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ABSTRACT

The thesis describes an invéstigafion iﬁto the creep deformation of
plain concrete subjected to a cyelic compressive loading. .Under such .
load?ng cqnsiderably inqreased creep occurs, especially in the early stages,

. Qvef that observed for é static stress equal to the mean of the cyclic‘

stress. The increase is greater the greater the amplitude for a given
mean stress, aﬁd greater the greater the mean stress for a given amplitude.

The creep-stress-time relationship can be expressed in terms of a
power‘function expression for early time intervals and a logarithmic

~expression for later stages, if a linear creep-stress relationship is
assuned. | The latter assumption is reasonable for amplitudes of less than
"0k of ultimate as long as the maximum stress is less than 0.55.

‘The increased creep in this linear range is explained in terms of
éhe repeated stress reversals in the adsorbed water layers between gel
particles causing a breakdown in the structufe of the layers and hence
increased mobility of the gel particles. Activation energy calCulatioﬁs
indicate fhat movement of gel particles rather than water movement is
reSponsiblé for the creep process., At stresses ouéside the linear range
there is a large increase in creep which is’shown to be due to load
oriented microcracking.

Though causing increased creep, a cyclic stress below the fatigue limit
has a beneficial effect on strength and modulus, the.tendency being for
concrete to achieve internal structural stebility more rapidly than under

a static stress.,
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NOTATION -

€ - creep

€sp = specific creep

t - timevpﬁru

g - stress‘

0c - Btress at a particular time of aayclic stress
oy - mean stress of a cyclic stress

A - amplitude of stress of a cyclic stress

‘bs - static stress

fﬁ?wfrequeﬁé&‘dfvé éyélic’stress

p‘;:probability of a sponféhéous'éhange‘of thermal énergy
R - Gas constant | S

T - absolute temperature

Q

- activation energy

[
oy

‘rate of actlvation

u - reductlon in actlvatlon energy due to external stress

v ;’constant relatlng stfésé end energy for a stqtlc stress

u, - inéreased reductlon in ectlvatlon energy due to a cycllc stress
‘vc - conutznt relatlng stress and energy for a cyclic stress

a, b, ¢, d, f, g, h, ky ~ constants for empirical relationships, their

’5p801flc use is explalned as they occur

oyl

dlsplacoment
F - force’

viscosity

z
N

=
1

spring‘rate
All stresses in the text, in figures and in tables are expressed as a

fraction of ultimate prism strength unless stated otherwise,’
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CHAPTER 1

;. INTRODUCTION .

1.1 Creep of Concrete .
 Creep is a phenomenon observable in most materials under certain
v conditions of stress and environment., Concrete is peculiar as an‘.
engineering material in that creep is significantﬂat‘norma; 1eve1§ of‘” |
- stress and in normal environmental_condi;ions, “This will of@eg hgvg a
+ibeneficial effect in relieving high stress concentrations. Jtﬁowever,‘,h
~, if creep is excessive under load excessive deflections may result, gausing‘
cracking of slabé or beams, or columns may sett1e sufficigntly”ﬁo_induce
»+ high stresses elsewhere in a structuré,wrh‘%w,
Creep of eoncrete under static loading gonditigps hgs been thoroughly
H,investigated at the phenomenological level atHlegst,_tLquever, its
.. deformational behaviour‘uﬁde: repeated load has receiyedmscant attention,wv
- Failure of concrete at stresses of up to about 35%‘below the short terﬁ
@‘static strength, when the stress is continuously‘applied and‘rgmoved,
.o lees fatigue failure is well known. . Repeated lqadiﬁg‘thus‘hag a
- considerable effect on the structural‘behaviouf of concrete, at least
‘ fof high loads, and it might therefore be reasonable to expect some form
4wwof:e£fept ay‘loyef lqus,‘manifesting itself perhéps in a changed creep
behaviour, creep being one‘qf,the most significant aspects of concrete's

- behaviour under sustained stress conditions below those which would produce

failure. . .

i



The practical implications become immediately apparent in the case of .
bridges carrying high volumes of traffic or concrete road pavements.

1.2 levels of Approach to the Study of Concrete -

... There are two main levels of approach to‘éhé‘study of concrete- =
the fundamental and phenomenological. '

-, The fundamental level is concerned withythe behaviour and interaction
of the constituent parts that is aggregate, water and cement gel with a '
view to explaining the observed characteristics such as strength and creep
in terms of these phase interactions.

The phenomenoleogical approach.is concerned with the behaviour of
concrete as a whole such as its creep deformation under load. This leads
“to a large amount of essentially empirical information, which can be
directly applied in practice, and most creep data to date, since it has
been obtained by engineers for practical use 'is of this nature.’ - This type
of information thoggh, taken by‘itself cannot lead to any realﬂundérstanding
of the actual structure and mechanism of behaviour of concrete, and much
’work is now being done at the fundamental level. - It is when the two
apﬁroéches are brought together as they have been in the study of metals,
that a real understanding of the strﬁcture begins;‘lw"

1.3  Proposals for Present Investigation

Since the information concerning the behaviour of concrete under
‘cyclic loéding‘is scarce the épproéch'to this investigation will be
essentially pheﬁomenéiogical.f“lt may be hoped that besides 'producing
some empirical‘data of practical application, a study of this nature made
in consideration of the fundamental knowledge at present, may helﬁ throw

more light onto the true hature of ‘the creep process.



CHAPTER 2

REVIEW OF LITERATURE

2.1 Previous Investigations

‘ A‘greet amount of work has been done on the creep of concrete for a
large veriety of mixes, curing conditions, environmental conditions of
testing and sequences of sustained 1oading. Neville (1) gives a complete
}uﬁto date account of thc present state of the work. However though the
data on the fetigue of concrete in compression is extensive, very little
has been reported on the effects of rapidly repeated compressive loading
on creep.

. Ven Ornum (8) in the first properly documented fatigue tests showed
‘that the stress strain ourve’changed 1ts shape‘from‘be;ngoonvex'towards
‘the strain axis to concave towards thls ax1s. |

Wllliams (2) reported that succe581ve appllcatlon of loads tended
tol;oearlsethe stress strain curve, and‘hlgh lewvels of loading increased
,Iogpgs modplus. ~ He aiso noticed increased creep aftet each c&ole, though
xeonfysion as to’its‘magnitude‘existed due to‘very large laboratory
tempereture fluctpations. | .

Probst (3, 4) performed the first series of tests to‘measufe the
~strains iﬁ‘concrete subjected to a contiﬁuous cyclic compressive loading:
in this case at a.frequency‘of 6Q ctp.m. ~ He observed thet'as with static
. loading creep diminishes rapidly witﬁ increased age‘of loading,‘whereas the
elastic deformations are compa;atiyely little affected. The elastic |

and‘creep deformations grew with the number of cycles, both of them



stabilising for 73 month o0ld concrete, the elastic long before the plastic.
With 8 week o0ld concrcte no finite limit was established for the creep
deformations, aphenomenon.attributed‘by Probst to shrinkage of the young
concrete.

‘The above referred to loadings at less than é‘so called critical
stress of from 47 to 60% of ultimate. Above this failure eventually
resulted. The stress strain curve showed reversal of curvature énd‘
Poisson's ratio decreased.

Referring to Probst's tests on reinforced concrete in compréssion,a
static load of 7,200 kg. for 12 days produced a greater strain in the
cdmpressivé section of the beam than 1.1 x 106 repetitions of cyclic
‘loadiﬁg Befﬁeen 7,200 kg; and 600 kg. applied pfevidusly at 90 c.p.m. to

6

thg‘same beam. However 0.242 x 10 repétitioﬁs of cyclic loading between
?;200 kg, and 600‘kg. applied after 23'days of étatic loading produced no
further incfease in strain. However réduéing‘the frequency of the cycli;
loading to 22 c.p.m., did produce a further incrcase. Le Camus (5) also
stated that a compression specimén loaded for 1,000 days, unloaded for

200 days then loaded cyclically at 500 c.p.me for 100 hours with the same
maximum load produced no further increase in creep.

Considering Le Camus'(5) invéstigations further, he found that for
threec sets of specimens loaded at 0.15, 0.22 &0.30 of ultimate, 1 million
repetitions of loading at 500 c.p.m. gave creep deformations equivalent
to 2, 27 and 60 days of static loading of the same magnitude as the upper

limit of the cyclic load. Since from this it appears cyclic loading

greatly accelerates creep, the prévious mentioned results on loading



sequence are rather extraordinary.

It is clear that the effects of sequence of static and cyclic loading,
of speed of 1oadihg and the relative magnitude of creep deformation under
equivalent static and cyclic loading conditions need much further
ihvestigation for quantative results to be established. No account was
taken sbove of the relative ages of loading or their respective durations.

'These are however the only results published which attempt to compare
créep under static and cyclic loading.

'The first attempt at a quantative analysis of creep under cyclic
loading conditions was made by Gacde (6). The tests were carried out at
a frequency of 665 c.p.m., the ratio of lower to upper load being either
0.15 or 0.75. Strain was measured using dial guages on all four sides
of the 10 x 10 x 50 cm. specimens, again the tests usually being stopped
to take measurements.  From his results he produced an equation.

= b(N.1072)F
€ = crecp strain o e " N = number of cycles

b is a function of the material end loading eondition

: 5
b=c x99 lO
K tsB

Where oo = upper load, k = ultlmate strength, tgs & secant faodulus
and C is a constant which is depcndent on the amplitude of loadlng. |
R vas a constant (w1th1n the exper1mental accuracy) for each ratlo
of lower to upper stress. The mean value of © was 0.333 and the mean
value of C was 1.82 fér‘upper to lower loéd ratio of 5.14 and for 0.75

the respective values were 0.202 and 1.82.




A rheological model was then used to represent the elastic and
creep behaviour.

Mehmel and Kern (7) made an investigation shortly after this which
‘was concerncd principally with the elastic deformations under repeated
loading at a frequency of 380 c.p.ﬁ. The loading branch of the stress
strain curve showed the reversal of curvature shown by Van Ornum and
Probst, (the more so the higher the load and the smaller the cement content
of the concrete) showing increasing stiffness with increasing load.  The
secant modulus remained constant except for heavily loaded specimens. = The
area of the hysteresis loop decreased during loading. = The reversal of
curvature was atfributed to cracking at the aggregate matrix interface,
the effect not being apparent in tests on hardened cement paste. This
effect of microcracking on the shape of the stress strain curve has been
further documented (9, 10), though not in relation to long term low load
cyclic tests of high frequency.

' Contrary to Le Camus' results Mehmel found that a cyclic load

of upper load Gu and lower load oi gave the same'creep deformation at a
time t as a stgtic load of magnitude dﬁ' emphasising the need for more
investigation into this aspect The strength of specimené subjected to
streesses at which failure did not occur showed an increase of up to 10%.

Raju (11) in investigations into fatigue reported st;ength increases
of up to 15% in specimens subjected to stress cycles at 180 c.p.m., below

the fatigue limit. The area of the hysteresis loop showed a rapid initial



deerease followed by a'slow‘continuing’decreese.‘ehanging to a rapid
iﬁcreaee if fatigue failure occured, but continuing to decrease if failure
did not‘eccur. As‘before the 1oa§ 1ine in all;cases became quickly. .
concave to the stress_axis and’remained.so.

2,2 Limitations of Previous Investigations

The above work seems to have been carried out with no clear objective
ig mind, that is te say generaleinvestigations without specifie eontrolj<,
of the many varlables to enable quantatlve assessment of results p0551b1e.1ﬁ
Clear anomalles are ev1dent 1n the comparxsons of creep curves for statlc,ﬁ_
and supposedly 51m11ar cycllc loadlng tests, and 1n the results for sequence
of static and cycllc loading. Comparlsons were made of load against
number of cycles curves and load against time curves, rather than load
against time curves for both types of loading. The load was removed
for creep mecasurements in cyclic loading tests, yet remained on for static
loadiné tests. Cyclic loading tests were conducted for a few days, &ef
stetic tests were continued for years. No real attcmpf has been made to
‘compare static loading and cyclic loading under identical test conditions
and thus no explanation has been offered for the deformatory behaviour
of concrete under cyclic loading. | |

2¢3  Requirements for Further Investigation

Since the behaviour of concrete subjected to cyclic leading appears
so uncertain it would seem the initial requirements are for a thorough
investigation of the effects of various loading conditions. This should
probaﬁly involve a systematic variation of the 1oadiihits and frequency

in cyclic tests, run in parallel with static tests on identical specimens.

L3
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To reduce shrinkage to a minimum testing would be performed at high
humidity. |

When the precise o7fects of cyclic loading have been established
for one particular con.rete loaded at one partlcular age and under one‘
set of env1ronmenta1 condltlons testing could then be extended to find out
if the established relationships for creep under static loading (such as
the accelerative effects of increased temperature) applie d also to cycllc
loading. The nature of results in the first part would probably give some
good indicétions of such behaviour in the lighf of present knowledgc on the

structure and creep under static loading of concrete.



CHAPTER- 3

PREPARATION OF SPECIMENS

3.1 Matcrials

The cement used foir =1l tests consisted of one batch of blended
repid hardening cemen* (“Ferrocrete"), conforming to B.S.lZ? l958.v An
analysis is éhown in Table A.l. The aggregates were well graded . *°
Nottinghamshire quartzitic gravels., The coﬂrse‘aggregatc had a maximun
nbmiﬁal'aize of §th and the fine aggregatc was 3/'16ths graded sand.
Both aggregates conformed to the limits set out in B.S. 88' 1954, the fine
aggregate corresponding to zone 2 type. Thc fineness modullchre 5 86
and 2.94 respectively. The grading curves are shown in flg. A, l.

3.2 Mix Desigg

A constant mix proportlon of 1:2:4 w1th a water cement ratlo of 0.5

was used throughout the tests., This gave a prlsm strength of between 5,000

end 6,000 llb.f./in.z at 14 days. A histogram of all batches is shown
in fig. A.2:

2.3 Specimen Size

~The strength of concreté prisms decreases Qith increaéed heighf to
width raﬁia. Below & ratio of 1.5 there is a marked increaée in stréngth
and above 2.5 a less maiked Gecrease. The former is due to increased
lateral restralnlngeffn‘ oftheloadlngplatesof‘the machine on the ends
of the specimens and the latier to the tendency towards 1nstab111ty in
slender specimens (12, 13). It was therefore decided to use 3 x 3 x 8
inch conerete prisms which wefe a convenignt size for the testing rigs and

for instrumentation, and which had been used previously for other



investigations here (1k, 11) for fatigue tests, with which it was felt
. some uscful comparisons might be made.

3.4 Casting and Curing .

The specimens were cast vertically into steel moulds conforming to
B.S.1881: 1952. Eight specimens were cast.in each batch, enough concrete
being used to ensure thorough mixiﬁg in the 2 cu. ft. capécity pan mixer.
The pan of the mixer was thoroughly hosed down and excess water tipped
away before use, to ensure even wetting of the pan for each batch.

The spécimens were covered with wet hessian after casting until they
were removed from their moulds after 24 hours and put in the.curing reom
at a temperature of 20°C 1 1°C and a relative humidity of 95%£ e

2.5 Preparation of Ends of Specimens

The ends of the specimens were required to be perfectly flat and at
‘right angles to the sides. The top face could not be adequately smdothed
off before the concrete had set, and attempts to produce a reasoncble
finish by later grinding were unsuccessful. It was therefore decided to
attach 7" x 3" x 3" mild steel loading plates to the specimens using high -
alumina, cement as the bonding medium, which givés high strength after
24 hours.

Eiéht capping jigs were made up as in plate 1, conéisting of a
machined right angle bolted to a ground plate. The loading plate was
positioned as shown, two pieces of " x 1" stcel being laid along the
exposed sides forming a 2" deep cavity into which the paste was put. -

The paste had a water cement ratio of 0.3 and was allowed to Set partially

before uses, The specimens were held firmly into the right angle, lowered



-1 -

onto the cement paste, and clamped in position. The pieces of 3"
steel were removed and the specimen gently tapped down; the cement
paste being squeeééd.outuntil the layer was less than l/i6" thick
(plate 2). This ensured removal of most of the air bubbles. The
operation was repeated on the other end of the specimen 24 hours later.
During this prdcesé the specimens were covered with wet hessian and
polythene sheeting to maintain the curing conditions. Specimens were
generally capped when 10 days old. -

It was found that this method gave accurate alignment of the plates
and excellent perpendicularity. The use of a high strength hardeniﬁg
agent prevents premature splitfing of the ends under high repeated loads
found by Muir (14) and also gives the smallest scatfer of strength

reéults (14, 15).



Plate 1 Plate 2



~ LOADING AND STRAIN MEASURING EQUIBMENT .

"‘4 l Statlc Tests

411 Testzng”

A Losenhausen EPZZO,,aO ton aack was mounted 1n a frame as shown

.:ln plate 3’& The Jack was p051t10ned by four rollers mounted on the

”7__k~3ack 1ocat1ng agalnst four columns rlgldly mounted to the frame. juThe‘v‘d

i i"“gack was drlven from a Losenhausen U H S dynamlc control panel Vla a

j:‘dzls’c,ra,butor.;, Load measurement was by a 12" pendulum dynamometer w1th af,

ﬁ§1full scale deflectlon of 20 tons and accurate to + 1%.: Callbratlon

i

g agalnst a Johanson 25 ton dynamometer showed exact correspondence.‘ Thef

"automatlc load malntalnlng dev1ce caused a fluctuatlon in the load of

“‘+ 0.05 tons or approx1mately O 2% spec1men load. The dynamometer couldi

| qf"be read to O 02 tons.‘;”:ﬂ”

‘y‘h 1 2 Humldlty and Temperature

The Laboratory temperature showed very llttle fluctuatlon and
‘1f’further stablllsatlon was unnecessary con31der1ng the short term nature
of the tests.kw To malntaln the humldlty at as hlgh a level as possible
'the speclmens were completely enclosed in box shaped polythene bags

20 of water was put in the

k”’whlch were made up from polythene oheetlng. 3
‘:bottom of the bag ensurlng no pezt of the snec1men was actually 1mmersed-
uThls method gave a wet bulb depre551on of 0. 2 °c at 20 C correspondlng
’to a relatlve humldlty of over 98%.“¥ The air gap between the polythene

and the specimen was about %" t The load was applled to the spec1men

'through the polythene coverlng the ends.

R -



Plate 3



- k,1,3 Strain Measurement

e

The method was the same as adopted for the cycllc 1oad1ng tests

described in 4 2, 8

4.21 Cyclic'Loading Tests ;

4, 2 1 loading Machlne

The cycllc loadlng tests were carrled out on a Losenhausen U H S 60
universal‘fatigue testing machine(Plate 4)which could apply a max1mum
statio’ioad,ot 60 tons and a‘maximum‘cyclichload'of Lo tons. The -
“frequencies of 1oad1ng avallable were nomlnally 190, 240, 300, 380 460,
580, 720, 860 Copelle

The pr1n01p1e of this machlne is two opposed plstons actlng on a

single cross head, one providlng ten81on, the other compre851on, supplled

by separate pumps. The compresslon and ‘tension are ipitially balanced

to produce the requlred mlnlmum speclmen load. The pulsator is sw1tched

‘on and 1ts amplltude of stroke 1ncreased gradually. Thls causes the tension
pressure to fluctuate cyclically from 1ts 1n1t1a1 maximum value to a lower
value then back agaln and hence the spec1men load to increase then decrease
to the orlglnal minimum correspondlngly.’ The compression pressure. remainss
relatlvely constant due to a large lamplng reservoir of oil in the c1rcu1t.

A complete descrlptlon of the machine may be found in (16), a schematic
drawing of the 1ayout is shown in fig. k.1,

k.2, 2 Load Time Curve

The load time curve produced by the machine was nominally a sine

wave., = However it was found that at speeds greater than 580 cep.m. -
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espe01ally w1th close upper and lower 10ad llmlts cons1derable dcparture
from a 51ne wave occured w1th two maxlmum 1oad peaks and hence 1t ‘was
necessary to 11m1t the maximum cycle speed to the above value.

4 2 3 Load Measurement

For statlc tests 1n thls machlne a 12" pendulum dynamometer w1th

i iy
Gy ,‘r,.x‘;

an F S D. of 60 OOO lb. accurate to lm was used. For measurement

of the upper and lower loads under cycllc 1oad1ng two 8" spring type

0

gauges were uscd. These measured the dlfference between compression and

| ten51on pressures when the pulsator‘was at the t0p and bottom of its:
‘strokevthrough a system of rotary valves. They could be read to 200 lbs.l
and were accurate to 3/. o
‘ An electrlcal re51stance load cell used in con;unctlon with a

g g i L

Ptekel 540 DNH stramn indlcator and an osclilloscope was used as a

, check on the machlne dials and also to provide the load time curve. '
ke 2 4 ballbratlcn 1 ‘5 ’ ‘

The machlne was‘callbrated bj the’factcry 1muedrateljvprlcruto f ;
itesting.r; From thls the 25T. Johanson dynamomcter was callbrated and .
pfound to pe 1n exact agreement and thls was hence forward used to callbrate
;all‘éqﬁip;snt used at regular 1nterva1‘u‘yxhw“"ﬂ‘ G L

4 2 5 Humldlty and Temperatule td L ‘ ' : RO

The methcd adopted for humldlty control was the same as for the statlc

- tests described 1n 4 1 2. The tests were done in the same 1aboratory.
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4,3.6 Strain Measurement Device, Number of‘Gauges and Gauge Length
‘The‘facﬁors‘influencing the choice of strain measurement
‘eevice were!
i. Seﬁsitivity and accuracy
é; ‘Ability fe meesure cyclic strain of fairly high.frequency
| 3. Mefhod)ef aftachmenf to specimen
”‘4; Zero stabillty under hlgh humldlty condltions
5.v Number of gauges requlred on one spec1men
| 6. Gauge 1ength and over-all size
The choice of gauges avallable are: |
1. Mechanlcal |
2. Electrical Resistance
‘3; ‘Semi-conductor o
b, ‘Aeoustic |
| Meehehical geuges heve too low freqﬁency response fof cyclic
load epplications, except for‘lambs mifror roller exeensometers.
However 1t is not possible to measure axial straln and lateral strain
together with these and 1t was thought vibration would affect them so
they Qere not chosen initially.
Aeoustic‘gauges cannot be used for cyclic strains and seei-condﬁctors
are very temperature end humidity sensitive; | |
It‘was therefore decided to useieiectrical resistance strain gauges,

and a method of protecting them and mounting ‘*hem was developed .
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as i,n be3.7.

i po
by .

The minimum gauge length con51dered satlsfactory for the ! aggregate -

21
used yas_Z in, (17). . From investigations it was‘fouhd that two gauges
ohlopposite”raoesﬂofuthevspeoimeh gave)sapisfactory resdl;s f??;?h?cm?aﬁwuw
conpressive strain. The lateral strain was messured using o gauges
placed at mid-height on opposite sides of the specimen. | ‘

h.3.7. Development of Flectrical Resistance Strain Gauges e

lhternalwmountdng‘was’considered,_but‘itawas not possible to develop

, an‘easilyvappliCable‘method of location which would stand up to normal , .

Q§§tingf;fﬁTh¢?9;i§:als9 no easylmeahe:of”oheoking the final alignment

 of the gauge before testing. Surface mounting wes wnsuitable due to the

necessity'With ‘this of drying the surface of the epeciden and the need

~to water proof the gauges.,‘} ,

‘ A form of 1n-surface gauge was therefore developed from that descrlhed

‘tln (18).”1 A Tlnsley 2" epoxy backed f011 gauge was stuck foml 51de up
with double 51ded tape to thln card, whlch had been prev1ously glued to

' ,hhardboard w1th rubber solutlon.,j Thls held the gauge flat and enabled

'oasy removal after preparat1on was complete.‘  A layer of Araldlte MY?E}

‘castlng re51n was brushed over the surfaca, whlch had been cleaned w1th

trychloroethylene, and allowed to harden for 24 hours.,yzA;eecondwlayer

| of‘re51n“was‘brdsheduover theﬂflrst‘and amlayerﬁof‘flhe_eahd sprinkled‘in

excess on tdﬁ._lffhe‘gauge Was‘fhen put‘in ah‘oyeh‘for 2 hours at 95°C

‘to glve complete curlng of the Araldlte.;dVOh removal from the oven excess

sand was brushed off, and the gauge was removed from the hardboard with
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a sharp knife, and the cardkeasd and tape peeled away. A completely

water proof unit was fhus formed with an excellent bonding surface (plate 5).
The gauge was then giued to the mould with rubber solution and casting and
stripping cérried out in the normel way (the gauge coming easily away from
the mould). Imﬁediately prior to testing thelbackingVWas scraped away

© from the soldering tags, wires were soldéred on ih the normal way and the
joint was covered in dijel waterproof wax. - Gauge alignment was excellent
and the ground resistaﬁce was morevthan 506 MQ |

Static tests showed.excéllent agreement with both ordinarily mounted
electrical resistance gauges and Demec gauges.

For cyclic strain measurement the gauges were connected in a full
bridge circuit to a 540 DNH Peekel strain gauge bridge. In conjunction .
with an oscillograph using a zero method for bridge balance a sensitivity
of 1 X10f6 strainwwas obtained.“, However after several cyclic.loading
‘tests quite severe zeré drift became apparent. It was thought this could '
be due to rapld temperature changes w1th1n the spec1mun due to cyclic .
1oad1ng or p0551b1y fatﬂgue at the soldezed 301nts. However no solutlon
could be found and thelr use was abandoned for cyclic 1oad1ng tests of
any‘length.‘ Thelr use was contlnued for very hlgh 1oad tests in whlch
fgilure occured. | The shprt time of these tests and the large strains
Hinvolved méking fhe drift acceptable. Also with the Peekel connected
to a U.V,. recorder automatlc recordlng was obtained to failure,

i

It would seem that electrlcal r651stance gauges are unsuitable for



Plate 5
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16hg‘tefm cyclié strain measurement in concrcte. However under long -
térm%stéticjtest conditions the results proved excellent and it is felt
that their use could be much wider.

4,3,8 Lambs 4" Mirror Roller Extensometer

Tests were made on steel using thesc gauges and tﬁey ﬁere found to
be completely unaffected by the vibration of the specimen, and they had
a sufficiently high frequency response. Their zero stability is excellent
and the accuracy determined by the accuracy of machining is better than
0.01%.

A telescopic syétem of measurement was unsuitable for cyclic loading
and a cross wire frbjection system, shown schematically in fig. 4.2 was
used. The cross wire consisted of & slide made by photographing a thin
“black line drawn on white card. This gave é projected image (using an
~Aldis 1,000 watt bulbed projector and later a Rank Hylité 150 watt™
- quartz-iodine bulbed projector) a quarter of a millimetre Qide and of

sufficient intenéity to make the maximum and minimum‘strain values clearly
discernible (Plate €).

Using a‘millimetre scale at a distance of about 185 cms, from the
specimen, strain values-could be measured with an accuracy of
+ 2,5 x 10.6 strain. An efror in positioning the scale of 1 ;m.
produced an error of measurement of only O0.5% and it was easily possible
to position the scale within 0.5 cms. using a tape.

Two gauges were clamped on opposite sides of the specimen outside
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the polythene‘énélosuré. ~ Small slits were cut in the polythene opposite
the knifé’édges.‘-‘Theéevhad no significant effect on the humidity

conditidns",_(ﬁlaté,7).



Plate 6



Plate 7



i Kmfe edge

cophoedor o A
: L

USSR e A11 " FN ) G

o specimen . oo

F'Q 42 Schematlc arrangement of Lamb s extensometer
equapment SO T S e R




TESTING PROGRAMME TESTING PROCEDURES AND METHODS OF ANALYSIS

; :
FECGE A

5.1 Testing Programme

In the liéht of the previous discussions the following testing
c‘:pfogramme was decided upon. ‘It can be basically eplit up into two parts.
?art‘l pfovides the essential results for an attempted qcéntativefassessment
;‘of the effects of cyclic loading especially as compared with static loading
cn creep,'and Part II mainly quaiitative results comparing some aspects of

statlc and cycllc 1oad1ng other than creep, i

R ‘ Part I R i SLE | B iy DU P gy gt e o7

l. To study the. effect on both elastic and creep deformatlon of v wat
u;systematlcally’varled,upper‘and‘lower‘load limits for cyclic’
2; To compare -the: creep curves of what are to be considered similar
! statlc and cycllc 1oadings.'m;gfmmVuJuv*frfw:~~F;~*
c‘3- To investlgate the effects of: sequences of. statlc and cycllc‘ﬂy;,»;xﬂf‘f
loadlngs on the creep deformatlons.,ehv”
g 4. To 1nvest1gate how the frequency of cycllc loading affects the
- creep deformatlons. ‘fphva,yv"fuv[pﬁﬂﬁyfgft;'w«,
HthI T |
1. To 1nvest1gate the rise 1# temperatﬁre a55001ated with rapid .
‘x‘cycllc loadlng.f‘c.eeef~zwifvfﬁjh¢{5;u‘ 3uyﬂftgr;‘~»
2. To compare the changlng shapc of the stress straln curve and
the area of the’ hyster651s loop undcr cycllc loading w1th that .

undcr statlc 1oad1ng.

,‘20 -
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3., To determine if significant strength gains occur under cyclic -
. loading.
b4, To determine the effect of cyclic loading on the elastic
strain., |
 One mix, one set of environmental conditions and one age of loading
will be used throughout the testing programme, as it is considered £hat it
is of most importance to try to establish the nature of the creep process
under cyclic loading as compared with static loading.: Variations in mix,
age of loading etc., it seems likely, will have similar effects as in
N static‘loading,'but"investigafions as to whether this is true or not -
must be left until more is known about the effects of the type of loading.

5.2 Testing Procedures -~ ' '« oy

5.2¢1  Strength Determination -

' The ulfimate strength of each batch of eight prisms was determined
ffdm’a mean 6f af first five, then three specimens wheh sufficient quéiity‘
control‘héd béen obtéined‘tb obtain a satisfactory standard deviation.

All tests were carried out in a Denison 50 ton loading machine and the
specimens'wéré loaded at the staﬁdard rate of 2,000 ib.f/in.2 per minute.

5.2.2 - Static Tests

One prism was sealed in ité polythene container and themspecimen |
- was set up and the‘extehsometer‘attached and lined up, as for the cyclic
loading tests., ~ A ball seating at the base of the jack compensated .

for any non-perpendicularity of the end of the specimen. Having taken
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‘the zero reading the load was increased at a steady rate to maximum,

the zero strain reading for creep being taken after 30 seconds.-

1 5,2.3 Cyclic Loading Tests

- 'One prism was sealed in its polythene container and located on |
the machine loading plates by alignment witha 33 x 3" gfound plate which
" was pegged in position centrally. ' The extensometer was attached and
al¥igned to give the most definite cross wire image. The load was
applied through a 2" ball seating above which was a 3" diameter 30 ton.
" capacity load cell.

One preliminary static‘load cycle. was performed to determine the
modulus and hysteresis‘loop area; The lower load was then set up and
the pulsator switched ﬁptto the required spéed; Because of the nature
of the %achine the amplitude of the léad cycle could only be gradually
increased to the maximumlload‘§alue the'prdCeSS taking about 500 cycles

“or £ of a minute.  The time zero was taken as halfway between the start
B of‘iﬁéreasing emplitude and maximum amplitude. ' It'was also because

" of this that an initial load cycle had to be performed to obtain the
zérd‘for cfeep deformation. ' The number of cycles‘wés recorded with
an impulse counter counting in tens. = The frequency depended slightly
'oﬁ load vafjing from about‘585 to 587 c.p.m., but it was conStént
throughout a‘particular test. :‘

- At the ehd’of a tést‘thé specimen’was usually tested statically to |
failure to‘compare the gain in strength with that expected for an

unloaded specimen.
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5.3 Definition of Strains Measured

Creep strain is Cefined for a static test as the increase in strain

from a point 30 seconds after application of the static load.

~ _For a cyclic‘loading test, the creep strain is taken as the increase
in the strain measured at the maximum load point of the cycle, above the
value recorded at this point on the first cycle.

5.4 Method of Analysis of Results

- For both the static and cyclic loading tests the creep curves for

cach test were fitted to the four basic equations:
b

e = a.t : N (1)
log(e)= a + b, log(t) | (2)
e =b.log (£t +1) , (3)
Y sarv/t (4)

(e = creep, t = time} a, b = constants)
- BEquation 2 represents.the lipearisedform of equation 1 and equation 4
is the lipearisedform of the hyperbolic equation, ultimate cree§ beihg
1/;. | The fitting was done ﬁsing the method Qf least squares and a
computer progrémme was develéped to do this, ' Each creep time curve wes
split up into §evera1 inte;vals‘to establish if any of the equations showed
a signficantly better fit to a particular part of the creep curve. The
regression statistics calculated were mean error (mean differences
between measured and theoretical creep), meximum error, stand- -
8rd error of the errors standard deviatién‘of the errors and, the

i

correlation‘coefficient. The creep‘rates were also calculated, baséd

F
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on the increase in creep betwecen two successive times of mcasurement, and
fit:tedj t}o““é(;_ui;‘tibns i end 2,

Other computer pr‘ogi‘e‘:tmmé‘s were developed to enable fitting of curves
such as the hyperbolic sine relationship between creep and“streSS‘, and
calculation of the area of the hysteresis loop.



CHAPTER 6

ANALYSIS OF RESULTS: CREEP

6.1 Introduction. ... .- - .

- A cyclic stress pattern is most conveniently represented by a mean
. stress component (om) and an‘amplitude éomponent (A) . Thus for a
sinusoidally.varying‘stress of frequency f, the stress ;t any time t
is given by:- ‘
o, =0+ 4% sin (120nF8)
(f in cepeme; t in hrs.)

“Therm component is therefore analagous to ahstatic stress, and thus
“;t might be expected that thereuyould be creep due to this similar to
‘sfafic éfeep, plué an additiopal creep due to the A componenf.
The‘first,part‘of the tesfing programme was therefore concerned with tryiﬁg'
to establigh the separate effe§ts of varying mean stress and amplitude on
creep.

. Previous wofk has tended to be_coﬁcerned with comparing creep under;;
_ cyclic stress tol;hat‘underka static stress of magnitﬁdedequal to the upper
.+ limit of the cyclic stress. For purposes of comparison = and also because
' from a pragtical view point maximumstressésafeof interest the second
part of the programme was concerned with the effect of maximum stress in
‘the cycle on creep.  The maxiﬁum stress is also of interest aé far as ..
the onset of microcracking is concerned.

The third part was concerned with sequences of static and cyclic

loading to further investigate the nature of influence of cyclic loading
such as whether it is additive or accelerative.

- 25 -
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6.2 Testing Programme

“6.2.1 Part 1

Two mean stress values of 0.25 and O, 35 of ultimate were used. - In
the flrst case the amplltude was increased in steps of 0.1 from O to O.4
of ultimate for different tests, and in the second from O.to 0.6,

. For the investigation intouthe‘effect pf'changing mean s?essvan
 amplituted 6f 0.2 was used, the mean stress being increased in‘steps of
0.1 from 0,15 tq 6.55 of ultimate. A series of static tests with similar
stfeés‘vélueé.to these was also done. |

:f:Tﬁese‘values were chosen‘so that‘a range of amplitudes and mean stressés
could be 6btainéd for which the effects of possible microcracking it is -
hoped'would‘be minimiSed;;‘ They are‘also well spread from within to beydﬁd‘

normal working stresées.w »
6.2.2 Part 2

“.. The lower Stress was kept constant at 0.05 of ultimate being as near
zero as practlcable. The upper stress was 1ncreased in steps of 0.1 from
0.15 to 0.65 for dlfferent tests. For the tests in both parts three tests
were usually done for each value.

6.2.3 Part3 |

“‘Two series were done. « In the first a static stress of say 0.25 of
ultimate was applied for a certaln length of tlme. Immediately‘afterwards
a cyclic stress was applied w1th mean stress equal to the previous statlc
stress (0.25),and an amplitudé of say 0.2..- To another specimen from the
same batch‘the cyclic load was applied first and the static load was -

applied second,.
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f~ In the second series a static stress was applled for a glven tlme”'
followed by a cycllc stress of lower stress equal to O 05 and upper stress
~ equal to the previous statlc stress. A parallel test was‘agaln done with

the sequences reversed.

6. 3 The Effects of Varlatlon of Amplitude and Mcan Stress on Creep

6 3 l Varlatlon of Amplltude

How the amplitude component‘of»stress modifies the static O. 35 '
mean stress creep curve is shown 1n flg. 6. 1. The effect 1s more or less
‘unlform untll an amplltude of 0 5 is reached when a sudgin increase in
.creep is apparent.: Thls is probably due to microcracking affecting the
creep process, at least in the initial stsges; Two factors beer this out.
| Firstly‘en amplitnde of 0.6 caused fatigue failure, which is a result of
crack propagation and the 0.5 curve lies‘close to the 0.6 curve initially. "
Secondly the elastic strain-showed an’initial increasing'period for the
0. 5 amplitude test before startlng to decrease.‘ An lncreasing‘elastic
strain is a characteristlc of when mlcrocracklng is occurlng. Referring
to the log creep—log time graphs (flg. 6 2) there is qulte good llneanty
“for the 1ower amplltudes 1nd1cat1ng sote form of power expression for
the creep curves (see chepter' 9 ). The change of gradient of the 0.5‘
amplitude curve at abont three hours coincides approximately with where the
elastlc straln changed from 1ncrea51ng to decrea51ng, agaln 1ndlcating
- some form of change in the creep mechanlsm.
The tests conducted at a mean stress ofv0.25 showed very similar .

behaviour (fig.6x.3) to the above. = Some microcracking is evident for

e
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kthe‘amplltude of O L from the much 1ncreased creep andvfrom the intial
increase in elastlc straln.\ Thls stress is lower than would be expected
- for mlcrocracklng to occur and it seems that ‘the near zero lower stress
is having some effect (see 6. 4) |

If the creep at a glvcn tlme due to the O 35 statlc stress is
,p snbstracted from the creep at the same time due to a mean stress of O 35
and amplltude of stress of say 0.2 we are left with the creop due to an
amplitude of 0.2 alone.“ This amplitude creep as it will nowrbe”called,
is shown plotted agalnst time for the mean stress of 0 35 and all the l
Lampl1tudes 1n flg. 6. 4 The shape of these curves is 51m11ar to statlc,
creep curves Gthe—97§5~stette—eurve~1s—shewn~£er—eempartson}. If the
- amplitude components are divided by the static component of creep we‘can
‘ see the proportionate effect of:theuemplitnde COmponent of‘Stress (or
cyclic component) and statlc (or mean stress) component on creep at any
time (flg. 6 5) The ratlo amplltude to mean stress component of creep
shows a continuous decrease ~ for 0.3 amplitude 2 at 2'minutes, l% at
18 mlnutes, % at 200 hours.  Thus the effect of the cycllc component
of stress is 1n1t1a11y very hlgh decrea81ng at flrst rapidly then slowly
w1th tlme, ' The ratio just mentioned shows a tendency towards a constant
value or at least to a very slow decrea51ng value = the higher the
amplitude the higher the ratio.  If the effect of a cyclic stress is
related to energy 1nput associated w1th the hysteres1s effect in concrete}
it would be expected from the above results that the area of the hystere51s

loop would show a continuous decreasec. Thls has been shown to be so by
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. other 1nvest1gators (7, 11) and thlS is more closely studled in Chapter 7,;;.

Cons1der1ng the effect of emplltude on amplltude creep (flg. 6. 6)

,Nzhthere is a falrly llnear reletlonshlp at 1east for 1ower amplltudes and 11“

Héjlater stages.;: However the curves for the mean stress of O 35 lle above .

5h7wthose for the mean stress of O 25 1nd1cat1ng amplltude creep for a glven

"r}f‘amplltude 1s proportlonal to the mean stress at whlch the amplltude‘[;“

““f;component of stress acts.:h The effect of the amplltude component of stress

~wou1d therefore appear to accelerate the statlc creep correspondlng to V’

’the mean stress at whlch 1t acts.eﬂ However, 1f the ratlo of amplltude

f”]wcreep to stetlc crecp is plotted agalnst amplltude (flg. 6 7) the 11nes‘of5

'3Hfor the two mean stresses c01nclde at later stages.k Thus the ratlo lsv'

ylndependent of mean stress at 1ater stages. The result for the O.h f"

“v;*amplitude assoclated w1th 8 0 25 mean stress shows exce551ve amplltude‘h‘

creep probably due to premature mlcrocracklng as 1ndlcated earller (see 6 4)

6 3 2 Varlatlon of Mean Stress ?'f5m

The effect of 1ncreaolng the mean stress on the creep~log t1me

' curves w1th an amplitbde of 0 2 is shown in flg. 6 8 Compared wlth‘f

"statlc stress curves there is a much wlder separatlon of the

‘cycllc stress curves at O 03 hrs.lndlcating the early effect of a cyclic

stress on creep. : The O 55 mean stress curve shows some effects of

mlcrocracklng having a rather greater than proportlonate increase in

creep.‘a Some change of gradlent is also notlceable for thls test on the
log creep—log time curve(fig. 6 9)as was noted earller when mlcrocracking
occurs s1gn1f1cantly and then becomes arrested. However, mlcrocracklng

seems to have much more effect on creen when amplltude of .

‘stress is high rather than when the mean stress is high and the
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amplitude small.f Thls is in keeplng with the effect of amplltude |

E"of stress on fatlgue 11fe as demonstrated by the Goodman dlagram (18);

Log of creep plotted agalnst 1og of time shows goodllnearlty'for the

~~other values of mean stress., o | | |
Con51der1ng the amplltude component of creep as a tunctlon of

time (fig. 6.10) it is seen that amplitude creep at a given time is

s ,greater the greater the mean stress.‘ Thls 1s consistent with what

was found prev1ously. Plottlng amplltude creep against mean stress shows

a linear relatlonshlp passing through the orlgln for early stages, the

Erelatlonshlp becoming more scattered at later times (fig. 6.11). That

a zero mean stress would give rise to no creep with amplitude creep

being proportional to mean stress is consistent‘with a cyclic stress being

acceierative rather than‘additive:in‘naturet‘f‘ :
The ratio of amplitude creep to static creep at the appropriate

mean stress tends to be a constant value irrespective of mean stress at

“later stages (flg. 6. 12) conflrmlng the 1ndependence of the ratlo on mean

stress. There is no relationshlp between the ratlo and stress at

earller stages Just a w1der degree of scatter. The mean Value shows

Ca decrea51ng trend as would be expected from the earlier results.

6.4 Variation of Upper Stress Limit

- A comparison of the effect of 1ncrea51ng the upper stress limit for
cycllc stress creep-log time curves with static stress creep-log tlme
curves is shown in fig. 6.13. The increase in creep over static creep

above a stress of 0.35 is very large (fig. 6.14).  Above this stress the
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variation between similar cyclic stress tests was much wider than was
- »usuai for all the other cyclic tests. A very low lower stress limit
(0.05) with fairly‘high amnlitude‘causes high scatter of results; more

50 than for 51m11ar amplltudes w1th 1ower stresses of a greater value.‘
This is probably 11nked with the occurence of mlcrocracklng, and whether
‘the cracklng is 1nduced in the main by the mean stress or by the amplitude
stress componentﬂe‘ifjit,is by the latter the scatter is greater in the
same uay as fatigue tests show large variation.‘

Thus creep is greater for cyclic stress1ng than for static when the
‘maxlmum stress equals the statlc stress and ‘the m1n1mum stress is near
mzero (O 05 of ultlmate), a very notlceable 1ncrease occurlng at stresses
of 0.35 and greater. ; There 1s no particular relatlonshlp between creep
‘under a cycllc stress and creep under the 51m11ar static stress as |
consldered here. . Thls is as would be expected since increasing the upper.
stress and 1eav1ng the 1ower stress constant causes an 1ncrease 1n both
the mean stress and amplltude component of stress w1th’a correspondlng
increase 1n creep due to both of tnese}‘ |

A cycllc stress of say upper stress of O 35 and iower stress of
0.05 can te reprcsented by a mean stress of 0. 2 and an amplltude of
stress of 0.3.“ It should thus be p0551ble to estimate the creep due
to thedpresent type of‘cyclic'stress from the carlier results. In
table 1 the fourth column snows estimated creep calculated by adding
the mean stress component of creep to the,amplitude component based on
the tests at & moan stress of 0.35. Upbo a stress of 0.35 crecp is -

*
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| overestimated for each result.:  This agrees with the dependence of

amplitude creep on mean stress‘ss'Ststed'esrlier. " The fifth column

' shows creep calculated by adding the mean stress component to the’

ssmblitude;component which'wesncslculated‘by multiplying the mean stress

~ component by the appropriate ratio tsken from the 0.35 mean stress tosts.

tf\U@to's'stress:of 0. 35 the sgreement with the observed values is good st
hrall three tlmes. Forfa'stress”of 0.45 the' observed resultscare‘much”'”
”hlgher than the estlmated results, but for 0.55 the estimated results :

| éare hlgher than the observed ones. Thc former result 1ndlcates the early’
kmlcrocracklng induced by the low lower stress, the 1atter may be due to ”

the hlgh degree of mlcrocracklng dependent creep with an amplltude of

o ,O 5 and hence over estlmate ‘of the rat10.'”‘~>‘

It 1s therefore poss1ble to estlmate creep under a c&cllc stress for’u‘
H,ehy mean stress and amplltude from one set of amplltude varlatlon tests -
eand one set of statlc tests, pronded the lower stress is 0 1 or greater 1
] and that severe mlcrocracklng 1s not llkely to ocour,’ u51ng the ratlo o
‘amplitude creep to statlc creep. However, a falr amount of experlmental '
r‘work is necessary to obtaln these curves and further slmpllfication on a
‘spec1fic creep ba51s is conszdered 1n chapter 8 Be1ng able to express
fcreep under a cycllc stress in terms of a statlc stross 1mp11es that
factors influenc1ng creep under a statlc stress w111 1nf1uence a creep
‘under a cycllc stress 1n a 51m11ar manner, ‘which would also be in agreement
’ w1th the 1dea that cycllc stress1ng has an acceleratlve effect on the

i

creep process.’ B
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: 6 5 ‘Sequences of Static and Cyclic Stresses

Table 2 gives a list of the tests done in this series. The
fourth column shows the creep due to the first part of the sequence, the
e flfth creep due to the second part and the S1xth the flnal over-all ;

creep. For each test the flrst line refers to the cycllc stress applled
IR IR T AR ’ :

.;: Cons1der1ng flrst the tests in whlch ‘the mean ‘stress of the cycllc
: ,’t[ ‘e

‘ stress is equal to the statlc stress, for an amplltude of 0O, 2 and’

i

t‘:mean stress cf O 25 and 0. 35 the’ over-all creep for ‘the cycllc stress*“;’

applled flrst 1s sllghtly less than when the statlc stress is applled» -

:‘flrst.ﬁ For an amplxtude of O 2 and mean stress of 01+5 and for bothV d

"{p‘mean stresses at an amplltude of O h the over-all creep is S1gn1f1cant1y

| 'greater for the cycllc stress applied flrst. The occurrence ‘of creep }

?

due to mzcrocracklng is llkely for these 1atter tests.;' If the tendency
for mlcrocracklng under a cycllc stress 1s reduced by pre-appllcatlon of

a statlc stress then the creep when a cycllc stress 1s applled flrst would,j

be greater.;:j Thus at low stresses and amplltudes a prev1ously applled |

statlc stress does not affect the acceleratlve effect of a cycllc stress,

‘ but at high stresses 1t does.www ngi‘. | ' |
Looklng agaln at the flrst two tests mentroned, if the amplltude‘ |

component of creep is added to the extrepolated statlc curve to give a ;

predlcted curve for cycllc stress follow1ng a statlc stress, ‘the agreement

‘is qulte good w1th the experlmental curve (flg. 6. 15 and 6 16) - For the

J‘ e

‘ other tests the predlcted curves obtalned in thls manner 11e well above

i 3( R
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the experiuental{curues (fiéss 6.i7-1§)‘which is in agreement with the
effects of mfcrccracking as mentioned previously. ~However for all the
tests‘the over—all creep predicted by this superposition method is in je
‘close agreement w1th the observed over-all creep for the tests with the
cycllc stress applled flrst. Thls means in effect that the increase |
w1n creep when a statlc stress is applled after a cycllc stress is 51m11ar
to the increase in creep that would have occurred in the same time interval
in a specimen‘subjected to a constent static stress. ' Thus removal of - |
the amplltude component of stress causes no recovery and in consequence
the effect of a cycllc stress must be acceleratlve of the stat1c process,
 This does not in itself mean that amplltude creep fs 1rrecoverable,
however the:evidence suggests that a cycliC‘stress does mainly affect .
the 1rrecoverable creep (see chapter 7)

| Cons1der1ng the tests in thls series 1n whlch the upper stress- of

the cyclic stress is equal to the statlc stress, the 1ower stress belng
0.05 throughout, from the table it can be seen that when the cyclic stress
is applied flrst the flnal over-all creep is 51gn1f1cantly greater than
whenthesmatlc stress is applied flrst, much more so the hlgher the stress.
Referrlng to the cycllc stress of upper stress of O 35, thls is equivalent
to a mean stress of O. 2 and an amplitude of 0 3. Thus when applylng the
cyclic stress after the static stress of 0«35 the mean stress is being
reduced by O 15 uith a consequent reduction in creep.  Also some recovery
will take place (though an actual increase in length of the specimen may

not occur) whlch w111 reduce the acceleratlve effect of the amplltude

[
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tcomnonent ofjéiéessﬁ”"wnén‘éhe stetic stress‘is‘epplied after the'cyclic
- stress the‘anplitude component of stress‘is removed which is only
removing an acceleratlve effect, hence no recovery takes place, and the
‘mean stress is 1ncreased by 0.15 thereby causing 1ncreased creep. = In
ﬁconsequence, it would be expected for the latter sequence (that 1s cycllc
‘stress applled flrst) the creep w111 be greater than for the former one.
eThe effect will be more pronounced the higher the stress if it is %
,consldered that for an upper stress of 0,55 and a correspondlng statlc
ﬁstress, when a cyclic stress is applled first,the mean stress is |
fbeing increased vhen the static,stress is applied from 0,3 to 0.55, an
increase of’C.25,end reduced the corresponding amount when the sequence"
is reversed. r;In this‘case microcracking in the previously‘unloededre
spe01men when the cycllc stress is applied first might contrlbute also
‘to this sequence show1ng greater creep." The creep curves obtalned for
this part are shown in figs. 6.20~22

It is relevent herc to refer to the tests of Probst (3) on reinforced
concrete and of Le Camus (5) on plaln concrete which showed little increase
in creep for a‘cycllc stress applied after a static stress, the upper
' stress of the‘cyclic‘stress equallng the statlc stress. Probst also
showed that for a static stress applied after a cyclic stress~there was
increased creep, the.final creep for his two beams being approximateiy the
 same. In these tests it is apparent from the table that the creep due

to a cyclic stress with this applied second is greater than creep due to
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- the static stress Qith this applied second, and it has just been shown -
thst‘a cyclic stress applied\first causes grester creep than a static
stress appliedvfirst. The ertlanation for these rather differing results
is probably in the grest length of time for whlch the statlc stress was
applied (l OOO days in Le Camus tests) compared wlth the cyclic stress

and thus also on age on appllcatlon of ‘the respective stresses.

6.6 Variation of Frequency

kIf the accelerative effect of a cyclic‘stress is related to the energy
_input associated with the amplitude component of stress, this might he
mdependent on,frequency..‘ Two_sets of tests were done to establish‘if
frequency of loading had a significaht effect on creep, the first at an
1ntermed1ate frequency of 190 cycles per minute as opposed to the
| frequency of 586 CeDotlls used for most of the tests, and the second at a
very low frequency cf 1 cycle per day. ~ The mean stress used was 0.35
and the.amplitude 0.2 to keep within the range where no significant =
‘microcracking should occur, .. |

Fig. 6.23 shows‘the creep-log time curve for the 190 c.p.m. test
compared w1th the static O. 35 stress curve and the high frequency onc.
Reduc1ng the frequency appears to cause reduced creep at least at later
stages. | Howover referrlng to fig. 6 24 this shows the creep time
relationship for the 1 cycle per day tests and it can be seen that the
creep is not significsntly different from that occurring at the high
frequency. = Also creep is similar after each complete cycle regardless

of whether the lower stress or the higher stress was applied first ih the

€
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test." At thls 1ow frequency s1gn1f1cant creep and creep recovery can

‘occur in each cycle and the energy 1nput is 1n51gn1f1cant over a perlod
of tlme, whereas at hlgh frequenclesxun81gn1f1cant creep occurs in a cycle

but the energy 1nput over a glven tlme is 51gn1f1cant. Also the stress
i ; : e O
cycle is 51nu501dal for hlgh frequenc1es where as the cycle was of

square wave type for the very low frequency. It 1s p0551b1e therefore

that the reasons for 1ncrea5ed creep at low frequency are somewhat dlfferent
for thQSe at hlgh frequency due to the dlfferent nature of the load, though
the slmllarlty of the magnltude of the 1ncrease 1s remarkable.

Probst found that creep in the compre551on zone of a relnforced

concrete beam was lncreased when the frequency was reduced, the order
g

,,,,,

of frequency belng 20 or so per mlnute. However thls is probably due

PRI T e
to the rather dlfferent behav1our‘of relnforced concrete under flexural '
cyclic loadlng. | | o | e A

,h It would appear thut at hlgh frequen01es, fncrea51ng‘the frequency
a large amount may cause a relatlvely small 1ncrease‘1n creep, however
at very low frequenc1es creep is of the same order as at hlgh frequenc1es.
It is 1nterest1ng to note here that creep under varylng humldlty 1s
greater than creep at the mean hum1d1ty and 51m11ar1y creep under varyrng
temperature is greater than creep at the mean temperature, whlch may be
related to'the”51m11ar effect on creep for slow load cycles. ; At hlgh
frequen01es 1f<energy lnput is 1ndeed the cause of 1ncreased creep it

appears that as a certain level of input is reached i.e. frequency of

loading further increases do not cause a great increase in creep.
A
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§f7 :Conclusions

A‘cyclic stress shpul@ be COnsidered as’being made up of a mean
stress qomponent and‘an amplitude component of stress. Creep under
gtcyq}ictstrggs can thgn:be gxpressed initerms qua‘meanlstress‘component
simila; to creep under a static stress of the same ﬁagnitude and an
aﬁplitude component. The amplitude component is the result of an
accelerative effect on the creep process of the amplitude coﬁponent of
stress and is thus dependent on the mean stress at which it acts.
Expreséed‘as a fraction of the mean stresé creep, amplitude creep becomes
independent of the mean stress at which it acts.  Thus being able to
eXpress amplltude creep in terms of mean stress or static creep 1mp11es
that factors such as environment governing the static creep behav1our of
“concrete will have a 51m11ar effect on the creep under cyclic stress
conditlons, and that the mechanism for creep under a cycllc stress 1s
ba51cally the same., It is also p0551ble to predict creep under any
cyclic stress;pattefn from one set of static.creep curves and one set
of amplitude variation curves at one mean stress. Further it should be
possible to predict creep undér a cyclic streséifor various types of
environmental conditions, ff;m static testéﬁdone under these'cénditions.
‘The effect of frequency is small at high frequencies, higher frequencies
cauéing slightly‘higher creep. However at very low frequencies creep

appears to increase again and it is probable that there is a change in
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'the nature of the process by which creep is accelerated between low

and high fréduen&iéébiinked‘wifﬁ‘ﬁheﬁ'significént\cfeépubécufs per

'cycle and energy 1nput is 1n31gn1f1cant over a glven tlme, to when S

”no 51gn1flcant crecp ‘occurs pcr cycle and energy 1nput due to the

Thystere51s effect becomes 51gn1f1cant. -

gl e e 4
Wil ;
. ¥



CHAPTER 7

ANALYSIS OoF RESULTS' OTHER EFFECTS

L0761 Introduction

| The ‘creep behaﬁiour of concrete‘is related to some other

f characterlstlcs of concrete which undergo change when a stress is applled.“
j The dlfferences between these characterlstlcs (for example the elastic
straln) or the simllarlty of them w1th regards to their’

changlng w1th tlme under the effect of a statlc or cycllc stress may
“‘therefore glve some further 1nd1cat10n of the relatlonshlp between thew
creep processes occurlng under the respective stress patterns.

- 7,2 Shape of the Stress Strain Gurve

- The first stress strain line on‘loading in compression istconvex
to the'stress axis. ' This is due to the development of bond cracksv
‘between matrix and aggregate orlented parallel to the direction of
appllcatlon of load and is absent in neat cement paste (19) After a
few appllcatlons of a cycllc stress the loadlng 11ne becomes stralght
and eventually becomes concave towards the stress ax1s.‘ Thls has been
- reported by several prev1ous 1nvest1gators (7, 11) and .similar behaviour
was observed in the rresent investigation where two sets of tests were done
with static and cyclic tests in parallel, one witn upper. and static stresses
equal to 0.55 of ultimate with the lower stress of the cyclic stress equal
to 0.05 and another with upper and static stresses of 0.35 of ultimate
and a 51m11ar 1ower stress to before. Static stress strain curves were

obtained at intervals throughout for both series‘(fig. 7, 1-4),
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‘From the figures this reversal of curvature of,the loading branch: .
of the:stressxstrain curve can be seen for the‘cyclic stresses though
the concavity is not great. The degree of concav1ty 1s much greater when.
the fatlgue stress is exceeded.‘ Thls reversal of curvature is attrlbuted
by Mehnel (7) to development of bond cracks perpendlcular to the dlrectlon
’eof loadlng, thelr 01051ng causlng a progres51ve 1ncrease in stlffness as
the load is applled. | He found the effect to be absent in neat cement
paste, and from flgs. 7 3, L 1t is seen the present tests show the |
‘d effect to be absent for statlc stress cond1t1ons under hlgh humldlty - the
‘load 11ne belng stralght. \The presence of cracks perpendlcular to the |
‘dlrectlon of load due to shrlnkage prior to application of load would |
exaggerate the reversal of curvature for dry spe01mens and mlght cause
a statlcally loaded spc01men to show the effect. Increased stlffness in
the upper ranges is apparent for both statlcally and cycllcally loaded
spGCImens when the stress is increaeed beyond the maximum epplied in -
the previous creep tests. This was noticed also by Probst (4) and
 Mehmel (7). | | Lo | |

7.3 Elastic Strain and Riastic Modulus

The elastic strain is defined here as the‘difference in strain
between that at maximum stress and that at zero stress observed on the
unloading bran;hofthestressstralncycle¢ Calculating the secant
modulus based on this and dividing by the initial value of the modulus
the ratio obtained is shown plotted against tinezfor the tests just
mentioned,in fige 745+  The ratio shows a very rapid initial decrease

for both static and cyclic stresses and both values of stress, followed
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by & period ofisteady increase except for the cyclic 0,55 test which
shoWs a rapid increase before the steady. increase. . Other investigators
have shoun an increase in modulus for static creep tests (20 21) on the
other hand others reported no increase (22). | |

The modulus was also calculated on the basis of the elastic strain
being measured between the maximum and minimum stresses for the cyclic,“
“stress tests dlSCUSSed in the prev1ous chapter. This tends to overestlmate
’the modulus the more So the higher the lower stress due to the concave
'nature of the unloading branch of the stress strain curve. The ratlo
calculated‘on the basis of the first measurement taken after the start o
mof the test 1s also overest1mated.‘ This is in agreement with the effect
of increased stlffness of the spec1men as stress is 1ncreased. A good
1nd1catlon of the general varlatlon of the modulus is obta:l.ned however u51ng
this method and curves for various tests are shown in flg. 7.6. . The
initial decrease is only apparentfbrthe higher amplitudes of stress, but
all tests show a 51gn1flcant 1ncrease at later stages.

‘The 1n1t1a1 decrease may be explalned for both static and cycllc
tests by the development of bond cracks in a 1oad orlented dlrectlon.‘
These have been observed at stresses of 0.3 of ultimate (9).  The
‘conditions for the preseht tests of high humidity and thus absence of
shrinkage bond‘crachs, and early age of loading and thus relatively low
bond strengthfwould’favour their‘development. ‘vThe specimen‘which failed
in fatigue which had a mean stress of 0,35 and amplitude of 0;6 shows
a very rapid decrease in modulus prior to fallure (fig. 7.6), probably

‘1nd1cat1ng the 1n1t1at10n of matrlx cracks, the propegation of whlch
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rapidly leads to failure. - The increase in modulus could be a result of the
distance between aggregate‘particules being reduced due to the creep
‘process. There does not appear though to be any relatlonshlp between
1ncrease}fn modulus and creep or stress (table 3) The degree of : |
mlcrocracklng in concrete has a large effect on ‘the modulus and mlcrocracklng
“plays qulte an 1mportant part in the creep process; certalnly at hlgher
stress levels (23) A gradually 1ncrea51ng modulus would be 1n agreement
w1th a gradual reductlon in the rate of 1ncrease in bond mlcrocracklng.p‘
Moreover the energy‘avallable from the appllcatlon of‘a cycllc stress would
cause 1ncreased cracklng at early stages and lower stress and consequent
‘earller reductlon in modulus. This in turn means that a cycllc stress
would have a 1arge effect on the early creep whlch is 1n agreement, w1th
‘the experlmental ev1dence dlscussed in chapter 6 and that amplitude f

creep must be to some extent 1rrccoverable.

7, 4 VolumetrlcStralnand P01sson 5 Ratlo

| Flgs. 7.7 = 9 show the stress-ax1a1,‘1atcra1 end volumetric straxn
relatlonshlpu for an unloaded specimen, a spec1men sub;ected to a statlc
stress of O 55 of ultlmate for a weehwand a speclmen subJected to a cycllc
stress of upper stress 0 55 and 1ower stress O 05., The straln
measurement was done us1ng embedded‘ers gauges of‘the type descrlbed in
chapter L in conaunctlon with a Peekel 5S40 DNH strain indicator and a
U.V. recorder, enabllng strain measurements to be recorded up to failure.

The point of minimum volume where matrix cracks are initiated is at

0.72 of ultimate for the previously unstressed specimens but is increased

«
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‘to 0,81 for the cyclically stressed specimens and 0.82 for the statically '
stressed one. . The maximumvolumetric strain is similarly increased to -
7Sb microstrain for both the static and cyclically stressed speeimens
vfrom 600 for the previously unstressed one. The hlgher stress at whlch
‘volume ‘is a minimum could be due to the matrix carrying less stress at -
1Qa‘glven‘leve1 of stress in the previously stressed specimens than'in the
,prov1ously unstressed one due to redlstrlbutlon of stress from matrlx
to aggregate as a result of creep. A 51m11ar argument can be applled ‘
.too " for fhe increase in volumetric: straln.tff“f“

‘ The elastic Poisson's ratio shews a decrease with time‘uuder load
" for both static and cyclic stfesséé, again in agreement‘with'a‘reduced‘"
stress 1n the matrlx. ! Measurement of the creep Poisson's ratio did not-
giue very good results - probably due to the use of electrlcal re81stance
strain gauges for measurement‘of the lateral strain - though the ratio
appears to be roughly constant'and slightly bigger than the elastic
PoiSseh's ratio for‘a cyeliclstress. Widely varying values of the creep
Poisson's ratio have been feund for static stresees by'other investigators
and‘sohe very pfecise werk would be required to eompare the effects of
static and cyclic stresses on this, which was beyond the scope ef this.
investigation. o
7.5 Hxstefesis‘

The area enclesed by the leading and unloading branches of the stress

strain curve for a material represents the energy absorbed within the

W
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‘materlal per cycle of load. | For‘concrete this energy ebsorption will’depend
on: crack growth, some other forms of mechanism of non—elastlc deformation .
and any rise in temperatnre of the‘specimen. |

Concrete shows a large hysteres1s area. on the first loading cycle“

due to the high degree of bond mlcrocracklng occurlng on thls cycle. The

o second cycle for the tests dlscussed in the prev1ous two sections showed

w a decrease in area to 0.53 of the 1st cycle for both stresses.f‘ Subsequent
cycllc stress1ng causes a gradual’reductlon in area of the hysteresis loop‘
. of the same order of magnitude for both cyclic stresses (fig. 7.l0). ,The

Lstaticallywstressed‘specimens show no‘epnrecdable rednction in area belowt_
ithat for the second cycle for about 20 hrs. after which a decrease becomes

apparent‘for these also. The shepe of the hysteresis 1oo§ for statio and
‘ cyclic tests at 1ntervals is shown 1n flgs. 7 1- 4, When fatlgue fallure
‘occurs the hystere51s loop shows a renewed increase after the perlod of

decrease (11) due to the exténsion of mlcrocracking 1nto the matrlx, and l;
hence 1ncreased energy absorptlon.v .

| From table 3 it can be seen that the final yalue of the hysteresis
ratio shows no relatlonshlp w1th creep or mean or amplitude of stress,
varylng between about O 23 to 0.34, The 51gn1f1cant factor, though, is
the greater reductlon for the cyclic stress than for the statlc stress.
From this it must be that the energy absorblng phenomena a55001ated with
hystere51s decrease more rapldly for cyclic then for static stressing at

first. - The suggestion put forward in 7.8 that cyclic stressing causes

increased eerly bond microcracking would be in agreement with this.
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However any factors associated with the deformatory process which are not
: immediately recoverable will affect the area of the hystersis loop. - |
~An increase in area of the hystersis loop is apparent at 67 hrs.
'dand‘l6é hrs. for the static stress of 0.55 and to a iesser extent for the
cyclic stress of limits 0.55‘and 0.05. ‘.This‘can be attributed to the
fact that 3 hrs. recovery was allowed after unloading‘at‘these points
before.the stress~strain measurements were taken, and thus increased
delayed elastlc strain caused an increase in the area of the loop. The
statlc stress test showed a much blgger effect probsbly because the

stress was much higher than the mean stress of the cyclic test. . Also this
“again indicates that the cyclic stress component of creep is to a large
extent 1rrecoverable 51nce ‘for the stress limits of 0.55 and 0.05, the
effect of the amplltude stress component on creep is hlgh compared w1th the
mean stress component, produc1ng high creep yet llttle recovery. . To |
comment‘generally a decreasing area of the hysteresis looppls,consistent‘
with the‘concrete;tending to a more stable internal structure. - That -

_ the area decreases more qulckly for a cyclic than a static stress indicates

more rapld achlevement of the stable state for the former stress condltlons.

7.6 . Specimen Temperature .

"~ For a material being subjected to a cyclic stress, the energy being
absorbed as manifested by a finite area of the hysteresis loop, which -
is not used up by structural rearrangement within the material must, to

malntaln thermodynamlc equllbrlum result in a rlse in temperature of the



-

materiale | Temperature ﬁeesureuents were ﬁade therefore on several
‘spec1mens from the maln testlng programme at certain tlme 1ntervals to t
establlsh at 1east qualltatlvaly the varlatlon; if any, of spe01men
temperature with time and‘amplltude of stress. The mean stress of the
cycle uas oriyua‘siight'effeet oﬁ the area of“the‘hysteresis‘loop and
‘consequently would not affect the temperature significantly. |
The measurements were made u51ng an 1ron constantan thermocouple

‘embedded sllghtly below the surface of the sPec1men, the voltage being -
: measured w1th a potentlometer which was ea51ly readable to 5 mlcrovolts,
g1v1ng a sen51t1v1ty of 0.1 C Fig. 7 1l - shows the temperature behqv1our
lof several spe01mens w1th time for the flrst 6 hrs. under load and flg.
7.12 for 80 hrs. under load.

w All spec1mens epart from the 0.1 amplltude one show a rapld rise in
the first two hours and for the 0.5 amplltude the rise continues for 4
hours,‘when‘a peek‘occurs foilowed by aygraduelvdecrease.‘ It is also
evident that the higher the amplltude the higher the rise in tenperature.
Forkthe 0.5‘amplitude speCimens at least, it is possible that the rise in
temperature‘could haveéiEignificaut effect on creep in the early stages,
‘though this effect would be extremely small compared w1th the other effects
of a ¢yclic stress on creep. | g
“The temperature'rise‘in the specimeh must be essociated in some way

with the dampihg capacity of the concrete. Several parameters influence
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’the(damping capacity in a similar manner to‘creep; though the felatioﬁship
"botween the two is by no means clear (24),"" The process of dissipation
of ehefg&vis”pfobaﬁij bofh fisédelésfic”éﬁdmffidfiohéi.7' The former is
indéﬁéﬁdént of émplitude but dependent on frequency, the 1atter’is
depeﬁdénﬁhon both. The increased temperature Qith increasing amplitude -
 ‘mu$t'£ﬂéfefdféNbe‘é result of 2 frictiénaj.pfbcéss,‘”ﬁThé”gradﬁal?decfease
‘inlteﬁpéréturé over a.period‘Of ﬁime‘giﬁes atu1eést‘avquaiita£ive_““.
‘indication of & reduction in damping gapacify‘and hence ‘increased tendency -
‘”fdﬁéfdéxéléétié“ﬂéhéviéﬁf‘6f concrete subjccted to the creep précess.
Tﬂiéwié fb é‘cefté;n‘extent related to the decreasing area of the hystefésis
tiloop; though it musf bé remeﬁbéred that the area of the loop‘feprésenté‘
Lthéwtdtalhénéfgyjabédrbéd pér‘éycle‘ihcludiﬁg‘thatcéﬁsérbéd By‘fhe creep
“précess ithif{’ | S RG I ERIRE o
7.7 Strength

“EifAnwiﬁcfea5e‘6f streﬁéth‘fdr'éohérete'subjeéted to a sustained”
“ é£fess'é56Ve”that thétfﬁoﬁié‘bé céﬁéed‘by“inéfeaéed’hydration has beén
observed by other investigators (25, 26); HoWevér'né ¢1ear ielétionship
‘waéjépﬁéreht between this and StréSS; though the increase wés gréatest‘

for :y‘oﬁx‘z‘ygrdonbre‘te;‘w” S | R |

“Strehgth increases'fof éévéfél speciﬁgns from‘fhe main #esfing

‘programmé are shown in table 3. It can be‘seen that the increases
1ére‘widely‘Varying; shoﬁingvnbvrélétionéﬁip between strength gain and
mean étrésé; amplitﬁdé éf ééréSs of‘creéb;wand it ié'ﬁot‘bbésiblg{to

state whéthér the increase is signifibantly gréaﬁer than would be obtained
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. for a static stress, though it could be expected to be so from the earlier
‘results in this capter. It_can be stated that the effect of a cyclic
stress below the fatigue limit is in nc‘way detrimental to strength and
‘is often‘very beneficial. |

Strength galns occurlng during creep are attrlbutable to the
compactlng actlon of a sustalned stress and the 1ncreased formatlon of
bonds under stress. The mechanlsm by which strength is affected is
‘obv1ously hfghly randcn‘fn nature, and cannot at the present tlme glve
’ much 1ndlcatlon of the nature of the creep process.
7.8 Recoverx,‘ |

- Creep recover? is‘defined here as the increase in strain (in opposite

sense to’the_creep‘strain) over a perioe of time after removel of the
apblied stress i.e; the insténtaneons strain on unloading is subtracted.
The relatlve amounts of recovery occuring after removal of the applled
stress‘W1l’ glve some 1nd1catlon of whether the effect of a cycllc stress
acts mainly on the recoverable or irrecoverable creep.

Table 4 shows the recovery after 1 hr. for severel static and
cycllc loadlng tests done in parallel. For the amplltude of 0.2 and
statlc or mean stresses of 0.25 and 0.35 cf ultlmate the recovery is greater
for the cycllcally‘loaded”speclmens. . For the amplitude of O.4 the
recovery is similar for both static and cyclic loading. When the statice
stress equals‘the upper stress'for the cyclic stress, the lower stress
being C,QS the recovery is alWeys greatér for the static stress.

Fige 7.13 shows the recovery time curve for a cyclic stress of 0.55 upper
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pstress‘limit 0.05 lower stress, compared with the one for a static stress

_of 0.55. . ; | )
It seems therefore that the creep due to the amplitude component

‘of stress is largely 1rrecoverable at least at moderate to hlgh amplitudes.

This is in agreement with what has been con51dered prev1ously as. far-as

microcracking might affect the creep process. _ However this does not

.. mean that other mechanisms for irrecoverable creep are not important and:

;‘the‘limited experimental workhthat was carried out on recovery cahnot be

*‘regarded as‘conclusive,‘but merely giving some indication of the trend;’

7.9 Fatigue '

If‘theﬁamplithde‘of a cyclic stress is increased sufficiently fatigue

| failure eventually occurs. . This ls a result of a large increase in‘the'

 ocourence of bond microcracking which evehtually extends into the'matrix

" and aggregate: causing final failure‘as observed by Raju (11) hslng pulse

velocity.and‘miCroscopic techhiques. Itiwas(though of intereSt to obtain

,‘SOme creep results when mlcrocracklng was the prlmary cause of creep; |

Flg. 7 lh shows a comparlson of the creep t1me curves for a spec1men

"whlch falled in fatlgue (mean stress O 35, amplltude 0.6) and one

subJected to a sllghtly lower stress level (mean stress O 35, amplltcde‘

‘~O 5). The spe01men that falled exhlblts the three poss1b1e stages of

the creep curve, i e. prlmary, secondary and tertlary. These correspond

to three stages of crack growth. | Inltlal rapid growth of bond cracks,

steady state deyelopment‘of bondycracks and final very rapid develophent

of bond cracks causing extension of cracking into the matrix and aggregate
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vand”failure. ‘The modulus showedva continnousvdecrease and the creep -
Polsson 8 ratlo exceeded unlty near fallure, show1ng the high degree of
load orlen'ed cracklng. | B |
Maklng a comparlson with the specimen that did not fall, 1n1t1ally””

thls also shows a decrease in modulus which however soon reverts to an
‘lncrease, 1nd1cat1ng perhaps an early tendency for mlcrocracklng to 1ncrease;
followed by a contlnuous decrease. There is however no further similarity
bét&één”fhe canes; no seCondary or tertiary creep occuring so showing
the dltfstont naturc of the process of deformation. Perhaps‘as‘the'”' o
amplltude is 1ncreased there is a steady increase of the predomlnance of
" microcracklng in the creep process untll a certaln crltlcal value of r
energy 1nput is reached whlch enables the development of cracks at a
constant rate cau51ng much increased creep ‘and an almost entlrely crack
idependent deformatory process.
71099.&9}.2%‘ |

The pr1nc1pal‘feature to emerge‘from'the results discussed is that
the effects of a cyclic stress and a static stress on the properties of
concrete being considered is similar in character the difference being
principallp‘one of‘magnitude. Thds the hysteresis loop :area’shows
a decrcase, the elastic modulus shows an increase and the strength increases,
for both sets of stress conditions, but at a given time the increase is

greater for a cyclic than a static stress.  This implies that the concrete

' is gradually increasing in internal stability for both stress conditionms,



only the process is moré fapié’fﬁr a‘c&élic étress, Thus the effect of
a’cycliq‘stres§ again appears to be accelerétive of the static pfocesses.‘
Alréﬁi@rrésélin’temperaturg, fgllowed by’a,slow‘decréase with time,
occurs gpdgrlakcyg;iq stress.wwkThe‘temperature rise is highér, the higher
tgg amp;itude,‘but‘is‘independent of‘mean_stress. The gradual decrease
vgives a qualitgtive3indicati6h of the reduction in‘damping‘capacity of the
concrete with:time and‘indicates a gradual tendency towards elasfic |
béhaviour, and again internal stebility.
| “Recoverj measurements indicated that a cyclic stress causes an increase
inonly‘the irrecoverable creep. This'is‘consisteht with the apparent
‘independénce of récovery with static stress (48). For an amplitude of
wugreater than 0.4 at & mean stfess of 0.3%5 fhe elastic modulus showed a
vdecreaée bgfqre stérting to increase, and at an amplitude of 0.6 fatigue
failure Ochred. - This indicates the occurence of load ariented
microcracking at high amplitudes cauSing an increase‘in creep due to

dilatation of the speéimen, which is of course irrecoverable.



CHAPTER 8

CREEP RATE AND ACTIVATION ENERGY

BRI S

8.1  Introduction

When investigating the creep of concrete most attention is usually
given to measurement of deformations since these are easy to measure
accurately and are usually ef most practical worthe. - However the creep
~deformation at a given time is necessarily dependent on the ereep
deformation that has occured previously and thus mesks the effect in this
case of to what degree the amplitude component of stress is affecting the
creep‘process‘at leter stagesf” ”K‘reasonable approximation to the rate
‘of creep at a given time,eeulse obtained by measuring the increase in
“<creep'over a certain time‘interval and then assuming the calculated rate
‘to be‘the creep rate at the mid-point of the time interval.
~The following represents aﬁ anelysis‘of fﬁe’creep rates for this
. series of tests as detailed in chapter 6, -together with a censideration
‘of the aculvatlon energy theory of creep w1th is essentlally based on
 measuuemeut‘eéHc;eep rate. The creep rates were actually calculated from
‘the mean deformatlon of the three tests usually done for each stress,
the time 1nterval belng chosen at each p01nt to be as large as possible
con51stent w1th not 1ntroduc1ng a large error from the curvature of |
+the creep-time curve.,Hu,“‘-we.

8.2 " Activation Energy Theory ' SE .

For the activation energy theory of creep it is assumed that the
energy distribufion within the gel particles of cement paste is similar

to the Boltzman - Maxwell - Gibbs distribution function for gases. Thus
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- the probability p of a spontaneous change of thermal energy causing

a place change is given by

pee VT @

R = gas constant, T = absolute temperature,Q = activation energy

‘ The actlvatlon energy is the energy required to cause a place change
by .

per mole. - i L . ‘ o N
: Multlplylng P by the mean frequency of therme 1 0501llat10n of the

particles, the rate of activation is given by

‘ ~Q/RT
| Zl = aae M ‘ (2)

caﬂrﬂuﬂvc '
‘ Applylng an external[stress decreases the actlvatlon energy by

an amount u in the dlrectlon of the stress and increases it by a similar

amount in the reverse dlrectlon. Thus from 2

gL -(Q—u)/RT (3)

e -(Q+)/RT
By =ae vl (4)

and the net rate of activation in the direétioﬁ of‘the applied streés
is. therefore ‘ e g o ,
Z2 =2 - Z, =a2e'Q/_RT eu/RT - aze;Q/RTe- u/RT

= 25, o"YRT sinh"(u/RT) (5)
asBuming fhéf‘fhé‘relation;hip”bétﬁeep u and’the applied streés (g) is of

the form

1]

Loy (6)
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Equatlon 5 may be expressed in terms of rate of creep and stress,
feasim v . @D

whlch is in the form used for creep study in metals and was derived for

‘cement paste by Wlttman (27). | s |

8.3  Static Stress

Fig. 8. 1-3 shows the creep rate for the static tests at certain tlme :
blntervals plotted agalnst stress, together w1th the hyperbollc sine
relationship (equation 7) fitted using the least squares method, and it

" cen be secn that the relationship fits quite well. The coefficient a

. decreases rapidly With time the ooefficient v being’also depeﬁdent on timep
< but rather less so.“ Wittman (28) found a to be very dependent on time

for cement paste, but v to be 1ndependent of tlme. |

. Plotting log(a) cgainst log time shows a 11neer relatlonshlp (flg. L).

thus :log‘(ax‘=‘cl'4 c, log (t)
Sa e e(cl - ¢, log ()
) - o Sp log (t) (8)

H

10.4, 52 = 0.,4762
~0.4762 log(t)

. from fig. 4, ¢

’o.o ‘Ha"'IO‘Li'e

- from 5 . a e k e_Q/RT
hence ‘ -ﬁ% =-¢, log (t)

= 1.985 cal./mole. T = 295°A
Thus the activation energy of the creep process at any time t is given by

QG =279 log,(t)  (9) (1)



- 200—— O-thr b

al00 . 20 

Creep rate-10 “per hr
o
gy

— 10— .‘2,

04 0. 02 ~ 04 0 02 04‘  i ;
. ~ Stress - Stress
o ~ Fig. 83




- Time{log scale)-hrs

‘Fig.84  Logla)/time to calculate activation energy




- 56 -

This gives values for the activation energy after 10, 50, 100 and
1,000 hrs. under load as 643, 1090; 1,284, 1,926 cal./hole. The accuracy
* 16% at ﬁhe % level of”significancé;‘. b ‘

" These values are of the same ordef'QS‘tﬁosé'obtained by Wittman (28)
for hardened cement paste, suggesting that it is the behaviour of the N
cement paste in concrete which is predsminant‘in influencing the creep
_process. ' Other investigators have found values of activation energy of
1,000 to 6,000 cal./mole. for hardend.cement paste, depending on age, and
water cement ratios

" Caloulation of the microscopic activation energy that is the activation
energy for the'unit particle involved in the creep process gives &
» theoretical value vsry much smaller (5,000 X) than the actual value
méasdfed‘:rsm relaxtion experiménts (29).  This has led Wittmsn (29) to
the conclusion that several thousand molecules, probably therefore being
‘the gel partlcles make up the creep units and also that water molecules
4do not play a 51gn1f1cant dlrect part in the creep process since the1r At
microscopic actlvatlon energy is also very small. Further, he shows
that the smallest dlstance a gel partlcle can move approx1mately equals
the most frequently occurlng pore dlameter, thus a partlcle when it leaves
its p081t10n of equilibrium moves the mean 1nter particle distance.

From equatlon 6 the amount the actlvatlon energy is reduced by the
applied force per percent of ultimate load is given by

=00l xRxTxvVv"

= 5.86 v;ssl/molé./beféént‘ls”
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Some typical figures are therefore 27, aoyand‘16’cal/hole./bercent
at O. l, l and lO hrs. respectlvely.
| Taklng the mean strength of the spec1men as S 5501b f. /in. hesevalues

become O, 49, 0.37&0,28 cal. /mOle-/lb £. /1n. "+ The valies that Wittnan obtained
for hardened cemont paste were 0.2 for w/c ratio = O 35, and O 34 for
“w/c‘ratlo O 65. They are thus within the same range, the main difference
‘beinglthe decrea51ngjyalue of u for concrete as opposed to the constant,_‘
value fordcement’paste. » Because u is constant for cement paste a change
in the raluegoftu for concrete must be related to a change in stress’within
“the gel rather’than a change in gel properties, due.to the different | ‘
:‘structure of concrete.‘ .This could be accounted for by the presence of .

. aggregate‘ln concrete and the consequent transfer of stress from the
‘matrix and thus the cement gel to the aggregate durlng the creep process,
Occurence of mlcrocracklng at the aggregate matrlx 1nterface would affect‘
the calculated value of both u and a in the early stages. The fact that

v and hence the calculated value of u is 1nit1ally constant before startlng
to decrease 1mp11es a perlod of constant stress w1th1n the gel whlch

would be compatlble w1th some form of stress redlstrlbutlon such as

occurs w1th mlcrocracklng, or 1ncorrect cst1mat10n of u due perhaps
‘ agaln to 1n1t1a1 cracklng at hlgher stresses.‘
Equatlon 8 mey be rewrltten as

| M a s ct 2
the expresslon for crecp rate then becomes

-0,476

€ = 10 bt sin h (v0) (10)
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o Thus if vV were 1ndependent of tlme, log creep rate agalnst log
tlme would plot as a stralght 11ne. ~ The plot of‘log rate and 1og t1me
%does in fact show good‘llnearlty (fig. 8. 5) though the slopes are -
steeper than -O 48 due to the decrease in v, the mean value belng ~0.7.
Howevetvfor a g1ven change in v, the hlgher the mean stress the greater’
~the decrease of the sinh (v0) term in equation 10, and thus the slope.
should ee greater the higher the stress. Ffom‘fig. B.6 this is seen to
;be'the(case,'a:roughly‘iinear‘reiationship‘existing‘between mean slope |
for each stress and stress.‘ L

Integratlng equation 10 the creep at t1me t is given by.

€=zt ~,; sinh (vo) - f pt™% 6 cosh (Vo) Bv dt Q1D
l-q } : 0 at ‘ '

‘where in thls case p = lO L ang q = O 476
If v were constant the second part of 11 would be’zero and a slmple power
function would result._

Since 3v is negatlve the second part of equatlon 1l means a gradually
decrea51ng gznctlon is being added to the first part whlch from ‘the creep
rate functlon con51dered earller is probably a power functlon.

| Plottlng log creep agalnst log time, however, does show qulte good
linearity for the time intervels considered in these tests, though creep -
after a long period would be overestimated assuming a simple power law,
| The grediehts'of‘the‘ioé creep ioé time curtesyefe in this case not stress
dependent whlch can be attrlbuted to the effccts of the second part of

equatlon 11. Apart from this extra term, the effect of time dependent
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variations'of;v could be expected to be greater on creep than on creep
‘rate due to thetsunmation involved in integration.

8.4 Cylc‘li;c Stress

8.1 Varylng Mean Stress - Constant Amplltude‘

The effect of a cycllc stress can be con51dered to increase the’ energy
input 1nto a speclmen, thus enabllng the deformatlon to occur at a faster
rate at the mean stress, than if only a statlc stress 51m11ar to the‘
mean stress was actlng. h Th1s could be 1ntcrpreted as an apparent reductlon'
~ in the actlvatlon energy due to the cyclzc component of stress, the reductlon
belng the same in both the dlrectlon of the applled stress and in the
oppos1te dlrectlon. ‘ L )

“ If the reductlon in activation energy’eue to the energy of the

amplitude component of stress is u then equatlons % and # become.

; P -(Q—u— )/RT
" . : Zl‘— a, e Ya
22,=82 e°<Q+u_ua)/RT’
and therefore % =2s2 e-‘Q-ua)/g? sinh  (vo)
ST u o e
or. €=ae a/RT sinh . (vo) o Q2)
evA sinh  (vo)

Fitting the hyperholicéﬁne relationship to the creep rate - mean
stress curves for the cycllc stresses of amplltude of O 2, (flgs. 8.7 - 9)
shows quite good agreement, though at later times the creep rate for a
mean stress of 0.15 appears to be rather hlgh, perhaps due to the effect

of a near zero lower stress as mentioned in chapter 6.
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‘Plotting‘log‘A against log time (fig. 8. 4)'for these tests‘shows‘
‘reasonable llnearlty though the scatter is greater than for the static
" tests. Using Student's t test shows no statlstlcally signlflcant
difference between the slopes for the statlc or cyclic stress tests, and
‘thus there would appear to be no signitlcant difference in the activation .
energy for a static cr‘cyclic stress within thellimits of accuracy‘of
~ these tests, and the timeintervalfconsidered. The cyclic stress_lihe
e‘lies above that of the static stress line, which would be in agreement with
v‘equation 12 though the difference is too small‘to permit calculation of
’Mua; with any degree of certalnty.:‘ |
Flg:u‘B.IQ shows a comparlson of the varlatlon of v w1th time for
f'the static and cycllc stresses. ‘ The behav1our is similar, though v for
the cycllc stress shows a sllght 1n1t1al 1ncrease, then does not start to
decrease untll after V. for the statlc stress, though the later values
appear to be 51m11ar. However the value for 20 hrs, could not be
calculated for the cycllc stress due to the hlgh value of creep rate’at i
a mean stress of O 15, so the s1nh curves were refltted for both static
and cycllc stresses leav1ng thls value out, to enable a qualitative
comparison:to be made at this time. The variation of this value‘of v is
shown in flg.'8.ll. It can be seen that the value for the cyclic stress
falls below that‘for the‘static stress at later stages. That the value
of v for the cyclic stress initially remains above that for the static
stress would be in agreement with an extension of early‘micrOCracking due to

‘the cyclic stress which was earlier suggested as a reason for the value of
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vvbeing cohstant initially for the static stress.f‘ Furthermore the Value‘
of v for the cycllc stress falllng below that for the statlc stress at
Tlater stages; could be a result of the actual creep process being more
:advanced for the former, and thus the stress on the gel being less at -

the equlvalent tlme.‘

The dlfference in the value of v for the two stress types, w1th1n

5 the accuracy of 1ts calculatlon, can only be regarded as g1v1ng a

“_qualitatlre 1nd1cat~on of the dlfference in behav1our of concrete under

the respective stresses. The fact that v does dlffer for a cycllc stress

! means that v in equatlon 12 must be changed to v for a cyclic stress,

yithough as was prev1ously mentloned, this dlfference 1n v does not imply
wa fundamental dlfference in the decrease 1n actlvatlon energy caused by
‘gthe mean stress, but rather a change of stress in the gel due to creep,r :
| the dlfference 1n a accounts for the decrease in activation energy due
to the cycllc component of stress.

Plottlng log rate agalnst log time shows reasonable llnearlty
(fig. 8.12) as for the staticfstress results.  Again the tendency is
for the gradlent to increase with 1ncreas1ng stress (flg. 8. 6) as for the
statlc tests. The log creep-log time plot is 11near also 51m11ar to
the static stress results. ~Again the gradlent is 1ndependent of stress
for the creep results, or poss1b1y show1ng a sllghtly decrea51ng trend
(fig. .3) The explanatlon w111 be s1m11ar to that offered for the static

tests.
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From equatlon 12, the amplltude creep rate, that is the dlfference ‘
“petween creep rate for a glven cycllc stress and creep rate for a statlc’
v‘stress equal to the mean of,the cycllc stress, would be‘expected to be;
stress deperdent;‘p from fig} 8,13 this can be seen to be tne case at‘:
early stages, though after lOO hrs. the amplltude rate is constant with &
mean stress, perhaps even show1ng a tendency to decrease w1th 1ncreas1ng:\
stress. Thus the ratio of amplltude creep rate to static creep rate 1s‘~
of decreas1ng order‘w;th 1ncrease in stress, whlch does not agree with
the apparentﬂtendency'tcwards‘a constant<value of the‘ratio‘cf amplitude
to static creep‘discussed in chapter 6 This may be a result of 1naccuracy
of measurement ‘of creep rate at later tlmes, though this would be unllkely
}to 1nf1uence the trend. The ratlo for creep may be distorted due to the
effects of high creep in the early stages.‘ The 1ntegratlon cf the rate
d,curves would tend to smooth out variations, and thus the creep curve may
to some‘ertent be less indicatire‘of the true behaviour.“ The decrease
: 1n amplltude creep rate at hlgher stresses at later stages would 1nd1cate
‘that the amount by which the amplltude component of stress is able to
- increase the creep rate depends on how much amplltude creep has already
occured. ‘ It seems pcss1ble that the amplltude creep has a 11m1t1ng
value dependent‘only on amplitude. This is not to say thouéh that a
specimen'subjected to a‘static stress would erer achieve the same creep
as‘onevsubjected to a cyclic stress of a similar‘mean stress.

Rememberlng the results of the 1oad sequence tests dlscussed 1n

chapter 6, the amplltude component of creep is unaffected by previous -
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‘ applicatlon of a statlc stress equal to the mean of the cyclic stress, if
‘the streuses are not hlgh enough to cause 51gn1flcant mlcrocracklng.

8.4.2 Variation of Amplltude - Mean Stress Constant

Conszidering equation 12

Y WL ’ ‘
e = a.e'a/3¢‘elnh (v g )

‘ ; o c
taking logs - log (éé) = log (a sinh (vco)) + Ua/RT
. u ' ‘
assuming 3 ﬁ% = kA" (& = amplitude of cyclic stress)
them  log (£) =K +ka" - (13)

. Re:erriné td fig,‘8.15 where.log creep‘rate is’pletted aéeinet
‘amplitude for the iests at a‘mean stress of 0.35 and various amplitudes
it can be seen that, apart from the amplitude of C. 5, the points 11e
. on qulte a good stralght llne.‘; Regre551on‘;1nes were fltted for the =
flrst flve polnts at the varlous'time intervals, andlfhe correlation was
significant at the 1% level for all fhe lines apart from at 10 and 100 hrs.,
when the level of significance was 5%, This would therefore appear to
verify equatlon 13 with n # 1.‘1‘The variation ef k with time as‘COmparea
w1th v is 51mi1ar, whlch mlght be expected as both are stress dependent
factors.

Comparlng the two V= ﬁﬁ; and k =§%% the 1n1t1a1 value for k is 1 02
' compared with' 4 67 for v ‘and 4. 08 for VC and the final value is 0,48
compared with 1.9 and 1.03. It was mentloned in the prev1ous sub~-section

that v appearedvto‘be dependent on amplitudein as much as that it was

affected by the relative amount‘of creep that had occured at any particular
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time,‘for a given emplitude.: Thislwouid therefore affect the value’oka
~and thus k in equation 13, though because of the qulte good linearity the |
feffect of amplltude must be fairly sllght, at least for these time 1ntervals.
: The departure from llnearlty for the amplltude of 0.5, very marked in the |
feariy stages, 1ndlc&tes a blg change 1n the deformatlon process, probably ”

.a result of much 1ncreased mlcrocrscklng. _ ThlS is further substantlated

'*fbyfthe disappeerance .of the effect at 100 hrs. a fairly good stralght

“11ne relatlonshlp ex1st1ng up to O. 5, 1ndlcat1ng the creep process is now

s1m11ar throughout the stress range. It is expected that mlcrocracklng |

“‘would dlsappear rapidly if fallure does not occur, due to the rapld 1ncrease

in energy requirements of crack growth as cracks propagate (11)..

' Log creep rate plotted against log time (fig. 8.16) again shows
good llnearlty, the gradlent agaln 1ncrea51ng for 1ncrea51ng amplltude
h due to the decrea51ng value of both ua and chw1th increase in amplltude
‘ for the reasons mentioned earller. Log creep agalnst log t1me is also
agaln quite linear, the gradient being independent of amplitude.

Fig. 8.14 shows a comparison of‘amplitude rate plotted against
amplltude for the moan stresses of 0.25 and 0,35 at .various times., it
can be seen that the rates for the higher mean stress 11e mostly above
those for the 1ower, though the dlfference is not very great. As was
said earlier the much greater difference observed for creep is probably
uue to oreep being an integreted form of the creep rate curve,

’ It does seem the tendency is for the amplltude rate to be 1ndependent

of mean stress though equatlon 12 suggests otherw1se. A further
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explanatlon could be due to the fact that at 1ater stages ¥ calculated
‘from the cycllc stress results is in fact less than vs calculated from
the statlc stress results,"’However in calculatlng the amplltude creep '
rate the actual statlc rate wassubtraotadirom the rate for the cyc11c
stress, and thus allowance has not been made for the reduced value of v.
Th1s means that the amplltude rate is underestlmated because the assumed -
statlc rate is too blg. In other words though the cycllc stress causes‘
an‘iééééasé rn(creep rate over the statlc stress, the actual statrc -
creep rate (that observed if the amplltude component of stress was
suddenly removed) is reduced by the cycllc stress. Th1s agrees w1th

the nore rapld tendency to stablllty of the 1nternal structure of concretei‘
- under a cycllc stress. | | o
‘8 5 Conclu81ons o

Values of the actlvatlon energy of the creep of concrete obtalned are

in good agreement w1th those obtalned by other 1nvest1gators for the creep

[
s

of cement paste. | The presence of aggregate 1n‘concrete,‘ cau51ngyayw
gradual transfer of stress from cement gel to the aggregate would account
for the‘apparent decrease 1n the amount the applled stress reduces the
acthatlon energy durlng the creep process, the decrease not being |
observed for hardened cement paste. This decrease was found not to occur
in the 1n1t1al stages perhaps due to mlcrocrachlng at the aggregate matrlx

1nterface cau51ng changes in the early stress dlstrlbutlon. ) The hlgher

creep rate due to a cycllc stress can be explalned by assumlng the energy
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‘eyeileble‘from a cyclic stress causes a further reduction in accivetiep
energy equally in‘the‘direction of and_in‘the direction opposite to the
epplied stress; - No significant difference was found in‘the‘activation
energy cf creep between 2 etafic‘stress and a cyclic‘stress. The
reduction in activation energy due to the_mean‘stress'ccmponent ef the
cyclic stress, showed an initial increase before starting to decrease,

for a cyclic stress, the decrease also occuring at a later time.  This -

was thought to be due to a greater degree of early microcracking for a cyclic.

stress, Microcracking was indeed responsible for a very large increase
in initial creep rate for a mean stress of 0.35 and amplitude of 0.5.‘

The static or mean stress component of creep rate and the‘amplitude
component are interrelated and‘cannot be superimposed additively in a |
similar manner to creep and shrinkage being unable to be superimposed.‘

The relationship between log creep rate and log time was shown to be
linear, the gradient increasing with increasing stress‘or amplitude for

both static and cyclic stresses, due to transfer of stress from gel to

aggregate. Log creep and log tlme also showed a fairly linear relatlonshlp,

the gradient being 1ndependent of stress or amplituce, though departure from

lihearity at later stages would lead to overestimation of creep after long
- periods.:

- Due to the time dependence of the coefficients in the activation

. energy equation it is not possible to present a general equation based on
this for creep rate, or creep of concrete under a static or cyclic stress.

Use of the equatlons however enables calculations of parameters which agree
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quite well w1th prev1ous work and make it p0551b1e to suggest tentatlvely
that the concept of change of p051tlon of gel partlcles being the
fundamental cause of the creep procecs for both a static and eyclic
stress‘ie”qﬁeiitatively if‘hot‘to some ekfehf Quantatively valid.“ This
iejhof‘fé éisccﬁnt the presecce of vafying amoﬁnté”of water ceusing
con51derable change in the structure of the gel and in consequence, changes

in the moblllty of the partlcles, though the role of water is con51dered

more paésive‘than active.



CHAPTER 9

~ GENERAL EXPRESSIONS AND THE APPLICATION OF RHEOLOGICAL

' MODELS TO CREEP UNDER A CYCLIC STRESS

9.1 Introduction

‘Many expressions exist which attempt to describe the shape of the
creep—tlme curve and the 1nfluence of the many parameters which affect
it. Insufflclent is known about the creep behav1our of concrete to be‘
able to‘deduce‘a‘theoreticai relationship,‘and so the expressions tend to
be empirical, their complexity depending on the number of parameters
involved, the accuracy with‘which it is desiredrto‘approximste the‘u
ernerimental curves and the time interval being considered.

N It is proposed here to con51der the simplést relatlonshlps 1n general
use to try and establlsh whether they are 51gn1f1cantly dlfferent under a
;‘7030110 stress, and 1f 50 1n what way. ThlS mlght then enable creep under ‘

a cycllc stress to be expressed in terms of creep under some equlvalent

statlc stress, and thus glve some 1ndlcatlon as to how the more complex

relationshlps 1nvolv1ng parameters whlch were not varled in these tests
mlght be affected, redu01ng the:needfor a great deal of experimental vork"‘
to determlne behav1our under a cycllc stress. |

Rheologlcal models are an ald in produc1ng a mathematlcal equatlon to
represent the creer process.‘ They do not 1n themselves contrlbute to
‘knowledge of the fundamental creep process. They have however been used
wldely to aid the formatlon of relatlonshlps between stress, straln and
time, and it is felt it will be useful to investigate the behaviour of

‘existing models under a cyclic stress, and how they may needto be modified
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to account for actual creep behaviour under a cyclic stress, thus shedding
further‘light on how a cyclic stress modifies the static stress -strain
and time relationships.

- 9,2 Exponential and Hyperbolic Relationships

The exponential expre551on for creep as put forward by McHenry (30)
is based on the creep rate belng of the form. !

4a¢e

g =2 (el
R R . , -kt ‘ ' =
the solution being e=eg (l~e ) (L (£=0,¢=0;t= o)
this again implies ~ log ( ) log(a)- kt -

‘ Iﬂ‘fhese tesfs fhe‘relafionship eetween the log of creep‘rate and .
1tlme was not llnear, and prev1ous ‘work has not shown very good agreement
‘w1th the exponentlal equatlon for creep.; McHenry modlfled it by addlng
a further term so that

" - ) ¢ 178 (12 W)
where c, d, f, g, h, are constants which are determlned experlmentally,
and L is the age at loadlng. The second term is to account for higher
”early‘creep before'the propertres‘heve Become‘stapilised. "It is of
,‘course possioieuto’epproximete any‘creep curve‘as exactly as required by
using a’ sufficient number of exponential terms, but the procedure

!w

becomes very complex and is not suitable for the present purposes.

N
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L'/ ‘Referring back to equation 1 and taking only the first term in t

of the expansion of e Kt

Ell - 2 )

€ 1+ kt
_  Eekt
€~ 14kt ‘
g 1 1
or €= a2+ bt where ba= e«y » b= E—

| Thls is the hyperbollc’expres31on for creep suggested by Ross (31)
and similar to ‘that of Lorman (32). ' v

Good agreement has been found by previous investigatorshfor this v oo
ekpression and experimental results, but rather poor agreement was found
| in the present tests unless the first 40 hrs. or so of the creep time curve
 was ignored, and even then the tendency vas to underestlmate the ultlmate
creep. ' It has in fact been found that‘the hyperbolic expression is more
,suited to creep at later times,

The hyperbollc expre551on is thus not very suitable for the present

tests when creep 1s belng con51dered over a relatively short period, .
' Also the fact that two conétents‘have to be determined dees not lend
“itself to development of a simple expression applicable to both static
‘and cyclie‘stresses.“

2.3, Logarlthmlc Relatlonship

For SpeCIflc creep Egp, age of loadlng L and time t, the U.S, Bureau

of reclamation (33) assumes that:

S d (e L)
= (*sp) = e~
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this means specific creep is giveh by:

= £(¥) loge (t + a)‘ (t =0, Esp = 0)

and in order to avoid distorting the time scale a is given the value of 1

e :
sp

o that: =
| © eap = £(L) log, (t+1) @
‘(It is 1nterest1ng to note here the rate of creep glven by the hyperbollc

expression - %f = TZ—%—E_)Z (a has dlfferent meaning))

In thls case therefore creep should be a 11near functlon of 10g(t1me4-15
Reference to flgs. 1, 3 and.8 in chapter 6 shows that in these
‘experlments thls is not a very good flt though 1t is agaln generally
recognlsed that the expre551on is not valld for early perlods under load,‘
and furthermore the U.S. Bureau of Reclamation use it only for mass |
‘concrete and stress strength ratlos of less than 0.35. | t.

ance f(L) is dependent only on age at loading this should be a
"constant for a glven concrete and a glven age of loading. Cycllc stre551ng
w1ll alter the value of f(L), and it is also not p0551b1e to express a | |
“cyclic stress in terms of spec1f1c creep. Consequently the equation must
be"expressed ip.terms of actuel creep, (L) being dependent‘on stress and‘
amplitude; and from ﬁo& referred to as K, - o

The 1ogar1thm1c‘ equation was fitted to the experimentalldata and the

- coeff1c1ent K is shown plotted agalnst stress for the static tests in

‘fig. 9.1. The first ten hours of the creep data were not used to

calculate K since this perlod showed greatest departure from linearity.
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‘To calculate K per percent of static stress a straight line was fitted by
least squares to the points up to a stress of 0.45, the relatlonshlp between
‘stress and X belng falrly llnear up to this peint. The result is

= 2, 96 per percent."'ualculatlng K\for a stress of 0,35 this can then

i
l

be subtracted from the values of K obta1nod for the cycllc stress tests
of mean stress 0 35 and varylng amplitude, to give the amplltude component
K Thls is shown plotted agalnst amplltude in flg. 9 1, and shows
- good 1lneer1ty upto an amplltude of 0 3, the value belng 2 85 per percent
“of amplltude. However rememberlng from chapter 6 that the amplltude
v component of creep 1s dependent also on the mean stress, Ky should be
further d1v1ded by 35 to glve Ky ;— 0.0813 per percent of ampl;tude
per percent of stress.” " A '
Thus the equatlonhfor“creep‘nnderwe“statdcmor’cycldc’stressﬂls‘
- e=g, (K + KaA ) loglol(t + ll‘ |
er 'e": o, (2,96 ’+‘o.o8i3 A ) “ 16551‘0” (t"+ 1)“ | 2
| Referrlng to table 5 ﬁm represents exper1mental values of creep
and 51 creep calculated us1ng equatlon 2 values belng shown for 30 and
‘ 100 hrs. | The largest dlfference between values 1s 25/ for the lOO hr.
creep at a mean stress of 0 1 and amplltude of o. 1, though the error is
an average rather less than 10f%, - There would‘appear to be no particular
trend in the‘results tc either under estimate or overestimate creep.
The basic difference between a logarithmic and hyperholic expression

is the former tends to infinity at infinite time and the latter tends
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‘to a finite limit. ' It is likely that a logarithmicl‘expréssion‘would‘"
overestimate creep after a great length of fime,‘though a hyperbolic
felationship tends to have the opposite effect of predicting too early

a cut off in éreep. | |

i frThe relationship suggestéd‘aboﬁe will be more accurate for lafer tiﬁes;
~and cannot’ be used: for ear1§ times when the departure from a logarithmic:
curve is high. It is relatively simple, but it would be necessary to
perforﬁ a series éf static creép fests and a series of creep‘tesfs under
' a cyciidystress for one mean stress and various amplitudes té"esfébiish .
it for every particuiér type of concrete and the particular conditions
required, though creep due to any load pattern is predicted fairly well.
with relativély few iests, v

9.4 Power Functions !

“‘:IPower'function‘relationships‘aré used widely in the'dréep‘study;of

many materials, the form of the relationship being -

, &= a¢b 4(3) (aand b constants)

‘A is’usuélly éséumed‘toiééme function of‘strésé (34, 35) linear or
othefwise.'5 B‘ié oftén”ﬁenfidned as‘being‘approXimatély 3 for many materials
and has‘been;found‘to‘have'this value also for goncrete.7~ Liké the -
logarithmicu‘expression, creep tends‘tq infinity at infinite time and thus
long term creep is liable to be overestimated. ' However for these
experimeﬁts it Wés foﬁn&jfhét this fj?é of‘eipression fitted the data.

over all better than any other. " Log dreep against log time should plot

as a straight line, which it will be remembered from chapter 6 showed good
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agreement, .. Further the rate of.creep is‘given by %% = a.b.t bfl‘which_
is also a fower‘function,‘and‘again‘goedvagreement was found for log rate.
plotted against‘log timehkchapter 8)

quatien‘j was fitte to the exper:meﬁtal results in the llnearlsed
, form - log( )\: og(a)+ b x 1og(t) since this tends to weight the points
‘;at later tlmes, and also because 1t av01ds for01ng the curve through the
‘orlgln, whlch blases regress1on estlmates. For the tests vwhere amplltude
was varled at two dlfferent mean stresses,,and where the mean stress wes H
varled wlth a constanf amplltude, the mean value of b was 0‘32 1n each case,
and for the statlc tests and the - tests where the uprer stress was varled at

L

‘constant lower stress the values of b were O 37 and O 34 respectlvely.v
The test to test varvatlon was qulte hlgh tﬁe §5% confldence 11m1ts
"varylng bctween +O 08 to +O 12. Flgs 9. 2-6 show b plotted aga1nst
varlously stress and amplltude of stress for each series. It weﬁldl |
therefore apbear that b is'ihdependent of mean stress or amplitude the
over allymean‘being‘0.333 which is in good agreement with Andrade's 3
power expression for creep andlother’investigators values for concrete (34).’
Plotting a:against static stress, and amplitude for the tests done
at a mean stress of 0.35,‘from.fig. 9.7 it can‘be seen that there is a
fairly linear relationship for static stress upto 0.45 and for emplitude
upto 6.3.‘ Calculating the static stress and amplitude components of a
- as in the'previous section gives a = 1.29 per percent and a. as 0.0499 -
per percentper percents - The general equation for oreep then becomes

e=0, (1. 29+ooL+99A)Jc"’L ) (i ohes)
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Table 6 shows experimentslvalues of”creep at various stresses at
1, 10, 30 and 100 hrs., compared with creep values obtained from equation 4.
The agreement is very good at 1, 10 and 30 hrs., though creep tends to be n
; overestlmated at 100 hrs. for the higher stresses, and the logarithmlc irh i
relationship glves slightly better results.r‘ However the power function’
‘may’be used for values down to zero time end is much better for calculating
‘early creep, and 1t 1s suggested that equation 4 be used for early creep
ﬁ:rover falrly short periods and equatlon } for creep at later stages.‘
If the amplitude component of a is calculated by taking the values of
a from the tests done at an amplitude of O 2 and various mean stresses and
‘subtractingtheeqmroprlate static stress value of a; thls plots as a
reasonably stralght 11ne w1th mean stress (flg. 9 7) This glves g value
”of O 881 per percent mean stress for an amplltude of O 2 or ‘a value of O. 044
" per percent mean stress per percent amplltude.‘ U51ng this value in
‘equation 5 rather than the value of O bS obtaxned prev1ously would reduce'i‘

.
the creep values by less than 5 pereent. Thus the agreement is quite good

between the two approaches, whlch suggests that ba81cally 1t is a reasonable

method. i‘ohi e i TR o v B
Plottlng log (a) againet stress or amplitude gives a better stralght

' line upto hlghevaalues. . However this yields a rather clumsy relationshlp

of the formtkiekzg, which does not lend itself to forming a general

relationship between creep, mean stress, amplitude and time.  The

epproximationsmedeanywaywhenibrming the sort of general equations being

considered do not make making the relationship more complex worthwhile.
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Beyond mean stresses of O.hsband amplitudes of 0.3, the departures"
from linearity of the relationship between mean stress or amplitude and
creep become very marked,f‘andlso stresses above shese values have to be
considered separately.“

‘ The coefficient in fﬁe creep time curves can be expressed in the.

form quv(l + k, A);_f The value of k, then solely determines the influence
,of the amplitudej componenf of stress on creep, and the variation of this
value for different mixes and conditions of testing environment would
.therefore indicate whether the amount a cyclic stress increases creep is
dependent on these. If k2 was independent of these it would then be
possible to‘p:edict‘creep under a cyclic stress purely from static test
results for the given conditions.

95 Rheological Models

9. 5 1. Basic Flements

The two ba51c elements of rheological models most commonly used are
one wlth a perfectly elastlc response that is the stress strain

relatlonshlp eXhlbltS no hysteresls, with complete recoverablllty of

“ystraln and one with a perfectly viscous response, that is rate of

deformation is linearly related to stress, being constant for a particular
. stress. ..These can be represented mechanicaliy by a spring and dashpot -

‘respectively the equations being

m?f” and . F-_-w-a;c-.m

vhere x = displacement, F = applied force,‘u'= viscosity, m = spring rate
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‘To accommodate time dependence of properties associated wifh concrete
both m and w may be made functions of time.

- Using elemeﬁts of this sort concrete is assumed to be viscoelastic.
in behapiour, and to account for departures from this varioué other elements
are used such as friction elemehts,vuni-directional dashpots, sorption
olements or in fact anwaorm of‘mechanicai‘dévice thch enables a better
approximation to real behaviour to be obtained. ~Sometimes elements apep
choson’whichwaptompt!to approximate the actual microscopic behaviour
ofMthewmaperiol,_but’on the whole tho mechanism of deformation of the model
and of phe‘ggpugl materigl are;in no way similar.,

9.5, 2 Simplest Built Up Models

The two most 51mp1e models are the Kelv1n model, which is a spring
and dashpot in parallel or a Maxwell model which is a spring and dashpot

in series. These are represented by the two equations: v

EL¥X_r e (Kelvin)
and‘_v B A (7) ~ (Maxwell)

oo TwTa
 Tho defornation of a Kelvin model is given by:

| ’ x =TFm (1 -’eft/?w)‘ N
‘which tends toﬂa‘finité iimit equal to tho‘deiormgfion‘of tho spring undéf
the appliedzfo:oe., Tho‘Maxweil model showoran‘initiél elastic |
deformationldoe‘towthe spring then defopme at a constapt;ate dependiné
on the‘fiscosity Qf‘thé dashpot‘gggmppo appliod force, thus‘the |

doformation‘pendsutouinfinity." Thé Kelvin model exhibits complete
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" recovery, but does not have stress relaxstion properties, the Maxwell
‘model shows only an immediate elastic recovery, but does exhibit stress
“relexation. ' - The simplest possible model able to exhibit all the

' phenomena ' mentioned is a Burgers model which is a Maxwell and Kelvin'

" model in series. ' The deformation of a Burgers model is given by:

| . Pt | t/(‘"'K me)y
X o= FmM'_+ -;’-b; + Fh‘lK"(l -e

(M‘refers to Maxwell model, K refers to Kelvin model)
whicn“ténds ultimately‘to infinity at the rate of‘the Maxwell compcnent
| j’Zantlzfvt‘shc‘ws:‘é“elavt‘s’(‘,!i.c‘I"‘ecovery‘‘due to the Maxwell component and‘timetaependent
llféeé§er§‘&ﬁe‘t6 the Kelvinkcomponent,.the;irrecouerabiekdefornationa‘»
;denending‘on”the‘time dependent‘tart of the Maxwell component.‘

w9 Se 3 Models for Concrete Under a Static Stress"”

Quaatltatively the Burgers model would appear to exhlblt
tdeformatlonal behav1our 51m11ar to that of concrete. In fact agreeﬁent
of thls model with experlmental results is not good (47) due to the fact ‘
’that a 51ng1e exponentlal equatlon does not repreScnt concrete creep vcry |
‘well and also the tendency towards 1nf1n1te creep at a constant rate of |
'che Maxwell component of the model. *‘However'if-thevproperties of the
dashpots are nade tlme dependentwwhich was‘done by Valshnav and Kesler (36)
jgood agreement of the model with actual behaviour can be obtalned, though
the equatlon is complex to solve analytlcally. ) Many 1nvest1gators o
‘have propOSed models made up from sprlngs and dashpots w1th dashpots

‘hav1ng ncn return valves and varlous fcrms of tlme dependent v1sc051ty.

‘The equations for such models are uSually"very complex, the constants
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obtained being applicable only to the particular‘concretes used; :The
agreement of theseimodels with actual behaviour’sueh as for recovery and
stress relaxation‘is‘generally better the mOrevcomplex the model. it‘is
interesting’tovnotewthet“s’numher‘of Kelvin7no§eisttahen‘inbseries represents
axsummetion of exponential expressions Which can be made to eéree,‘as
aconrately as required with actnal‘creep behaviour, aepeneing‘on theot.
number taken.: | |

An element whlch attempts to represent the actual creep mechanlsm
is’the sorptlon’element suggested byPowers (37). Thls is two surfaces
'seperateé by‘e‘water‘layer up to 10 nolecules thick and thus‘represents
load bearing water. Powers model for -eversible‘deformetion‘of oement
'paste uses thls in parallel wlth a sprlng to represent deformat1on of the
elastlc component.‘ A more complex model based on the sorptlon model was
proposed by Gopalakrlshnan etal (38). o |

Toroja and Paez (39) 1ntroduced the rdea of spring inside a dashpot,
’ there belng frlctlonal re51stance between the walls of the dashpot and the
sprlng coils, A dashpot empty of fluid shows tlme 1ndependent 1rrecoverab1e
Fdeformatlon where as one contalnlng fluid shows tlme dependent recoverable
and‘;rrecoverable_deformat;on. ) Thelr model does not exhlblt stress
relaxatlon.

Glucklich (40) mekes use of a frlctlon‘element‘to gire 1rreeorerable
deformatlon on 1oad1ng and a one way dashpot in a Ke1v1n model to account

for 1rrecoverab1e deformation. He also uses sprlngs and frlctlon elements

in series, in parallel with a dashpot. ‘Thus the friction elements in
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this Kelvin type body make it show irrecoverable deformation dependent on the
pfevioué défdfmafion;"'However neither model exhibits stress relaxation.

9;5;4 :Appliéation;of Models to Concrete Under a CyclicJS£réss

" The basic feqﬁirements of a model to represent deformation under a
cyclic‘Stresé are}thét}it'SQOﬁidﬂéhow‘gfeétér‘deformétion fof‘éhsfréés,
var&ing‘éqﬁal amounts eéchméide of a’givén‘méén”Sffésé than at the mean
stfess,’and‘fhét the increased deformation should bé'mainly‘ifréébbefable,
These“requiremenfs‘cannbt be fulfilled by either the Keivin or thé Maiwell'
m;délwﬁhiéh woﬁlévshéwsho iﬁc}éase in defofmétioh ﬁndof aléyc1icds£ré$é;wv
de Keivinymodeis in series, 6né wifh a daéhpot with a non‘return valve
would qualitatively satisfy the requirements though this would imply the
‘amplitﬁde component was cémpletely‘irreversiblé. Further since deformation
is prbpbrfidnal”fé stress for a Kelﬁin”model,:fof éayyé’béanJS£réss’of10.35
and\amplitﬁde‘of 0.2 the amplifude éomponeht‘of deformation for this model
couid‘be’éf!més£'0.1/0;35 fimes”the‘irreco#érable ébmpdnéht‘of deformation
f§r a static étréss ofVO.BS, and for a sinusoidal load rather less than |
‘thié;FW£iEh‘is in poor'agfeéméht with actual beliaviour in whicﬁ‘the"
’émpiitude component ié‘more or less equai to the total time deéen&ent
deformation for th;é static stress, |

A modél‘consisting of ayfricfion éléhént ih‘parallel‘with a daéhpot
with a non'réturn‘VaJQe the friction element being‘choseh to slide at
juét abofeythewmean streés,;could simﬁlafe‘“the increase in irrecoverable
deformatibﬁwdué fdﬂthe‘cyclic stresé domponent. ;The dashpot would have

to be'age thickening to account for the decréasing‘rate‘of deformation
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with time. However the disadvantage is that the fofce at which‘the

. friction element slides has to be proportionalytowthe,mean force but not
the amplitude of the force, which makes the model valid for only particular
. values of the mean.

It would appear théreforé that for models based on éonventional
l,viscoelastig units there is a general incompgtability between behaviour v

- under a static, and behaviour under a cyclic stress ~ a model with‘the
required characteristics to describe one type of behaviour cannot describe
the other, A model is required that exhibité deformation under a static :
,‘stréss with a fairly linear rate of deformation - stress relationship,

~ and whose deformaticn is increased when the stréss varies aboufythe mean.
..+, Use can be made of the energy‘available from a cyclic stress_tot
generate heat and thus heat up a.dashpot.., The‘viscosity of the fluid
woﬁld theréfore decrease and it would show less resistance to deformation.
The heating deviée éould‘be a friction unit in seiies with a spring,:

-~ though the disadvantage of this is a finit; force is required to movel
the‘friétion unit. . A soft iron core moving in a é6il wéuld generate an
2eCe current‘which‘could be féd to a heating element in a dashpot. A

: fropoéed modél‘is therefore a soft iron cbre moving in a coil in parallel
. with a séring‘tq fepresent:fheyeléstic deforéatioﬁ and‘provide the heat.
This is in sefies with a Kelﬁin‘unit which has a one wéy age thickening‘
dashpot with the heating element in it to represent the irreversible
deformation;:which'it is presumed is what is affected by a cyclic stress.

) A further Kelvin unit is placed in series to represent the recoverable

deformation.
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v Thas modei 1s not very satlsfactory’however because of the 1mp11cat10n
of a heating effec causing increased deformation.  Further the 1ncreased‘
rate of deformatlon would be very dependent on frequency whereas the
observed efiect of frequency is not very great.

A more satlsfwctory model can be develoned from a nlcrorheologlcal
approach. - In the next chapter it is postulated that a vaxylng stress can
- disturb the structure of adsorbed water and thus reduce 1ts v150051ty.
Considered in this light ?Owers‘sorption element would show increased ‘
deformatlon under a cycllc stress, thoughipowers does not con51der the
structured nature of adsorbed water. To account for 1rrever51b1e ‘
deformation the sorption element mLst be put in parallel with a non return
dashpot. A Kelvin unit or a further sorption element in parallel with a
spring can represent‘the'reooverable part of the deformation, though the
latter would show a conolderable 1ncrease in recoverable deformation due to
“the cycllc stress whereas 1t is thought thls 151r1rea11ty llttle affected.‘
The properties of the adsorbed water have to be assumed to show the
observed relative independence of frequency of loading. . This model ,
assumes the deformation to be dependent on removal, of water from between
partlcles but in the next chapter 1t is suggested that deformatlon is due
probably to partlcles sliding over one another, the ease with whlch they
can slide dependlng on the structure of the adsorbed .layers.

A model to describe creep hased on this type of behaviour is shown
in‘fig. §.8.SE represents what will be called a shear element. The four

'parts makiné up the element are each separated by a layer of a@isorbed water.



. Proposed rheciogié:al model .
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They are able to move relative to one another,theirability‘to do so

-depending on the structure and hence viscesity of the‘adsorbed layers.

Tﬁe spring S1 represents ;the gradual stabilisiné of‘the system and hence

reduction in creep as particles get nearer together,.end the dashpot D1

with a non return value accounts for the deformationibeing irreversible

due to formation of new bonds.  Spring S2 and dashpot D2 form a Kelvin

: uﬁit fo accoﬁht for recoverable defofmation. f The deformation of part A

is 1ncreased by a cyclic stress due to breakdown of the adsorbed layers. ,
LIt is felt this last model behaves most in accordance w1th the

phenomenon actually occuring durlng the creep process under a cyclic stress,

though its ability to describe the actual behaviour depends‘entirely on

‘hoﬁ if is assumed.adsorbed water layers behave when stressed.:

9.6 Conclusions . :

Assumlng static creep is linearly related to stress and amplltude
creep is llncarly reluted to amplitude and mean stress, the power function
relatlonshlp between creep and time can be modlfled to show good agreement
for both creep under a statlc and creep under a cycllc stress in the f
earller stages under load. :. A logarlthmlc expression gives a slightly
better relatlonshlp for the later stages under load but the early results
must be 1gnored when flttlng it, The power functlon tends to overestimate
creep 1f“extrapolate§ e‘leng time beyond the meesured period. '~ The
present tests sﬁggest‘that,the power function should not be used for
extrapolatidn beyend about three times the measured‘periodxif this is

relatively short. - For extrapolation over a greater period, especially
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1f results are available for a longer t1me, say a few weeks, the
logarlthmtc‘ express1on would probably give a better approx1mation to
later creepL If it 1s required to establlsh a strcss-creen—time |
relatlonshlp‘w1th1n a measured perlod the power function prov1des the
closest f1t to experlmental results. Both these express1ons, however,
show 1nf1nl'e crecp after 1nf1n1te time under 1oad, and since 1t is o
generally accepted that there is a 11m1t1ng value to crecp some form of
‘hyperbolic expression would probably give the best indicatioh of creep
oat very late stages, provided experimental results are availahle for a long
period. Use of this expression over a short period gives a value of
ultimate creep which is too small.

The appllcation of conventlonal rheological models made up solely
from springs and dashpots, to creep under a cycllc stress produces rather
flnadequate results, their behaviour under the respective stresses belng
H‘incompatlble. A model was suggested u51ng these, w1th thc additlon
of an electric heatlng mechanism to heat up the dashpot of a Kelvin model
and thus reduce the fluid viscosity and increase the deformation rate.

" However its over all behaviour'is not very satisfactorj.

rUsing the‘microrheological abproach, Powers sorption model was
shown to have increased‘creep for a‘cyclic stress,‘ ‘Powers approach is
an attempt to represent the actual deformatory mechanism occurring,

unlike the macrorheological‘approach where the mechaniém by which the
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deformation occufs is irrelevant, the model merely being a mechanical
fépfeéentation of a mathematical equation. In the next chapter it is
suggésted that‘particle movement, rather water movement as Powers
Suggests; coﬁld be the cause df the creep process and a model was
suggested based on & shear slip element to represent particles sliding:

over one another in the adsorbed layers between them. .



CHAPTER 10

CONCLUSIONS: CREEP DEFORMATIONS AND PROBABLE CREEP MECHANISMS

10.1 Introduction

Many hypotheses have been proposed by dlfferent 1nvest1gators

1nvolv1ng various comblnatlons of behaVIour of water, in 1ts varlous

phases, and the gel structure, to explaln the creep process in hardened

cement paste. ‘ It is accepted that cement paste is the pr1n01pal cause

of creep 1n concrete. ‘the aggregate only exertlng a restralnlng effect;

though account must be taken of the aggregate-matrlx interface and the

poss1b1e occurence of mlcrocracklng there at hlgh stresses contributlng ,

e .t
o co T e .,
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to creep.

An adequate explanatlon of the creep process has to be able to take

1nto account all the observed exper1mental results. ) In thls chapter

il g i P
. . [ E

therefore, hav1ng ccn51dered the main results and conclu51ons from this

1nvestlgatlon, 1t is attempted to descrlbe the effects of a cycllc stress

- on creep in terms of the various mechanlsms and cd“blnatlons thereof,
whlch have been put forward by varlous 1nrest1gators to explaln the
statlc creep process in cement paste and concrete. The degree of
‘compatablllty between p0551ble statlc mechanlsms and observed behavrour
under a cycllc stress w111 glve further 1ndicatlon of the most 11kely

fundamental cause of the creep process.

10 2 EnV1ronment and Shrlnkage
As was mentloned earller the spec1mens in these tests wére 1n an

envircnment of 98 to 100% R H. No shrlnkage or swell:.ng was observed on

A
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unleaded specimens for tbe duration of these tests and thus creep occured
under conditions of hygrel equilib:ium. The difference should be noted
between these,conditionsvinuyhiqhymeistgréwexchaﬁge is pqesible‘with‘§§§
surrounding medium,‘end the sealed‘conditions‘in which no moisture

exchange is poseipie.“’T@e ipternaljhumidity‘in thisvcase is‘100% whereas
for the sealed condition it is rather less, depending on the age of sealing
and the time aftep sealinge‘ Any moisture movement that occurs for the
presentncengiﬁienewmust‘be stress ipdgced,

10.3 Creep Deformations = |

L If‘the mean of a cyclic stress %s kept constant and the ampl;tude is
incgeased‘in differentltests, there‘willvbe‘eﬁ increase in creep above that
occuring under a static‘stress‘equel to‘the mean which is propqrtional ‘{
bogmplitudefor,ampl?tudee’bf_up‘td_Q.B‘ef ultimate’i; elsotthe‘maximum‘ ‘ :
stress is less thgn 0.55. The ratio of this increase in’creep,vor’ : ‘  k
a@plitude creep, te the mean o:’static stress compoqept‘of creep decreases i
: with_timef ¢&fo; insﬁence’fer’a;mean stress“of 9,35‘and amp;itude of 0.3
this‘:atie is 2 at 2 minutes, 1} at 18 minutes, 1% at 3 hrs. 1 at 30 hié."
‘and 0.8’at‘ZQQ‘h?$. ., Thus alﬁheugh there is an initial rapid decrease in
amﬁlitude‘creep f:em:theﬁinipial‘high value, it‘still repreeents a
significant part of the total creep at 200 hrs. .

) wKeepiné(the emp;ituee»eonstant epd‘verying,the‘mean‘streSS‘for
different tests, the amplitpdevereep is erendentvoe tﬁe meanxstress, - -
being greater, the gregter‘the stress, :Hewever the retio amplitﬁde creep

to static creep‘;ends;to become independent of mean stress at later stages,
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being about 0.5 at 100 hrs. for an amplitude of 0.2,

1" If creep rate rather than creep is considered, for a given mean
stress the ratio of amplitude creep rate to static rate again increases
with increasing amplitude, and also decreases with tibe.i ‘ﬁcwéﬁer for
a constant amplitude and varying mean stress the amplitude creep rate
tends to bécome‘indépendenf of mean stress’at,lafer stages, and thus ths
ratio decreases with increase in mean stress. This difference from tﬁe
creep results could be attributéd to creep rate at a given time being
indébéndéht'cf earlier high creep rate, whercas for creep this is not so.
If the tests were continued over a very long period the creep results
would be expected to show the same tendency.

It is questionable whether ths amplitﬁde‘snd ststicwcomponénts of
creep rate fof‘a cyclic‘stréss can be considéfed‘as beihg‘additiie; The '
evidéncejis that the effect of a cyclic stress is to accelerate the |
ststic'creephpfocessjand it would be vefy unlikely that the increased
creep ‘was due to an entirely different mechanism which is simply
superimposed onto the static mechanism. ~ This being so thé'crecp process |
at”' a given time is “héfe‘éd‘v’aﬁcéd under & cyclic stress then under a
statlc stress equal to the mean of the cyclic stress, and thus the true
statlc creep rate, if the amplltude component of stress was suddenly
‘removed would be less than that for the contlnuously applled static stress.

~ For three different cycllc stresses of mean stresses of 0.25, 0.35
and 0.45 of ultimate and amplitudes of 0.2, having sppliéd them to

 specimens for 3 days and then applied static stresses equal to the
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COrreéponding mean stresses, the increase in creep over the,nexf‘jxdays
under, the static stresses was less than the increase.in creep for a
continuously applied static stress over the same period. = For similar .
stresses for the reverse order of a cyclic stress applied after a static
stress the total creep tended to the same value as,fpr the cyclic .
strgss appliéd continuously over the whole pe;iod.kleor:an amplitude of
0.4 and the two lower,mean.stresses,,when the cyclic stress was applied
second the over all creep was much less than for a continuously applied
cyclic stress.

,Thus pre-application of a static stress does not affect the increased
creeé}due to a cyclic stress at an amplitude of 0.2 but it doés at Ok,
The implication is therefore that an additional mechanism occurs for )
creep at the latter amplitude which is reduced by a previoué static stress.
The effect is compatible with the occurence of bond micrgcracks.‘ The
| reéﬁlts‘for the ioWér‘amplitude, where the normal cfeep processesﬁaré
occuring indicate that the ultimate creep for the cyclic stress is greater
than that for a static stress equal to the mean stress, since the‘effeCt'
of applying the cyclic stress ié similar to increasing the static stress,
thdugh the cyclic stress causes a much more rapid initial increase in
creep. . Further, if the ultimate creep‘was the same for a static stress
aélfo; a cyclip stress of similar mean stress, the creep time curves for
differgnt gmp;itudes apd a‘given mean stress would be expected to converge,
whereas such a‘tendency‘is_not,observed. ;“At high amplitudes when

significant microcracking does occur, the ultimate creep will obviously be
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greater'fer‘the cyclic stress, since for the static stress the cracking

Just does not occur.

' If 51gn1f1cant mlcrocracklng occurs then the increased creep due to
a cyciic‘stress ccrrespondlng to thls w1ll be 1rrecoverable. However,
the measurements of recovery 1nd1cate ‘that the 1ncrcased creep ‘due to‘
a cyc11c stress is 1rrecoverab1e at all Values of stressev |

) The dlfference in creep for a frequency of 586 CeDalls and 190 c.p.m.
at a mean stress of C. 35 and an amplztude of 0.2 is small, sllghtly less‘
creep occurlng at the lower frequency. For a frequency of 1 cycle per
day the creep is 51m11ar to the creep at the hlgher frequency. If
energy 1nput is the governlng crlterlon for increased creep at hlgh
freeuenc1es, 1t would be expected that the 1ncrease would be frequency o
dependent. | As this appears not to be s0 there must either be a maximum §
p0551ble energy whlch is able to be absorbed by the creep process to e
glve 1ncreascd creep, the rest be1ng d1561pated as heat, or energy 1nput
rs”not the reason for increased creep. | ThlS latter statement is
‘substantlated by the hlgh creep observed for the frequency of 1 cycle
'per day, where energy 1nput is very small over a glven time.  If the
mechanlsm of 1ncreased creep is the same thrcughout the frequency range it
would appear to be 1ndependent of rate of change of stress over a wide o

range, but very dependent on the range of varlatlon of stress, I

le.h Other Results and Conclusions

. The strength and elastic modulus increase significantly‘under a cyclic

stress. No definitive results arc available for increases in strength
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or modulus under a static stress and the increases for both measured

in these ‘tests varied widely. It could be expected that"s'cyciic‘stress
would have caused’a‘bigger increase in both at sfgiven(time due to the
more rapid achievement of internal stability under this type of stress.
The area of the hysteresis loop at a given time is less under a cyelic
stress"thanguhder’a static‘stress‘which”gives'a qualitative indication
.that‘s more rapid achievement of stability'does occur for the forﬁer.

It caﬁ’befsaid‘quite definitely that below the fatigue limit ' a cyclic
stress is not ‘detrimental to either modulus or strength, and in fact often
has a beneflclal effect on thesc.i’%‘;“”"'°‘w o

" Theré is a 'rise in temperature in‘a/Specimen'sﬁbjeCtéd'toue cyclic

stress;‘Which is poughly proportionel‘tofaﬁplitude.‘“”This‘indicates‘the
existence of frictional demping in'concfete;ﬁf"Makimﬁm“temoefatufes wefe .
24 3% and %OC above - amblent for amplltudes of 0.3, C. h and 0.5," reducing

to 1, 23 and 3%00 after 60 hrs. undcr load. "' The gradually decreasing -

RSl temperature shows that the damplng capa01ty is belng reduced and ‘that the'

concrete 1s tendlng tcwards elastlc behaviour." The rlse in temperature‘ |
is 1nsuff1c1ent to casue a 81gn1flcant increase 1n creep, compared wlth
“the other effects of a cycllc stress.“‘“’Any 1ncreased creep caused by the'
“qulte hlgh 1n1t1al rlse at an amplltude of 0. 5 would be totally masked by
“the large 1ncrease in creep due to the mlcrocracking ot thls amplltude.‘t

| 10. 5 Probﬂble Creep Mechanlsms‘ﬂﬁn*

V The pr1nc1pal questlon regardlng the nature of the creep process

‘would appear ‘to be whether movement of water as a dlrect result of
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application of an external stress is the principal cause of creep or ’
whether Qater has a passive role, only modifying the mobility of the gel
particles, whose movemeht is the result of ﬁhe epplied stress, giving
fise to creep. Creep in the former case can be regarded as stress -
induced shrinkage. In the latter case creep and shrihkage are somewhat
different though again inter-related due to the relationship between
shrinkage and water present.

gPowers considers creep to be due to the former mechanism (41).
For a given humidity water is adsorbed on the cement gel surface in a ,::‘g
particulaf‘number of layers. U51ng thermodynamlcs he shows that if
water is adsorbed in a space in the gel too narrow to accommodate the
required number of layers this water will be under compression, being -
restrained by thevsurrounding'gel,*and thus is effectively load bearing,
This so called disjoining pressure decreases with decreasing humidify,Hpg
explaining shrinkage.‘MuAn externally applied stress causes an immediate -
1ncrease 1n the pressure in the adsorbed water, which, if the stress is
malntalned, causes water molecules to move away from the stressed area
by molecular dlffu51on, the 1ayer becoming thinner to malntaln
thermodyﬁamic equilibrium. ' The process does not involve transfer of -
stress co the solid phase." It is a reversible progess and irreversible -
creep is.accounted for by the formation«of new bon&s between gel particles
when they become sufficiently clese together.:

. For a cycllc stress to cause 1ncreased creep,y the extra energy
avallable or the repeated reversal of stress must somehow increase the

mobility of the water molecules. In terms of Powers considerations of
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the nature cf adsorbed water 1t 1s dlfflcult to explaln how thl can
occur; molecular dlffu51on 1s aa‘slow process and could not reSpond to
’rapld reversal of stress. The 1ncreased creep due to a cyclic stress

is also belleved to be 1rrever81ble, and Powers theory can only account

for an 1ncrease in lrrever51b1e creep via an 1ncrease 1n rever51ble

Creepn
I

l
,l‘

V The mainﬁobJectdon to Powers abproach is 1n the applicatlon of
;thermodynamlcs to adsorbed water as 1f 1t was in fact bulk water. Strong' ‘
ev1dence exists that adsorbed water is definltely structured (42) p0851bly |
upto 3008 from the surface of the adsorbate, and 1f thls 1s 50 allowance
‘must be made for the surface energy and number of molecules adsorbed (43).‘
The concept of a dlsjolnlng pressure to malntaln thermodynamic equllbrlum :
wthen becomes unnecessary.“ Feldman and Sereda (h}) p01nt this out and
also that surfﬂce area calculatlons of cement gel based on water sorptlon
measurements w111 be 1n error due to the ex1stence of 1nter—layer hydrate
‘water.w‘ Englert and Wittman (44) conf1rm thls and demonstrate the
‘ex1stence of thls hydrate water us1ng DTA measurements. The adsorptlon ‘
‘of water 1nto thls phase causes a change in the structure of the cement
gel and hence a change in 1ts volume and surface area. y Water sorptlon
measurements g1ve values of about 200 m /gm for the surrace area whereas‘
nltrogen sorptlon measurements glve about 30 m /gm. Accordlng to

Feldman and Sereda (43) thls 1nter1ayer water 1s responslble for a large

part of the hystere81s of the length change sorptlon 1sotherm. As was

polnted out by Englert and Wlttman (#4) there is need for a careful

W
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analysis of the'distribution of water into the various phases before
particular properties are assigned to it and before its fundamental
contribution to the creep process can bexfully understood.
..., According to Feldman’and Sereda shrinkage is due at high humidities
to increasing surface tension forces with decreasing humidity, at.
intermediate humidities due to increasing solid surface cnergy as the
adsorbed‘layers are reduced in thickness (hence increasing Van der Waals
atpraction).and,at iow humidities due to removal of the hydrate wétgr.
Reversible creep is due to slow decomposition of,the_hydrafe layers”and ‘L
liberation of water. Irreversible creep is due to the breaking and :-
remaking in new positionsof interparticle bonds. The latter is considered
possible siﬁge the strength of a paste compacted after bottle hydration. -
is the same as one made in the,usuai_way.3k‘The bonds are therefore e
mgchanical and fairly weak rather than chemical. . There is no adsorbed
water at the ihtereparticle boﬁndaries.

_‘Appligétibﬁ‘of a cyclic stress could cause increased destruction.
of bonds dué‘to,the‘eﬂérgy available. .= This would cause an initial |
- rapid increase in irreversible creep which would soon be reduced és
particles stabilised in new positions. ', As more particles are now in
‘a‘stable‘pbsition there are1mqre possibiiitieé for the formation of new
bonds. . ‘The‘reverSible creép which is:a slow diffusion type process
would nof apparantly.bgyaffécted bj,a cjclic st;ess. ‘EPossibiy the hydrate
structure breaks down more quickly due to the repeated reversal of stress
though this does not seem likely since the stress on the hydrate layers

is small. Irreversible creep and irreversible shrinkage are, according

#
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to this theory the result of different mechanisms. There appears to be
a contradiction in that loss of water from the hydrate layer is supposed
to cause irreversible shrinkage whereas this mechanism is responsible for
reversible creepe: i

- Ishai (45) also considers the structure of hydrated cement to be,
dominated by the layered tbbermorite crystals, but that there is also a .
so0lid matrix made-up of partially hydrated cement‘gfainswjoined by
crystalline bonds. - Adsorbed water is considered to be of three types'
depending on the width of the space in which it is adsorbed, plus zeolitic
water one molecular layer thick which is part chemically combined. = At
high humidities shrinkage is due to surface tension forces which cause an
isotropic compressive stress and thus an elastic volumetric contraction, and
also .a time dependent one due to a reduction in energy level of the gel
by squeezing out of water from the narrow adsorbed layers. . At lower:
humidities molecules depart from the adsorbed layers and at very low
humiditiésufrbm'the zeolitic‘layers.gﬂ Reduction in energy level of -
.thé syétem is irfevetsible end so is removal of zeolitic water due, "
acéording to Ishai, to spontanebus closing ofvvacated spaces.’

Applicéfion of.an‘externai stress\c;useswan immediéte eiastic:
‘response‘éf;the‘matrix and liquid phase;J {TEe stréss in the liquid phase |
is then dissipated first from the capillary water to the surrounding gel.
The stress in:.the gel pore‘water then eventually dissappears.: The stress
on the inter and intra—crystalline water continues to act indefinitely.. :

Thus, according to Ishai, creep results in a gradual transfer of stress .-
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from the liquid'to the solid phases, which Powers (41) says is not the
case. Reversible creep is due purely to viscous flow of the gel~pore
and,capillary‘water.‘,vIrreversible creep is due to reduction of
interparticle distances due to the diffusion of water molecules out of
the inter and intra-crystalline adsorbed layers.

‘“‘uSince‘reversible creeb is ettributed to a purely viscous process . . .
a cyclic stress could have no effect on this., 1Since‘irreversibie‘creep
is attfibuted‘to a slow diffusion process it is hard to see how a cyclic
stress can have an effegt on this. The increased energy iﬁput may in . .
some way cbntribute,to‘a_more rapid reduction of the energy level of the
system; though the mechanism by which this could occur is not clear.
fhe‘ultimate,creep,_according to‘Ishai, corresponds to the elastic .
deformation of‘the‘sqlid‘matrix. . This would therefore be no greater‘for
a;cjclic stress than for a static stress equal to the mean of a cyclic
streSs, whereas ;t has‘been shown previously that this is not true. - The
‘initial high rate of cfeep due tq‘a cyclic stress cannot be acqounted for,
since the ifreve:§ib;e creep process is §ery’slow, and the reversible
process is unaffected by a cyclic stress. . |

. :The;eﬂgrgﬂ§e?eral objections‘to‘hypothesgg yhiqh’attributevcreepwpo"
being a di?gct results of the viscous flow of water. - Creep yith .
‘simﬁitaneous,drying iévvery”much increased over‘crgép in_hygfal‘equilbrium,
" whereas the‘previous‘theories_would suggest shrinkage and creep are
additive. Q'Crgep‘in‘tension with simultaneous shrinkageﬁshouldvbe reduced,

since the directions of flow oppose one another, whereas in fact creep in
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tension is increésed.‘ Wittman (29) showed that the mPcroscopic
activation eﬁérgy‘for the creep process is 5,000 times bigger than that =
of water which makes it unlikely that creep is due to movement of single
molecules of either water or gel. The relationship between the micro
and macroscopic activation energy indicates that several thousand molecules,
which could therefore be gel particléé nove togéther in the Creép proéess.
The use of activation energ& eQuatiBhs to expléinythe éfeép‘prdcésé WAs'“
discussed in detail in Chapter 8. A significant point in favour of this
approaéh is that it is possible to'produce equations‘for theyéréep'prbcéss
based on theoretical analysis.

""" Ruetz (46) states that there is always a layer of water betwcen the
points of contact of gel particles. This layer will be oriented or
exhibit structure, depending on the thickness, and this is §ﬁite‘ca§Abie
of taking static stress.  Shrinkage is duérto‘the reduction in thickness
of théée‘iayers‘by‘evépbfation;: Also éé the thickness 6f théradéofbedA
layef‘isxreduéed the Sﬁrface”eneng‘bf'fhe“gei.parfiéles is increased

' Whichlcauées'the particles to ¢ohtfaét aﬁd Van'der Waals fufcés £o‘iﬁcfeaéé.h
Though‘thé lajef’is sfruétufed there is ﬁigh surfaée“ﬁbbilify 6f”fh;fﬂ
water m61e¢ﬁles, the”deérée of mobility depending on tﬁé”surfééé‘énérgy _
of theggeixparticléé.' Under the influence of an externally aéplied |
stresé the gel particies slidé'reiative fofbﬁé”aﬁothér iﬂ thié iayérwfhus
giving rise to creep. Obviousli fhe‘higher‘tﬁe humidiﬁy'ihe more freely

are the gel particles are able to move and the greater the creep.’
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' Creep is thus a pure shear process, the fact that the volume shows
an overall . decrease being explained by a reduction of space within the gel.
To explain the high creep under conditions of drying Ruetz says that the
continuous change of the structured adsorbed water,preyents it achieving
the stability it could have under static conditions and consequently ..
the layer has increased moﬁility, allowing the particles to slide more
freely over one another. If a cyclic stress is now considered this will
cause a continous change in stress in the adsorbed layers irrespective
of humidity..' The effect on the adsorbed layers is thus similar to that
of drying, a continuous,change of state being imposed on them destroying
their order;‘~ (It should be pointed out here that though the adsorbed .
layers are structured they are not a.true solid and a continous process
of exchange of molecules occurs with the surroundings.) . Creép is thus.
‘increased in a manner similar to the increase in creep under conditions
of drying;  Even a’slowly vgrying stress would disturb the structure of
the adsorbéd“layers which may explain the small effect of frequency.‘
The high initial creep for a static stress could also be due to . the initial ~
disturbance of these layers. . Also the increase in creep for a cyclic
stress could be expected‘to be greatest in the early stages when the gel -
"particles éfé in relatively unstable positions.

" The above mechanism can only account for irreversible creep, (which

is the‘cpmponent that is believed to be significantly affected by a
cycliq stress), since the process involves a reduction in encrgy levelj,

of the system..  Reversible creep could be due to partial transfer of
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stress to a solid framework, which is relieved on unloading.

-, The solid framework would censist‘of;gel‘perticles which are
sufficieptly_rigidly‘interfconnected esvtoibe,unab}eutenmove relative . |
to one enother. . The‘bonds may or may not have water present in them.‘eh
In concrete the aggregate w1ll 1ncrease the rlgldlty of thls framework.

- The much increased creep at high amplitudes (0.4 and above) hae been
attributed‘to‘an inerease in the occurence‘of‘mlcrocracklng. .The effeet
of amplitude on eracking‘also depends on the ability of the mean stress
itself to initiate cracks. . Raju (11) showed that axial fatigue failure
was a‘resultiof'the propagtion of microcrackswinipiated‘probably at‘the
matrix aggregate interface. . Pulee yelocitydandﬂlate;e; sﬁrain measurements
euggested the direction’ofypropegatiqn»was’parallelrtq”the’19ad,‘gpd”the:e
‘was an accompanying‘decreaee‘inwelgstic‘modulus._‘ Fatigue‘fai;ure Qccufed
for an\amplitﬁde\ofﬂO.G anq‘meén‘strese of 0.35 in thevfresent tes£S:  A
iarge‘deereese‘iﬁ:modulus 6eeufed‘ahd‘the creep ﬁoissonﬂs ratiovexqeeded
unity showing the existence of}ioﬁd oriented micrgc;acking.y“At the same
‘mean stress and an amplitude of 0.5 there wasvan ipitia1vdeepeaee‘in,_q
modulus of 10% before it started to increase suggdsting the occurrence
of”;oad‘orienteq‘cracking.‘ At en amplitude of O.l4 there was also a small
decrease.‘;"The‘e?eep rate at 6 minutes for the‘amplitude of 0.5 was over
10 times‘the’statie rate compared‘with 2.4 times‘fpr the pfh‘amplitude. e
At 100 Hre.'it:was twice the statie‘rate for the former and 1% times for
the letter.,f This further‘indicates that an additional process is occuring

‘at the former amplitude, which is predqminant in the early stages. . The
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eneréy requlrenents‘for a crack to propagate 1ncrease rapldly as the
1ength 1ncreases, and thus if the energy avallable is 1nsuff101ent to
cause fallure, propagatlon w1ll rapldly decrease, whlch is in accordance
w1th the observed results for rapld decrease of creep rate. At 1 hour
for the O 5 amplltude mlcrocracklng rs respon51b1e for approx1mate1y
half of the observed creep and at 100 hrs. for one thlrd. B |
Mlcrocracklng causes a 51gn1f1cant 1ncrease in creep for a stetlc
stress only at stresses greater than O 5 of ultlmate. The 1ncreased
‘energy avallable from a cycllc stress enables load orlented crack E
propagatlon to occur.at a mean stress of 0 35 and amplltude of O 5
and there is much increased creep due to 1ateral dllatatlon of the’
spe01men. The ablllty of mlcrocracks to propagate 1s very sensitive to

amplltude. At an ampl1tude of O. 4 and mean stress of 0.35 there was

y .
v ;

little ev1dence of crack propagatlon, whereas at an amplltude of O 5

mlcrocracklng was respon51ble for a great 1ncrea5c 1n creep, and at an

t

amplltude of O. 6 fatlgue fallure occurred. At a hlgher mean stress

mlcrocracklng and hence creep due to thls would occur at a lower amplltude

because of the reduced energy requlrements for propagatlon from the |
' amplltude‘component of stress.“ - | R H |

10, 6 Concluslons

| The 1ncreased creep of concrete subaected to a cyclic stress is the
result‘ of an acceleratlon of the creep processes occurrlné under a static
Cstress. | That this is so rather than creep due to a cycllc stress belng

attrlbutable to a dlfferent mechanlsm is bornsout by the 1nterdependence
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of the static and amplitude components of creep, and by the similarity
in behaviour of the modulus, strength and hysteresis loop area with time
between the two stress types. . The cyclic stress increases the rate at
which stability of the internal structure is achieved. ..
Though a cyclic stress was said earlier only to accelerate the

creep process and thus the rate of achievement of greatest stability it
cannot be said that the ultimate creep for a given mean stress is the same
as the ultimate creep of a similar static stress. This is because the
accelerating process of a cyclic stress opens up more possibilities for the
occurence of en event such as the movement of a gel particle to a more
stable position which would increase creep in the same way as an increase
in static stress would. . There are, therefore, two types of effect of
a cyclic stress. . One is to accelerate the processes ﬁhat are occuring
for“the;giﬁen static stress and the other ié to . enable proqessés to occur
that could not have occured undér the particular‘static stress éléne.:
‘   w”Réferring to the various mechanisms for creep thaﬁ have been discussed,
it is:possible tg account forhthe accelerative effectﬁof a cyciic stress
with varying degrees of success. = The main argument about the mechanism
éf‘creép wdﬁld seem to centré on whethef‘movement‘of water directiy results
in creépror‘whether thehexistence;of‘water merely modifies the mobility .
of the gel pa?ticles.,.‘ , |

- Considering creép to be due entireiy t§ wéter movement, if this was
by visc6us flow this wonld be unaffected by‘acycIicstress. If the

movement is due to some form of diffusion process of water molecules out
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‘of 1nter partlcle sPaces,llt seems p0551ble that thls may be accelernted ‘
;“by a cycllc stress, though the mcchanlsm by whlch thls could occur is
ﬂnot clear.' A dlffu51on process is very slow though and could not eccount
lfor the lnltlal hlgh rate of creep under a cycllc stress.z ¢ o
Creep belng due to movement of gel partlcles is explalned by‘them‘
PSlldlné over one enother at thelr p01nts of contact,’whlch are covered
: fwlth a fllm of adsorbed water. w The adsorbed layers are hlghly structured,‘
‘ but appllcatlon of a cycllc stress could cause a breakdown in these lwyers ‘
due to the varylng stress on them, and in consequence the partlcles would '
'be’able’to move more freely relative to one another. The increased |
i oreep thus occuring would be highest immediately after loading due to théjy_f
:‘initial instability‘of the particles. The;velue‘of the actiVation energy \
‘of the creep process’supports‘the hybothesis”that creep’is due to movement‘:u
vb_of gel partlcles rather than molecules of elther water or gel.‘t}
, To explaln creop under a cycllc stress therefore, 1t seems probable
| “ythet the proceos must 1nvolve the movement of gel partlcles relatlve to
‘one another.; However, in dlscu551ng the mechanlsm by whlch thls movement A
yoccurs, or 1s increased propertles have been attrlbuted to the behav1our |
and structure of the cement gel-water system whlch are by no means |

'firmly establlshed.;f There 1s a general tendency, for all the mechanlsms

tand hypotheses that have been con51dered, to attrlbute the approprlate
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properties‘to the system which will enable the deformational mechanism

to be explained.:.«Probably the situation can only be resolved by a
detailed fundamental analysis of the structure 6f cement and the associated
rhases of adsorbed water, and their behaviour under,stress.?, Only then
will it be possibletoofferéaquantativeexplanatien of creep behaviour

under the various conditions of stress and enviromnment in terms of the

fundamental structure of cement paste or concrete,



CHAPTER 11

SUMMARY OF CONCLUSIONS AND SUGGESTICNS FOR FURTHER RESEARCH

11 l Summary of Concluslons

s i

A cycllc stress causes increased creep over a statlc stress equal to N

the mean stress due to an acceleratlon of the statlc creep processes.‘
The 1nf1uence of a cycllc stress decreases ‘with tlme, creep at & mean

stress of O 35 and an amplltude of O, 3 belng three tlmes the creep. for

a statlc stress of 0.35 at 2 minutes and tw1ce it at 200 hrs. ~The ultimate

creep 1s however greater for a cyclic stress than the corresponding

statlc stress.
The ratlo between the 1ncrease 1n creep for a cyclic stress and the

creep at the correspondlng Statlc stross is 1ndependent of mean stress, N

.and proportlonal to emplltude for amplltudes of less than O h and a max1mum

stress of less than 0.55. ' Uslng thlS, creep over short f1n1te time
intervals can be expressed 1n terms of‘mean stress, amplltude and tlme

‘as a power functlon of tlme, the exponent belng 3; For tlme 1ntervals

excludlng the early part, snd when extrapolatlon for a large t1me 1nterval '

| .beyond the measured tlme 1nterval is requlred, a logarlthmlc relatlonshlp

between creep and tlme shows less tendency to overestlmate creep. |
The 1ncrease 1n creep in the relatlvely llnear stress ranges can be

explalned 1n terms of thc stress reversals dlsturblng the structure of

the edsorbed water layers ceus1ng 1ncreased moblllty of the gel partlcles.

It 1s thought this effect may be 11tt1e affected by frequency which would

explaln the small dlfferenCe in creep for frequencles of 2 cycles per. day .

190 c.p.m. and 586 c. p.m.

e 10k -



- 105 ~

The aztivation encrgy of the creep process was found to agree closely
with values obtained by other investigators, which further indicates that
movement oflgel particles is the cause of the creep process.
energy equetion can ke modified to account for the effects of a‘cyclic
stress, and the results from static and cyclic stress considerations were
found to be compatlbre. "There was also evidence from the activation
energy theory, that stress transfer occurs from the mobile to a solid
phases :perhaps‘cement‘peste to aggregate. |

‘For high‘amplitudes there is a large increase,in creep due to load
orientedimicrocracking.‘ One third of the 100 hr. creep for sn antlitude
of O 5 and mean stress 01 O 25 was due to microcracklng. The amplltude

at which mlcrocracxlng occurs s1gn1f1cantly depends on the mean stress,

but it 1s not signiflcant at worklng stresses. |
e A rise in temperature of the order of 3 C for an‘amplitude of O L and

which is rouohly proportlonal to amplitude but 1ndependent of mean stress,
occurs for a cycllc stress., The temperature gradually decreases .with
tlme 1nd1cat1ng a tendency towards elastlc behav1our of the concrete.

The strength increased by upto 30% and the elastic modulus by upto 12%
,showing a tendency towards 1nterna1 stablllty of the concrete structure.
. The area of the hysteres1s loop decreaSed more rapldly for a cyclic |
stress than for a static stress, show1ng the more rapid tendency to this

stability under a cycllc stress.‘

For stresses below which fallure does not occur, a cyclic stress
will not have a detrimental effect on either strength or modulus, and

usually the effect will be to cause these to increase significantly.

The activation



- 106, -

Con51derebly 1ncreased creep occurs under a cycllc stress. This is
' pr1n01pa11y in the flrst few hours’ under load, espe01ally if mlcrocracklng

occurs to a 51gn1flcant extent but the ultlmate creep w1ll be gruater
Voo Pt i E i v
for a cycllc stress than the correspond1ng statzc strcss.

11.2 Suggestlons for Further Res»arch

1. Thls 1nvest1gat10n was restricted ro one mix and one set of
env1ronmenta1 condltlons. It would be advantageous to
| establlsh whether the same reratlve 1ncrease‘1nfereep”occurs
1ndependent of these parameters.
'2. The‘increased creep has been attributed to a disturbance of the .
adsorbed water layers. Uhder conditions of drying these are
‘ already d1sturbed and further light may be thrown on whether
this is in fact the mechanlsm of actlon of a cyclic stress by.
N whether drylng creep is 1ncreased by a cyclic stress.
2. The increase in creep eppears te be independent of frequency.
A more intensive investigation into the effects of frequency
| for different stresses and over a very wide frequency:range
is requlred to establlsh to what extent this is in fact true,
and to try and find out if there i5 a critical
frequendy where creep tends towards the value that would

occur under a static stress equal to the mean.
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L, At high amplitudes microcracking causes a significant increase in
“éféep;‘ It wdﬁld bé uséfﬁi}to“éétébliéh‘éli’thé cémbinafioﬁé”;
‘of“amplitude and mean stress at which cracking starfs to occur,
and also more precisely the contribution of microcracking to
“{lﬁéfeép,wand the‘félétidﬁship between éréep'andﬁfatigﬁelu‘ This‘
“ﬁéy:éISO“give some more information on the ultimate strain
' concept of conéiete‘failure. |
Se Accﬁrate measurement of the rise in temperature may give results

;"rl'é’lati'ng Creéb to damping céﬁacity and area of the 'hys'teresis"yibop.'



1.

2.

3

Se

6.‘ ‘

REFERENCES

Neville, 'A. M., Créep of concrete plain, reihforced and prestressed,

North Holland, 1970.

Williams, G. M., Some determlnatlons of the stress deformatlon
relatlons for concrete under repeated ‘and contlnuous loadlngs,

PI‘OC; Of the A‘SQT:I\'IIQQ VOl. 20’ part 2, po 2380

Probst, E., The influence of rapidly alternating load on concrete and
reinfcrced concrete,

The Structural Engiheer Dec. 1931, pp; 410 - 432;‘

Probst E., Plastlc flow in plaln end reinforced concrete arches

Journal of the A.C.I. Proc. 30 1933, PPe 137 - 141.

Le Camus, M. B., Recherches sur le comportement du beton et du beton
arme soumis a des efforts repetes,
Clrculalre serie F., No. 27, Inst. Technlque du Batlments et des

Travaux Publlcs, Paris, July, 1946, pp. 23,

Gaede K.; Versuche uber die Feétigkeit und die Verformung von Beton
‘béifoﬁck SCthlibeéhSpruchung und uber den Einfluss der Grosse
: der Proben auf die Wurfeldruck Festlgkelt von Beton,

D.A. S., Heft 1Lk, Berlin, 1962.



7

! 10.

1l.

12,

Mehmel A, and Kern,’E.,,Elastische und plastische Stauchungen von
‘Beton infolge Druckschwell und Standbélastung,

D.A.S., Heft 153, Berlin 1962.

Van Ornum, J. L., Fatigue of cement products,

Transactions of the A.S5.C.E., Vol. 51, 1903, pp. Li43-445,

Hsu, T T. C., Slate, F. 0., Sturman, G. M., and Wlnter, G.,
Mlcrocracklng of plaln concrete qnd the shape of the stress strain

curve,

A.C.I. Journal, Vol. 60, No. 2, Feb. 63, PP. 209 - 22k,

Shah end Slate Internal microcracking, mortar aggregate bond and
the stress straln curve of concrete,

Proceedlngs of an Internatlonal Conference on the Structure of

Concrete, C. and C.A. Publlcatlon, London Sept. 1963

Raju, N. K., Fatigue of high strength concrete 'in compression,

. Ph.D. Thesis, University of Leeds, 1968

Gonnerman, H. F., Effect of size and shape of test specimen on the
‘strength of concrete,

Proc A.S.T.M., Vol. 25, part 2, pp. 237, 1925.



13; Murdock, J. W. and Kesler, C.E., Effect of longth to dlameter ratio of
spec1men on the apparent compre551ve strength of concrete,
A.S.T.M. Bulletin, No. 221, April, 1957.

14, Muir, S.'E., Some aspécts of the fatigue of plain concrete prisms in -
cohpfesSibn,v.

M.Sc. Thesis, University of Leeds, 1964 |

15. Hughes, B. P., and Bahramaln, B., Cube tests and thc unlaxlal ‘
_compre551ve strength of concrete,‘ | | o

-

M.CQR.’ VOl.l?, NO. 53’ DeC. 965’ pp' 177 - 182
“516;‘ Léééhhaﬁsen‘Wkaé; Fafigﬁe‘téétiﬁgﬂmachineél(Céféibéﬁé):

17. Bihns; R..D. and Mygind. H. S., The use of E.R.S. gauges and effect
i-of aggrégate size on gauge length in connection with the testing
of conerete,’ . i i R

M.C.R., Vol. 1, No. 1, Jan, 1949, pp. 35 - 39.

18.‘ Graf, O. and Brenner, E., Versuche zur Ermlttlung der Wldestands
f&blgkelt von Beton gege oftmals w1ederholte Druckbelastung, v

Deutscher Ausschuss flir’ Eisenbeton, 193#, Bulletin No. 76.



19.

- Hsu, T. C. C., Inelastic behaviour of concrete under short time

loading,
Colloquium on the nature of inelasticity of concrete and its structural

effects, Report'No. 322, Cornell University, Ithaca, New York,

Nov. 1965, pp. 6.

20,  Yashin, A. V., Creep of young concrete in: Investigations on

2l.

22,

23,

2k,

properties of concrete construction ed, Gvosdev A. A., Moscow,

VGosudarstviennoge Izdatielstvo Literaturi po Stroifielstvu, 1959,

BT

Wesha, G. W. and Fluck, P. G., Effect of sustained laoding on compressive

strength and modulus of elasticity of concrete,
A.C.T. Journal, Proc. 46, 1950, pp. 693 - 700.
Dutron, R;, Creep in concretes,

" RILEM Bulletin No. 3h4, 1957, pp. 11 - 33.

Meyers, B. L., Slate, F. O. and Winter, G., Relationship between
‘time dependent deformation and microcracking of plain concrete,

4.C.I. Journal, Proc. 66, Jan. 1969, pp. 60 - 68.

Neville, 4. M., Creep of concrete plain, réinforeed and prestressed,

' North-Holland 1970, Ch.15, pp. 422 - 428.

Ly
T R



25. Roii;‘F;, Long-time creep recovery of highly stressed concrete
cylinders,
Symposium on creep of concrete, A.C.I. Special publication No. 9,

196k, pp. 12-18.

26. Coftinho, A., The influence of the type of cement on its cracking
tendency,

'RILEM Bulletin No. 5, Dec. 1959, pp. 26 - L.

27. Wittman, F., Kriechen bei gleichzeitigem Schwinden des Zemensteins,
théblogica Actav5,”l966, pr1198’- 204,

28. Wittman F., Kriechmessungen zn Zemenstein.
_ Rheologica Acta 6, 1967, pp. 303 - 306.

29. Wifihéh,yf.;  Acti§ati6n‘éﬁéfgy of creep of hardened cement paste,

Materials and Structures, Vol. 2, No. 7, 1969, pp. 11 = 16.

30. McHenry, D. A., A new aspect of creep in concrete and its application
to design,
A.S.T.M., Proc. U3, 1943, pp. 1069 - 1084,

31. Ross, A. D., Concrete creep data,

The Structural Engineer, 15, No. 8, 1937, pp. 314 - 326.



=32,

33

3h,

35,

26.

37.

38,

.Lorman, W. R., The theory of concrete creep,.

AoS.T.l\’IQ, PrOC. L}O' 1940’ ppa 1,082 - 1,102

Investigation of creep in concrete; review of literature on creep

in concrete, U. S. Army Engineer Watefways Experiment Station,

. Corps. of Engineers, Vicksburg Miss.

Straub, L. G., Plastic flow in concrete arches,

" Proc. Am. Soc. Civil Engineers 56, Jan. 1930, pp. 49 - 11k,

Shank, J. R., The plastic flow of concrete,
Ohio State University, Engineering Experimental Station,

Bulletin No. 91, Sept. 1935 62pp.

Vaishnaﬁ; R. N, and Kesler, C. E., Correlation of creep of concrete

with its dynamic properties,

' University of Illinois, T. and A.M. Report No. 603, Oct. 1961, 194pp.

Powers, T. C., Some observations on the interpretation of creep -
data, "‘i\’” :

RILEM Bulletin, No. 33, Dec. 1966, pp. 381-391. o

Gopalakrishnan, K. S., Neville, A. M. and Ghali, A., " A hypothesis
on mechanism of creep of concrete with reference to multi-axial
compfession,

A.C.It Journal, Proc.. 67' 1970, ppo 29 - 35.



39+

Lo,

He

k2.

L3,

Ly,

Tbrroja, E., and Paez, A., Set Conqrete and reinforced COncrete;‘in:’
Building‘materialsﬁ‘ their elasticity and inelasticity, eds.,
M. Neiner and A. G. Ward, Amsterdam, North Holland Publishing Co.,
1959, pp. 290 - 360. '
diucklich;’J.; “Rhébiogiéai‘ﬁehaviéur of hérdened;éemént basﬁe‘undéf
Tow stresses,

A.C.I. Journal, Proc. S6, 1959, pp. 327 - 338.

Powers, T.C,,‘ Thevthermodynamics‘of,volume change and creeps:

Materials and Structures, 1, 1968, pp. 437 - 507.

Drost-Hansen, W., Structure of water near solid interfaces.

'Thé:interféée’sympééium; Industrial and Engineering Chemistry,

Vol. 61, No. 11, Nov. 1969, pp. 10 - 47,

Feldman, R. F. and Sereda, P. J, A model for hydrated Portland
cement paste as deduced from sorption-length changes and mechanical
properties,

" Materials and Structﬁres, 1, 1968, pp. 509 - 520

Englert, G. and‘Wittman, R. F., Water in hardened cement paste,

Materials and Structures, 1, 1968, pp. 535 - Shé.



h5.  Ishai, 0., Time dependent deformational behaviour of cement paste
mortar and concrete, |
International Conference_gn‘the Sﬁructure of Concrete, Londoh,
C. and C. A., 1968, pp. 345 - 36h.

L6, Ruetz, N.,‘ Alhypothesis for the creep of hardened cement paste and -
the influen%e‘of simultaneous shrinkage, ' -
International Conferehge on the Structuré‘of Concfete;"Lcndon;

C- and C'A.‘ 1968’ ppa 345"36"“.

47. Neville, A. M., The creep of concrete, plain, reinforced and
pféstfessed; .

North-Holland, 1970, pp. 399-401.

48. Neville, A. M., Recovery'of‘creep and observations on the mechanism
of creep of concrete, .

Applied Science Research, 9, 1960, pp. 71 - 8k,



. APPENDIX

 TABLE A1

: CCMPOSITION OF CEMENT .

. Oxide

Content (%)
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a0

»;Fe203

503

K0 -

L Na20
Loss on ignition‘

Insoluble residue

'1‘~"63.80 o

19.47
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1.11
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