (by weight ) Leighton Buzzard
Standard sand, W/C Ratio 0.32, 7.84
1b. applied at 7 days o0ld and main=-
tained for 71 days.

Concrete:=- (In view of the necessarily small
aggregate this might almost be con-

sidered a mortar.) 1l:l:2 (by weight)

river sand and crushed granite (up to |

1/4 in.) W/C ratio 0.45, 7.84 1b.
applied at 7 days old and malntained

for 70 dayse.



In each case the initlal deflection on the
application of the load was observed and, since this
required only a very short periocd of time, it is
assumed that the resulis represent the instantaneous
deflection without any deformation due to creep.
Periodic readings were taken throughout the tests
which were concluded by the observation of elastic
recovery on the removal of the load and further
observations of time recovery until equilibrium was ;
established.

The results are shown graphically in Figs. |
19, 20, and 21. In every case the largs progressive
increase in deflsction with time 1s striking. This
is particularly noticeable in the case of the con- |
crete beams; with the Portland-Blast Furnace cement
specimen the increase in deflection due to creep

over a period of 70 days was 7% times the initial
deflection on loading. The very large creep deform-
ation in this test is explained by the high W/C
| ratio necessitated by the shape of the aggregate. !

In view of the fact that creep is agpproxi-
mately proporticonal to stress and is the same Ior
tension as for compression, it follows that at any
. Ppoint in the beam the total strain (elastic plus
creep) is proportional to the stress, and thus
 deformation and deflection proceed proportionately.
It 1s therefore possible to calculate the values of
the "effective" modulus from the deflection data

Provided by these tests. It should be noted that
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| the initlal deflection 1s due solely to the applied

load while during the time period the dead load is

' also operative. ULue allowance however was made by

| calculating the initial deflection caused by dead
load (it was not possible to measure this experi-

| mentally) from the results of the initial applied
loading. Thus the total deflection at any time was
known and the values of the "effective" modulus

. after various periods are shown in Table 4. It will
be noted that in every case the value of the true

| elastic modulus is satisfactory and is in some cases
surprisingly high particularly at the close of the
test. 1In spite of this the values of the "effective"
modulus are very low even after a comparatively
short period of time - evidence of the large effects

,o0f creep, even in the case of a sound material with
la nigh elastic modulus.

These tests were further justifised in that
 they confirmed conclusively the results of the axial
| stress experiments. In every case the Portland-
| Blast Furnace cement showed greater creep than the
.Normal Portland cement under identical conditions,

and this was out of proportion to the small differ-

ences in initial elastic strain.



TABLE 4.

BEAM TESTS.

Negt Cement.

"Effective" Modulus x 108
Time
Normal Port-|Portland-Rlast
land Furnace
On ILoading 5002 274
After 1 Day 236 210
" 3 Days 1.90 149
\ e 147 1.06
O 1.19 0.88
wos M 097 0.71
P A S L 0.87 0+63
True Elastic Modulus
after 41 days 5468 855
Mortar.
On Loading 35+09 258
After 1 Day 2460 2412
" 5 Days 2¢11 1.65
n 7 1.65 1.13
we g 2 1.36 0.84
@ s * 1-22 072
LR T 1-18 069
+ "o orpp oM 1.15 0.68
True Klastic Modulus 299 3¢53
after 71 days
Concrete.
On Toading 33 53
After 1 Day 2448 2431
" 3 Days 1.47 143
n 7 n l.lo 0.99
noq14 " 089 0.72
noog M 0.68 0.54
" go M 0s58 0.43
L 0+52 0447
rue Elastic Modulus =
after 70 days 4+58 Sre

*

the remova

1 of losd.

Computed from the elastic recovery on




TIME OR PLASTIC RECOVERY.




At the conclusion of each time experiment
strain observations were taken for several days

subsequent to the release of the load. In every !

' case an "after effect" or time recovery was noted

quite apart and distinect from the immediate elastic

recovery, and results for the compression cylinders

are shown graphically in Fig. 22. 1In the same way

| time recovery of deflection was observed for all the

beam specimens and these resultis are recorded along
with the creep curves in Figs. 19, 20, and 21l.

In general shape the recovery and creep
curves are very similar, but it will be noted that
equilibrium is reached within about 1C days in all
cases and that the magnitude of the total recovery

is small compared with that of the creep or elastic

'deformation.

Since this phenomenon must affect to some
extent the stress distribution in members subjected
to live loads, the results were studied carefully

with a view to discovering the factors which control

'the magnitude of the recovery. It seems probable

that the period under load, the total creep, and

Possibly the elastic deformation may all affect the

‘magnitude of the recovery but no relationship could

be found for the results given. In Table 5 are
shown the recoveries for the various specimens along

With other relative data. It is noteworthy that the

recovery in the case of the concrete beams - speci-

‘mens of high W/C ratio and showing large creep - was
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very small. Expressed as a percentage of the creep
it will be noted that time recovery is a very
variable quantity and it appears to be likely that
a large number of tests under rigidly controlled

conditions would be required before any forecast

became possible. However, when it is borne in
mind that the normal time of application of live
load is short compared with the sustsined periods

in these tests and that in any case the recovery

is such a small quantity, the whole question becomes
|

one of academic interest rather than one of import—|

ance in practical design.






For the determination of the true elastic
modulus an Olsen 10,000 lb. capacity lever testing
machine was employed (Fig.23) which allowed the
extensometer to be used in the conventional manner
indicated diagrammatically in Fig. 9. In view of
the greater space available 3/16 in. diameter
rollers were employed with a vertical scale divided
in 1/50 in. placed at a distance of 926 in. from
the centre line of the specimen. A light theodolite
provided a suitable optical instrument, and it was
possible to read to half divisions on the scale
which corresponded to 0.5 x 107° in. on a gauge
length of 8 in. or 0.6 x 1075 in. per inch.

With a view to cbtaining a modulus as far |
as possible uninfluenced by creep, the dual pre=-
cautions of a low applied stress and a treble
application of the load were taken. The maximum
stress employed was 302 1lb. per sg.in. and the
control specimen in Series I was tested on seven
Occasions throughout the duraticn of the experiment.
Fig.24 shows typical stress-strain curves at 28
days and at 173 days after four intermediate tests.

In spite of the low stress, hysteresis
loops were marked at first but were much reduced
by repeated application of the load and increase in
agee In the third loading of each test the ascend-
ing curve approximated to a straight line on the
slope of which the modulus was computed. The later

determinations of the modulus revealed very little



Testing Mechine Employed for Elastic
Modulus Determinations.
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permanent set and gave an almost perfectiy-linear
relationship, indicating in common with other
experimental resultéll)that concrete becomes more
truly elastic with repeated loadings. It was notice=
able however, that the modulus, after increasing
slightly from 28 to 42 days, thereafter decreased
steadily, and in Table 6 are shown the values of E
along with the corresponding strains for unit
stress at varylng ages. It is possible that the
initial dry mix and the small dimensions of the
piece both contributed to this unusual result, the ;
rapid drying out being prejudicial to the enrichment
of the gel structure so essentisl to a high elastic
modulus. As noted earlier, however, the changes .
in elastic strain amounted to only a small percentage
of the creep and for thls reason it was not cone
sidered necessary to introduce any correction.

The elastic tests in Series II indicagted
no appreciable changes in the modulus which for
. both concretes remained sensibly constant throughout
. the experiment, apart from small variations due
Probably to differences in moisture content caused
| by the atmospheric conditions immediately prior to
loading.

Attempts were made to obtain the true
modulus of elasticity for instantaneous loading by

the method devised by Glanvilld?) It was found

Iimpossible with the type of testing machine employed

| to apply the increment of load in the short period



TABLE §.

Series I

Values of Elastic Modulus at Different

ABES .

Age in .Value of Modulus Strain per lb.

Deye, |LBamer daain g ot o
=8 5.0 0.333
55 3+04 033
42 3+04 0433
56 2495 0.34
97 2+81 0356
173 2+70 037
380 2453 0+395
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TABLE 7.

1:2:4 Portland-Blast Furnace Cement Concrete, 0.55 W/C Ratio, Tested for the Pirst Time at 316 Days.

Strain after periods of:- (With the exception of the scale readings all strains
are x 106 in. per inch.)

15 Secs. 30 Secse. 60 Secs. 90 Secs. 120 Secs. B o
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iso. This dlagram also shows the instantaneous

| strains plotted to a mnatural scale. Lhe figures for

this test are given in Table 7 and in the penultimate

column it will be noted that the strain increments

 for instantaneous loading are reasonsbly constant

varying from 37 to 41 x 1070 in. per inch with a
mean of 39+4 x 1070 .

It is admitted that with the comparatively
long time periods used in this test the corrections

by extrapolation are somewhat problematical in that

' the extension to the curve is not very clearly de-

fined, but in the example given it is improbable

that the maximum error in the creep corrections

| exceeds 2 x 1079 in. per inch.

At stresses higher than 1412 1b. per sg.in.

' the creep became so rapid that accurate Strain

measurements were impossible. With a material show-

@ing less creep, e.g. Aluminous cement concrete, it

is probable that the linear relationship would be
more clearly defined asnd would be maintained up to
higher stresses. However, the almost perfectly
Straight line in Fig. 26 justifies the conclusion
that a direct proportionality exists between stress
énd strain for instantaneous loading and that the
curvature in normal test results is caused by creep
occurring during the comparatively short period of
the experiment.

A study of the figures and curves given

indicates that an elastic test up to about 500 1b.



| higher modulus of elasticity. On this assumption

per sqe.in. will yield for this concrete, a true
value of the modulus, provided that the time period
for load 1increments does not exceed 120 sec. Nor-
mally the time would be much less than this and it
is probable that the above statement would hold for
all but the poorest of concretes.

Whilst acquiring a technique in the use
of the optical extensometers, elastic tests on
various concretes were performed. Some of the
specimens were poor in quality and insufficiently
consolidated and gave correspondingly low values
for the elastic modulus. Several tests yilelded
curious curves of which those in Fig. 27 are typical.
It will be seen that, contrary to the usual form,
the strains for equal losd increments are grester
at lower stiresses than at higher, belng approximately
constant at 500 1lb. per sg.in. The Asuthor feels |
that, in view of the poor consolidation, the move-
ment at low stresses is largely due to the strain
in the cementitious portion, and only as the stress
rises does the aggregate receive a larger share of

the load and so reduce the movement in view of its

the initial slope of the curve would approximate to
the modulus for the poor and rather porous cement-=

ltious material, while that at higher stresses would

| represent the modulus for the two portions resisting

| the load conjointly.
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SHRINKAGE.




The investigation of shrinkage was not one
of the objectives of this wressarch but formed a
‘necessary part of the work in order to arrive at
creep by deduction. In Pig. 28 are shown the
ghrinkage curves for Series I and II and it is sur-
prising to note that in the former case movement
appears to have ceasged at the age of sbout 100 days.
It is felt that this cessation of sbrinkage is
probably due to the dryness O0f the mix gnd to the
| small dimensions of the specimen which would allow
drying out to take place more rapidly. Fabeél) has
given a curve drawn from a variety of sources
representing the average shrinkage of concrete over
a year and eduilibrium is shown to be attained only
| after the e¢lapss of this period. The value of
250-x 10~% in. per in. from 4 weeks, however, com-
\ pares favourably with the figure of 220 x 10"6 from
Paber's curve. Series II curve is typical in shape
but represents a shrinksge which 1s greater than

the average, a result which the Author feels is

Surface
Volume

coincidence of the two Series II curves iforms in

cavged by the large ratio. The approximate
. itself some check on the experimental methods becauss
_large differences in the shrinkage movemsents of con-
: cretes made from NeP. and P.-B.F. cements would not
. be expected.

Fig. 29 shows shrinkage curves for four
concrete specimens up to an age of 28 days. It is

noteworthy that no movement was recorded until after
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the 3rd day with the N.P. and until after the 4th
:uay in the case of the P.-B.F. specimen, this differ-
ence being probably due to the comparative "slowness"
of the latter. Movement in the early life of con-

| crete 1s clogked by the thermal effects of the

. chemical reaction, the expansion duve to the rise

in temperature tending to counteract the shrinkege.

| The curves show some quantitative differences but

the two cements both give approximately the same
mean value of shrinkage of 420 x 107° in. per in.

at 28 dayse. Again this figure is somewhat higher

than thogse published by many investigators but

|
Matsumot524) found a contraction of sbout 380 x 10"'6

| in. per in. after 28 days with a specimen 6 in. x 6
in. in crogss section tested in a relative humidity
' of 40-80 °/5. The smaller cross-sectional dimensions
of the authors' specimens would tend to give a larger
value of shrinkage, particularly at an early date.

A shrinkage experiment was carried out on a
reinforced specimen of the same diameter with a
' central 3/8 in. diameter mild steel rod giving a
percentage reinforcement of 2+78. Iight rigid arms
- were welded to the bar at 8 in. centres and these
were kept clear of the concrete when casting by means
of rubber tubing which was afterwards removed when
the specimen had set. The extensometer was attached
' to the arms and so the movement of the central steel
' was recorded, thus enabling the stress due to shrink-j

age to be computed. The elastic modulus for the
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steel was carefully determined by a test on a piece
cut from the same bar. Portland-Blast Furnace
Cement was employed and the concrete was identical
te that of Series II. Strain observaﬁidns were
taken for a period of 58 days and the corresponding
steel stresses have been represented graphically

in Pig. 30. A small tenslle stress was first
evidenced, indicating an expansion of the concrete,
but this was rapidly reversed and the stress rose

to a maximum compressive value of 1800 1lb. per sq.
in. at 19 days thereafter falling away to 1200 1b.
per sg.in. at 58 days. A careful examination of

the test piece revealed no evidence of slip but &
reference to Fig. 29 shows a marked reduction in
the rate of shrinkage of this concrete at the age

of about 19 days. Up to this time the shrinkage

is rapid and, in spite of the relief given by creep
in tension, the steel stress continues to rise.
After 19 days it would appear that the rate of creep
is greater than the rate of shrinkage, with a con-
sequent reduction of tensile stress in the concrete
and of compressive stress In the steel. Thus the
development of shrinkage stresses in a reinforced
member is dependant on the relgtive rates of creep |
and shrinkage. Probably Fig. 30 is unique in that
it 1s similar to the stress curve for a member with |
a very high steel percentage or to the concrete
stress curve in a completely restrained plain

member. It should be borne in mind however, that
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'in the present case very large values of creep were
recorded for this particular concrete (Series II.

' Po-BeFs cement) while the shrinkage of an unrein-
 forced test plece was the same as that for a N.P.
%speoimen. In other words the condition represented

' in Fig. 30 is more likely to occur with P.-B.F. than
with N.P. cement concrete. This gives a good
example of the manner in which creep operates to

relieve stress.



CONCLUSIONS.




From the experiments described the author f

concludes that :=-

(1)

(2)

(3)

(6)

(7)

(8)

Cemenis, mortars, and concretes yield with

time under load.

The rate of creep, greatest in the first two

or three months, decreases with time and a
final asymptotic or strain equilibrium state

is indicated.

Creep is approximately proporticonal to the |
applied stress.

Creep increases with the quantity of the |
mixing water used. ‘
A time or plastic recovery follows the immed=
iate elastic recovery on the release of logd
the rate of which decreases with time. Plastié
.recovery 1s small compared with the creep and
equilibrium is reached within the comparatively
short period of zbout 10 days.

Under comparative conditlons the creep of
Portland-Blast Furnace cement concrete 1is
markedly greater than that of Normal Portland
cement concrete.

The creep of Portland~Blast PFurnace cement
concrete, 1:2:4 mix, 0+55 W/C ratio, tested
in aip is of the order 1.99 x 107% in. per in.
per 1lb. per sg.ln. at the age of one year.

In view of the large creep of Portland-Blast
Furnace cement concrete, considerable relief

is offered to the steel stress induced by |
shrinkage.



CRITICAL SURVEY OF CREEP.




The creep of concrete throws much light on%
the physical structure of the maﬁerial, and in
addition lends strong support to the "gel" theory
as opposed to the "crystal" theory. Presuming that
concrete consists of aggregate, cement gel, and
water, creep is well explained by the loss of
collcidal water. The loss of free water does not
affect the volune of concrete but when colloidal
water passes Into the free state a reduction in
dimenslons is noted. Shrinkage is the result of
thils transformation under atmospheric conditions,
and creep is really a shrinkage accelerated by
stress i.e. the colloidal water is forced under
pressure into the capillary channels as free water,
finds its way to the surface and there evaporates.
It should be noted that the shrinkage-time and
creep-time curves are similar in form.

The elastic movement of concrete is, of
course, made up of the deformations of both aggre-
gate and gel, Davié?) however, has shown that
longitudinal creep is not accompanied by apprecisble.
permanent lgteral deformation i.e. there is no
plastic crystal flow and the creep occurs only in
the gel. The conception of a gel structure is in
agreement with the experimental data regarding the
reduction of creep when concrete is maintained wet.
Under these conditions the moisture gradient in the
capillary channels is flat and the rate of seepage

consequently slower. AlsO, concrete under stress



at hlgh temperature shows large permanent set, the
loss of water being greatly facilitated by the
gaseous state. It is probable, under constant
humidity, that higher temperatures even within the
ordinary atmospheric range will cause greater creep
because of the freer movement of the water resulting
from the reduced viscosity and the greater evapora-
tion at the surface. Concrete mixes with high W/C
ratios evidence large creecp and this again satisfies
the theory of a colloidal cementitious structure.
The loss of water in a wet mix would perforce be
greater than in the case of a dry mix with a corres-
ponding increase in the magnitude of the creep. all
experimental creep~time curves tend to a limiting
asymptotic value after a considerable period of
time; this would indicate that all the more loosely
held water had been expelled by the applied stress.
With this theory in view 1t seems im~
probable that the behaviour of large masses of con-
crete can be predicted with certainty from experi-
| ments on comparatively small specimens. While ‘oes‘c(.g”E
E have shown that beﬁween diameters of 3 ins. and 6
ins. creep 1s independant of the size of the piece,
it appears to be unlikely that the same deformation
. per unit stresg will be shown by a member such as
a large arch rib in which the loss of water must
. necessarily be retarded by the dimensions.
Stauélz) proposed an exponential equation

. to represent the time deformation of concrete based



. (13) i
on the results of experiments by McMillan , Fuller
(14) 15 16
and More , Hollisteé ,) Smitﬁ gnd others. The

equation was of the form

p =K P ¢9
in which p is the creep, a function of the stress K
and the time t. K 1s a parameter depending on the
properties of the material and the exponents p and q |
are constants determined by the properties of the
material at the beginning of the stressed condition.
The equation was applied to an elaborate arch theory
and raised much criticism on the grounds that it

represented that deformation must increase progress-

ively for all time under stress. While the equation
might represent creep for a limited time it is clear
that the parameters would require periodic revision
as the age increased.

Thomaé4)has evolved a mathematical ex-
pression for creep based on the assumption that con-
crete i1s compecsed of a cementitious material which
behaves in a viscous manner when loaded, and an
inert aggregate which does not creep. The rate of |
creep 1ls reduced, firstly by the progressive trans-
ference of load to the inert aggregate, and secondly
by the hardening of the cementitious material with
age. With these factors as a basis for analysis

the creep of concrete is expressed 1in the equation

grmsiss [l_e"ﬂ{(t"*a)z-az}]



Where ¢ 1is the creep, C, A, a, and 2z are constants
for a particular concrete, e is the Napierian base,

f is the applied stress, and t the time from loading.

_ With this form of equation creep-time curves have

been drawn which agree well with experimental results
for Nermal and Rapid Hardening Portland Cement
Concretes. The value of this analysis is realized
when 1t is seen that at infinite time the creep
reaches a limiting calue of Cf, and thus the constant
C represents the limiting value of creep under unit
stress.

It is interesting with this theory in mind
to study the approximate shape of the aputhors' beam
deflection curves for neat cement as compared with
mortar. The rapid reduction in the rate of creep
noticesble in the case of mortar at ebout 15 days
under load, 1s absent in the curves for neat cements
for which, after 40 days loading, the rate of creep
is still considerable. This is probably due to the
fact that in the case of neat cement the progressive
reduction 1n the rate of creep is dependant solely
on the increased viscosity of the material, (ignoring
the small quantities of inert matter present) and the
introduction of an inert aggregate tends to decel-
erate the rate.

It has been reporteéa)(10) that sluminous
Cement concrete yields aglmost a linesr creep=-time
relationship from 6 months to 4 years, and the

Author fecls that an explanation might lie in the



theory outlined above. aAn aluminous cement will
attain a high resistance to creep at a comparatively
early date, and in view of the fact that the overall
creep 1s small, it is possible that the transference
of stress to the aggregate is long delayed. Not
only will the cementitious materiscl rapidly attain

a high resistance, but a resistance near to its
maximum, and this fact would explain the almost
linear relationships It 1is easy to picture an
Aluminous cement concrete under load for which the
reduction in the rate of creep in its early life is
due only to the increase in the viscosity of the
cementitious portion, which, after about six months

attains nearly to its maximum resistance, but still

being not wholly elastic continues to yield steadily

and proportionately with time. After an extended

period, the aggregate may be called upon to carry

a higher load with consequent reductlons in the

stress in the cementitious material, and in the rate

of creep, thus finally leading to the asymptotic

condition which would appear to be beyond doubt.
When a compressive load 1s removed from a

concrete specimen, a small time recovery follows

the instantansous or elastic recovery. It is

probable that after the release of the load the

composite material is in a state of internal stress; |

the cementitious portion has deformed, but, owing
to the considerable increase in viscosity it tends

to resist complete recovery and thus induces stress



in the aggregate. The strain in the aggregate due
to this stress is gradually recovered by the yield
of the cementitious material in the reverse direction

to that which originally took place.



LFFPECTS IN REINFORCED CONCRETE.




It is unnecessary to emphasise that the
major significance of creep 1s found in its effects
in reinforced concrete. While structures of this
material have withstood the acid test of long servicg
under arducus conditions, a better knowledge of the |
internal stress distribution is imperative before
any real advance in design can be made. It has been
reiterated that the redistribution of stress result-|
ing from creep does not make reinforced concrete
unsafe, and this is borne out by the rarity of
failures in service structures. The desirability,
however, of a more exact understanding of the actual |
stresses occurring cannot be denied.

Throughout the whole of the literature on
concrete, refereunces to the increasing deformation
of the materisl with time under locad are to be
found. Test loads on concrete structures have
yielded interesting results, considerable increase
in deflection being noted even after a period of
hours. In the discussion of Faber'él)paper, Jackson
cited practical cases of reinforced concrete
structures where creep was evideﬁced by increase in
deformation with time. The Author has 1n mind also,
a large span reinforced concrete floor of recent
date. The floor gystem shows no obvious cracks or
signs of failure, but a light partition wall con-
structed longitudinally over a beam, has developed
a large vertical crack near the floor level. It is

felt that this is visible evidence of the results of



creep and, of course, also of shrinkage but this
latter probably to a lesser extent.

As a result of his experiments, Faber
proposed the use of a provisional "Factor of
Plasticity", or the ratio of eventual to0 original

strain. If e is the elastic strain and ¢ is the
e + ¢
e 3

cregp then the plasticity factor k is a
constant independant of the stress and increzsing
with time. Bxperiments have revealed no definite
relationship between elastic strain and creep, and
in Table 8 are shown the results of the investiga-
tions described here from this point of view. It
Wwill be seen that the values of k vary considersbly
with the different specimens.

Glanvilléz) has evolved a theory to
evaluate the change in the stress distribution in a
longitudinally reinforced concrete column. jsssuming

that the steel does not creep and that there is no

plastic slip he finds

£o
£, = -;375-
1 ac 1 L
and fS = f&. ag < E (L = eC;E )

where £, is the concrete strsss, f; 1s
the concrete siress on loading, e is the Mapierign
base, ¢ is the creep of plain concrete under unit

stress from the time of 1loading to the time under

4, 1

consideration, and b is a constant equal 10 —= —
1 ag Eg

- _E— A fs is the 1increzse in steel gtress due 0

Ee
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. B
'm is the true modular ratio Ei » and a, and ag are

creep, fa is the steel stress immediately On lOading”

!
. _
the areas of concrete and steel respectively.

It will be noted that both cOncrete and
steel stresses are dependant On the value Of ¢, the
former being reduced and the latter increassed as the
magnitude of the creep increases. Direct experi-
mentel corroboration of the analysis wes obtained by
measuring the aeformation of the longitudinal steel
in loaded columns subjected to known constent con-
ditions. Values of ¢ were teken from creep tests on
plein concrete identical to that used in the columns
and gave calculated stresses which were in reasonable
agreement with those obtained by direct mezsurement.

It is interesting in the light of this

theory to calculate the probaple stress in the

' vertical steel of a typical column of P.-B.¥. cement

concrete identical to that tested in Series I.

| Assume that a column 12 in. squere with four 1 in.
diameter vertical bars is loaded at 28 days with

| 137,800 1lb. The true elastic concrete modulus was
!

3 x 106 lb. per sg.in. and with a steel modulus of

30 X lO6 lo.per sg.in. the modular ratio is 10, giving
initial stresses immediately on loading of 800 and

8,000 lb. per sqg.in. in the concrete and steel res-

' pectively, i.e. £, = 800 and f; = 8,000 1lb. per sq.

1n.
B¢
= = 44:8, m =10, |
g W 1 '
b= a—c — 4= = 1.827 % 106 |

s Bg Eg



For the concrete tested, creep plus shrinkage after
one year of loading at 1040 1lb. per sg.in. was 2360
p.4 10'6 » which, after deduction of shrinkage, gives

a unit stress creep of 2+03 x 10~ ° in. per in.

¢ 2.03 x 10~°
g = 1-11
b 1.827 x 10-6
s 1 - 4408
Increase in Steel Stress = fg = 8000 === (1- 61.11)

24,000 lb.per sqg.in.

The shrinkege from 28 days was 250 x 10™% in.per in.

and the steel strain from this cause is given by(17)
s
g Bs - %8 1
Ble ac

where egy = Steel straln due to shrinkage
s = Shrinkage during period considered
Elc = Effective concrete modulus.
250 x 107° _ -6
Thus eg = 992 x 10

=20 x 106 3.14
043 x 10° 140-8

+ 1

giving & steel stress due to shrinkage from 28 days
of 3000 1lb. per sg. in.
Thus after one year of loading the condition is :~

Initisl Stress on loeding 8000 1b./sq.in.

Incresse in stress caused by creep 24000 )

" n u " n  shrinkage 3000 1]

55,000 N

In addition there is the shrinksge stress up to the

age of 28 days - another probable 2,000 1b. per sg.in.,



at least - meking the total stress after one year
of loading about 37,000 1lb. per sg.in., a2 figure
very near to, if not exceeding, the yield point of
e typical mild steel. It should be noted that the
steel percentage is 223, quite a typical figure,
and that the calculation is for a drier mix (0.55
W/C ratio) than would normally be used in practice.
It is more than probable, with a precticel mix of =a
consistency suiteble for reinforced work, that, in
view of the larger creep, the yield point of the
steel will be reached in the case of a Portland-
Blast Furnace Cement Concrete column, even with
normal calculeted design stresses.

Extensive researches into the effects of
creep in reinforced concrete columns have been
carried out in ihe Universities of Illinoiéla)(lg)
and LehigégO)under the direction of a committee of
the American Concrete Institute. Similar tests were
carried out at both Universities, and while some
quantitative differences appear in the results owing
to discrepancies in humidity end differences in
aggregates, the following conclusions were reached
in both cases.

(1) The stress in the vertical steel increases
with time under load as a result of creep
and shrinkage, the stress at the age of one
year being several times the initiesl stress

on loading.



(2) The increase of stress is less for columns
with a higher percentage reinforcement.
(3) The major effects of creep and shrinkage
occur in the first 6-8 months of loading.
(4) The redistribution of stress due to shrink=
age and creep have no effect on the ultimate
strength of columns.
In the Lehigh tests the steel stress in a column with
1% ©/o reinforcement increased from 6,000 to 37,000
lb. per sq.in., the corresponding figures for the
Illinois experiments being 7000 and 24,000 lb. per
8gein. It is pointed out that the variation of
stress distribution in service structures will
probably be great when laboratory tests under pract-
ically parallel conditions ylelded considerable
differences.

It is clear that the combined effects of
shrinkage and creep will induce high stresses in the
longitudinal steel of columns. With low percentages
of steel or with concrete of poor quality, the steel
stress may rise to the elastic limit when further
transference of load becomes impossible, and a state:
of stress equilibrium is reached. While stresses
of this order may appear to be startling from the
point of view of good practice, it does not follow
that the factor of safety is reduced. The bars are
supported laterally throughout their length by the
surrounding concrete, and thus may be called upon

| to carry high stresses without a tendency to buckle.



These considerations however, emphasise a fact long
recognized as a result of ultimate load tests,
namely that the lateral binding in a column is of
greater relative importence than the longitudinal
reinforcement.

In beamg, it follows thet high stresses
will be reached in the compression steel. Cereful
investigations have shown that the possibility of
plestic slip in adhesion mey be discounted, and thus,
the deformations of the steel and the surrounding
concrete being the same, the steel stress increases
with time. By analogy from the case of a column,
high stresses in the compressive steel are not
necessarily aangerous, particularly when adequately
bound laterally. As a result of creep, the neutral
axis of a reinforced concrete beam 1is lowered, thus
reducing the effective lever arm, and thus throwing
en increased load on the tensile steel. This
increase, however, must necesserily be relatively
small, and in addition, there is the possible sup=-

port of the concrete in tension.



EFFECTS IN DESIGN.




The recently published results of experi-
ments on the creep of concrete might almost lead one
to doubt whether the existing theory for reinforced
concrete design is admissible. It is assumed thet
concrete is o truly elastic materiel within the
ordinery range of stress with an elastic modulus of
perhaps 2 x 105 1v. per sqg.in., while actually, as a
_ result of progressive aeformetion under load, the
"effective" modulus mey fall to about, 0.6 x 10° 1b.
per sqg. in., or to 0043 x 10° es in the Authors'
experiments. The more recent text bocks on rein-

forced concrete design e.g.(zl)

merely mention the
phenomenon of creep, and explain that the arbitrary
choice of a modular ratio of 15 does in effect make
some allowance for progressive deformation. It is
pointed out that, with modern cements, the elastic

. modulus of a practical concrete may be 3-4 x 106 1b.
per sq.in., while only 2 x 10® is assumed. Cements
have improved and the knowledge of the fundamental
properties of concrete has been extended, and thus
the continued use of the low value of the elastic

| modulus gives an approximation to the true stresses
under modern conditionse.

The consideration of the effects of creep
in design at once ralses the question as to how the
moments and shears in concrete structures may be
influenced. In statically determinate beams the
moments and shears are, of course, wholly dependant

on the external forces, and are not controlled by



the properties of the materisls of construction. It
would seem, however, prima facie, that in continuous
structures, the progressive yield of the concrete
" would necessarily be an important factor in design.
Nevertheless, in spite of the fact that the solution |
of problems in continuous structures is dependant on |
the theory of elasticity, it should be remembered
that elastic strain plus creep always remains reason-
ably proportional to the stress, and that this
proportionality is more marked with increase in time.
In other words, the total deformation being approx-
imately proportional to the stress, continuous con=- |
crete structures are still amenable to treatment by
the elastic theory, the initial or true elastic
modulus being replaced by the "effective" modulus.

An interesting paper by Dysoégz)appeared
in 1922 in which methods of design were proposed
without any reference to a modular ratio. This
unorthodox suggestion was put forward in view of the
non-elastic nature of concrete, although it would |
appear that creep was only known as permanent set
and hysteresis, and the large deformations which
occur under long periods of time had not been
recognized. With regard to columns, however, Dyson
was fully aware that high stresses might be reached
in the longitudinal steel. He stetes "This con=
traction (shrinkege) induces a longitudinal short-
ening in the steel and may induce so much strain

therein that the stress can actually reach the yield



point of the steel. Thet, however, can only apply

in the case of a moderate quentity of steel."
While shrinkage alone may be unlikely to give rise
to such high stresses in a typical column, it is
certain that the combined effects of shrinkege and
creep under sustained load may cause the steel stress
to reach the yield point, particularly in the case
of a poor quality concrete and a low steel percent=-
age.

It is possible, when all the conditions
are known, to forecast the behaviour of a plain
concrete member by the use of an "effective" modulus
of elasticity. With the introduction of reinforcing
steel, however, the problem no longer admits of a
simple solution, and it has been showéz)that the use
of an "effective" modulus for the calculation of the
steel stress in a column may lead to a maximum error
of 25 ©/y. It is clear also, that attempts to limit
the actuel eventual stresses by the use of the
formulae given would, for normal design purposes, be
impracticable. In actuel service structures the
problem is further complicated by the irregularity
in the application of dead load, veriations in the
magnitude and periods of application of live load,
time recovery, the possible results of "sczle
effect", and variations in humidity and temperature
in addition to all the long recognized factors in
reinforced concrete design which are not amenable

to methematical treatment. Obviously all the



conditions cennot be forecast, and a retional
solution is impossible.
In the "Recommendations for a Code of
Practice for the Use of Reinforced Concrete in
Bulldings" HeM. Stationery Office 1934, the follow-
ing general assumptions are made.
(1) Both steel and concrete are perfectly
elastic.
(2) Conecrete carries no tensile stress.
(3) Plane sections remain plene after bending.
(4) The modular raetio hes = velue &9;%99 (where
3% is the minimum cube strength at 28 days
required ror the works test, X being the
permissible concrete stress in bending.)
Scott and GlanvillégS)commenting on the above state,
"In varying degrees all of them (the above assump-
tions ) are inaccurate and it is known that their
use does not lead to a true conception of the
stresses actually developed. They should be re-
garded as a framework which, when used properly in
conjunction with the appropriate permissible strssses
enables design, the safety of which has been proved
by practical experience and tests, to be meds in a
simple manner and with comparative ease". The
quantity 29%%99 is approximately the value of the
"effective" modular ratio for typical concretes
after one day of sustained loading. Thus the actual

stresses on loading will be greater than the cal-

cvleted for the concrete, and less for the steel,



| and this will be reversed as a result of creep.

With our present comparatively limited
knowledge, this appears to be the only possible
trend in design. A modular ratio is chosen giving
calculated stresses which will be realized only at
one period in the life of the structure, but stresses
which, nevertineless, enable some justification to be
shown for the choice of sections. The increase in
knowledge of the physical propertles of concrete
has brought with it a train of difficulties for the
designer, and it is evident that the results of his
efforts must be a compromise, which, while not
claiming to forecast the true stresses, may still
result in an efficient and economical structure, the

| object of all structural design.



Appendix No. 1.

Proof of Hxtensometer.

| Let the diameter of the rollers be d, and assume =
. strain of e in the specimen. Sj~~
| Then mirror No. 1 rotates Eé'radians and causes a

ce
difference in scale reading of = (D + a) e

No. 2 mirror rotates g% and causesg a difference in

| 28
. scale reading of —3 D.

2e
«+ Total Scale Difference X = =3 (2D + a)

d X
Whence e = > TEB—I—ET
ol ek
¢ (D + %)
Where d = diameter of rollers

scale distance

D

a = distance between rollers.



1.
Por the experiments described 4 = 3 in.

e Z - 003125 in.

It was decided that 1/60 in. on the sczle should

represent 000001 in. strain.

0+03125

fihence 000001

3l
+ |O|~
o

e

(@

(D + ) = 52.08 ins.

20| o

In this case a = 3+1 ins.

Whence D = 50¢5 in.



Appendix No. 2.

Grading of Aggregate.

Sieve. Percentage Residuse.
Sand. Broken Stone.
1/2 in. 0 0
3/8 in. ' 0 448
No.4. 0+5 808
No.8. 541 9645
No.18., 79+ 1 988
No+30. 862 1000
No.«50. 95.4 -

NO.lBOa 100’0 oo



Appendix No. 3.

Standard Tests on Cements.

Normal
Portland.
Pineness (per cent)
Residue on 72 Sieve 038
Residue on 170 Sieve 4.78
Setting Time
°/o water for gauging 217
Initial (hrs.min.) 1 - 10
Final (hrs.min.) 2 = 655
'Expansion. Le Chatelier
after 3 hrs. boiling. leO mm.
Tensile Strength. (lb.per sq.in.)
1:3 mortar
/0 water for gauging. 749
Age 3 days 400, 385,
365, 380,
360, 390,
Mean 380
Age 7 days 420, 440,
405, 440,
430, 415,

Mean 425

Portland-
Blast
Furnace.

15 mm.

78

370, -340,
350, 535,
350, 335.

547
4380, 490,
425, 435,
470) 400.

450
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